
Journal of Instrumentation
     

TECHNICAL REPORT

Luminosity performance of SuperKEKB
To cite this article: D. Zhou et al 2024 JINST 19 T02002

 

View the article online for updates and enhancements.

You may also like
Beam injection and beam quality in injector
LINAC and in beam transport lines at
SuperKEKB
Y. Funakoshi, N. Iida, M. Kikuchi et al.

-

Archive System of Beam Injection
Information at SuperKEKB
Hiroshi Kaji, Takashi Obina, Yuichi Iitsuka
et al.

-

Beam background evaluation at
SuperKEKB and Belle II
A. Paladino

-

This content was downloaded from IP address 130.87.87.77 on 08/08/2024 at 08:19

https://doi.org/10.1088/1748-0221/19/02/T02002
/article/10.1088/1748-0221/19/02/T02003
/article/10.1088/1748-0221/19/02/T02003
/article/10.1088/1748-0221/19/02/T02003
/article/10.1088/1742-6596/1350/1/012150
/article/10.1088/1742-6596/1350/1/012150
/article/10.1088/1748-0221/15/07/C07023
/article/10.1088/1748-0221/15/07/C07023
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsv5_D426RkYS9ncwy_8ElPV3n3nA4uP4HuCC3PZ5k8ggOsWDburX_XGh0ki3crsTfiJaLZOYlmBin2JKzJNJbWuBkZvj-oNOlmJPLGTvqMti3yyaGdG-R1Loi8clV4Xv2np2UV3yX6TuknsRPS8KtnD6_aehd6GFXlMXDfb3pWceq46tb4EN-T8DuTVqEJm6X6IGoMgUGzsnBqyGIpfr5YIOCTZD8fJaHG7KFVxbobNc0p_6V3pUikRJnT5G1C47-u0tWycXDSJ3qBCUFmrO2Jebjq6bIDmne2nLfwhaBBix3V9D4CurDGtKt8iLykTZQZvt557girKBsRMTNI2Kw&sig=Cg0ArKJSzHRdctCzNygG&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/prime2024/registration/%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_prime_early_reg%26utm_id%3DIOP%2BPRiME%2BEarly%2BRegistration


2
0
2
4
 
J
I
N
S
T
 
1
9
 
T
0
2
0
0
2

Published by IOP Publishing for Sissa Medialab

Received: April 25, 2023
Accepted: June 7, 2023

Published: February 6, 2024

ICFA BEAM DYNAMICS NEWSLETTER#85 —
CHALLENGES OF PRESENT AND FUTURE 𝒆+𝒆− CIRCULAR COLLIDERS

Luminosity performance of SuperKEKB

D. Zhou,𝑎,𝑏,∗ K. Ohmi,𝑎 Y. Funakoshi𝑎 and Y. Ohnishi𝑎,𝑏

𝑎KEK,
1-1 Oho, Tsukuba 305-0801, Japan

𝑏School of Accelerator Science, The Graduate University for Advanced Studies, SOKENDAI,
Shonan Village, Hayama, Kanagawa 240-0193 Japan

E-mail: dmzhou@post.kek.jp

Abstract: Since April 2020, the SuperKEKB has been operating with the crab waist scheme. The
luminosity record achieved in June 2022 was 4.71 × 1034 cm−2s−1, which overtook its predecessor
KEKB by more than a factor of 2. The beam-beam interaction plays a key role in causing vertical
blowup and consequently limiting the luminosity performance of SuperKEKB. In this paper, we
examine luminosity tunings under the influence of beam-beam effects and review the luminosity
performance of SuperKEKB with the crab-waist operation from 2020 to 2022.
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1 Introduction

SuperKEKB [1] is an asymmetric electron-positron collider under operation at KEK. The “nano-
beam” scheme was chosen for the collision with a large crossing angle of 83 mrad and small vertical
beta functions 𝛽∗𝑦 = 0.27/0.3 mm for the positron/electron beams. The crab waist [2] was optional
for the baseline design configuration [3] of SuperKEKB. Beam commissioning until the early
stage of Phase-3 showed that the vertical blowup driven by beam-beam interaction was the major
show-stopper in achieving high luminosity. As a countermeasure, the compact crab waist scheme [4]
of FCC-ee was introduced to SuperKEKB in April 2020. Since then, SuperKEKB has been breaking
the luminosity record of e+e- colliders. The latest luminosity record was 4.71 × 1034 cm−2s−1,
achieved at SuperKEKB on June 22, 2022. In this paper, we review the luminosity performance
of SuperKEKB from 2020 to 2022 by examining the luminosity tunings. For further details of
beam-beam issues, the reader is referred to ref. [5] and references therein.

The paper is organized as follows. The beam-beam parameter and its relation with luminosity
are clarified in different cases in section 2. The process of luminosity tuning at SuperKEKB is
presented in detail in section 3. In section 4, the achieved luminosity performance in different phases
of SuperKEKB is presented and compared with that of KEKB and of the SuperKEKB design goal.
The discrepancy in luminosity between the simulation and the real machine is briefly introduced
in section 5 for both SuperKEKB and KEKB. In the end, we give a perspective of achieving the
target luminosity at SuperKEKB from the beam-beam viewpoint in section 6 and summarize the
paper in section 7.

– 1 –
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2 Notation

The “nano-beam” scheme assumes collision with a large Piwinski angle

Φ𝑃 =
𝜎𝑧

𝜎∗
𝑥

tan
𝜃𝑐

2
� 1, (2.1)

and hourglass condition
𝛽∗𝑦

𝜎∗
𝑥

tan
𝜃𝑐

2
& 1. (2.2)

Here we assume symmetric beams for simplification of the discussion. The quantities included are
𝜎𝑧 the bunch length, 𝜃𝑐 the full crossing angle, 𝜎∗

𝑥 the horizontal beam size at the interaction point
(IP), and 𝛽∗𝑦 the vertical beta function at the IP. With the above conditions satisfied, simple scaling
laws are good enough to discuss luminosity and beam-beam parameters for the case of SuperKEKB.
With hourglass effects negligible, the luminosity can be well approximated by

L ≈ 𝑁𝑏𝑁+𝑁− 𝑓

2𝜋Σ𝑦Σ𝑧 tan 𝜃𝑐
2

𝑒
−

Δ2
𝑦

2Σ2
𝑦 , (2.3)

where Σ𝑦 =

√︃
𝜎∗2
𝑦+ + 𝜎∗2

𝑦− and Σ𝑧 =

√︃
𝜎2
𝑧+ + 𝜎2

𝑧− are the effective beam sizes at the IP, 𝑓 is the
revolution frequency, 𝑁𝑏 is the number of bunches for collision, 𝑁± the bunch population, 𝜎∗

𝑦 is the
vertical beam size at the IP, and Δ𝑦 is the relative vertical orbit offset of the colliding beams at the IP.
The subscripts +/− represent the e+/e- beams, respectively. The crab waist tilts the beams’ density
distribution around the IP, consequently affecting the luminosity. For the “nano-beam” scheme, the
crab waist increases the luminosity by a few percent at SuperKEKB [6]. Since it is a small gain, we
will also use eq. (2.3) to discuss the luminosity performance with crab-waist collision. The specific
luminosity is defined as

Lsp =
L

𝑁𝑏 𝐼𝑏+𝐼𝑏−
≈ 1

2𝜋𝑒2 𝑓Σ𝑦Σ𝑧 tan 𝜃𝑐
2

, (2.4)

with 𝐼𝑏 the bunch current.
In the literature, there are alternative definitions of beam-beam parameters. The incoherent

beam-beam parameter is defined as [7]

𝜉𝑖𝑢± =
𝑟𝑒

2𝜋𝛾±
𝑁∓𝛽∗𝑢±

𝜎∗
𝑢∓(𝜎∗

𝑢∓ + 𝜎∗
𝑦∓)

, (2.5)

with the subscript 𝑢=𝑥 or 𝑦 for the horizontal or vertical direction, respectively. This definition
does not include the hourglass effect. For collision with a horizontal crossing angle, 𝜎∗

𝑥∓ should be
replaced by the effective horizontal beam size at the IP as

𝜎𝑥∓ =

√︂
𝜎2
𝑧∓ tan2 𝜃𝑐

2
+ 𝜎∗2

𝑥∓. (2.6)

For the “nano-beam” scheme with flat beams (i.e., 𝜎∗
𝑦 � 𝜎∗

𝑥) for collision, there is 𝜉𝑥 � 𝜉𝑦 . In this
case, the vertical beam-beam parameter is of importance for measuring the luminosity performance
and can be well approximated by

𝜉𝑖𝑦± ≈ 𝑟𝑒

2𝜋𝛾±

𝑁∓𝛽∗𝑦±

𝜎∗
𝑦∓

√︃
𝜎2
𝑧∓ tan2 𝜃𝑐

2 + 𝜎∗2
𝑥∓

. (2.7)
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Empirically, we can define the vertical beam-beam parameters of flat beams from luminosity as [8]

L =
1

2𝑒𝑟𝑒
𝛾±𝐼±
𝛽∗𝑦±

𝜉𝐿𝑦±, (2.8)

with 𝐼± the total beam currents. Since the luminosity depends on the effective beam sizes of the two
beams, this definition is relevant to the coherent beam-beam tune shifts [7]. Only when the hourglass
effects are negligible and the colliding beams have symmetric beam sizes, there is 𝜉𝑖𝑦± = 𝜉𝐿𝑦± [6].
This equality is useful in machine tunings for luminosity optimization as will be addressed later.

When the hourglass effects are taken into account, the incoherent beam-beam parameter can be
written as

𝜉𝑖ℎ𝑢± = 𝜉𝑖𝑢±𝑅
±
𝜉𝑢 , (2.9)

where the superscript 𝑖ℎ indicates the incoherent tune shift including hourglass effects, and 𝑅±
𝜉𝑢

can
be taken as the hourglass factor for the beam-beam tune shifts. 𝜉𝑖ℎ𝑢± can be calculated by integrating
the beam-beam force felt by the on-axis particles when the beam distributions at the IP are known.

With the above formulations, the luminosity and the incoherent beam-beam parameters are
correlated as

L =
1

2𝑒𝑟𝑒
𝛾±𝐼±
𝛽∗𝑦±

2𝜎∗
𝑦±𝜎𝑥±

Σ𝑦Σ𝑥

𝜉𝑖ℎ𝑦±
𝑅L
𝑅±
𝜉 𝑦

, (2.10)

where Σ𝑥 =

√︃
𝜎2
𝑥+ + 𝜎2

𝑥− is the horizontal effective beam size of the two beams with the crossing
angle counted, and 𝑅L is the hourglass reduction factor for luminosity. When the colliding beams
have symmetric beam sizes, eq. (2.10) reduces to

L =
1

2𝑒𝑟𝑒
𝛾±𝐼±
𝛽∗𝑦±

𝜉𝑖ℎ𝑦±
𝑅L
𝑅±
𝜉 𝑦

. (2.11)

This formulation was routinely used at KEKB [9].
For the general formulations of luminosity and beam-beam tune shifts for flat-beam asymmetric

colliders and their tests with the machine parameters of SuperKEKB, the reader is referred to ref. [6].

3 Luminosity tuning

The typical path of beam tuning to achieve a good luminosity delivered to the physics run at
SuperkEKB is as follows

• Systematic corrections of linear optics (closed orbit, beta functions, dispersions, and linear
couplings) are done separately for the two rings after weekly maintenance with a total beam
current of around 50 mA. Iterative optics corrections may be done to minimize the vertical
single-beam emittance for both HER and LER.

• Using filling patterns for collision, an IP orbit feedback system is used to search the optimal
orbit for the collision. After finding the collision (observed by the luminosity monitors of
Belle II) orbit, manual scans of the closed orbit at IP are done to find the best position for
collision, which is then locked by the IP orbit feedback system.

– 3 –
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• RF phase (for fine-tuning of the beams’ arrival time at IP) and the waists of vertical beta
functions are scanned and optimized to ensure that the beams collide at their waist positions.

• The linear parameters at the IP (such as linear couplings, dispersions, etc.) are scanned
(so-called IP knobs) in a prescribed loop to optimize the luminosity.

• After achieving a good luminosity, the major luminosity tuning is done, and the machine is
switched to the physics run.

• During the physics run, iterative minor IP knobs (including chromatic couplings and chromatic
dispersions) are frequently done by the shifters of the accelerator team to search for the
best luminosity performance or to recover the luminosity from degradation. The luminosity
degradation might be due to the slow drift of machine conditions (such as drifting of
environment temperature, changes in hardware, etc.). For the minor IP knobs, the background
of Belle II detectors and the measured luminosity are used as references for optimization.

Figure 1. Example of IP knobs for luminosity tuning at SuperKEKB.

Figure 1 shows a typical example of luminosity tuning at SuperKEKB. The left figure presents
the online data of machine parameters for 9 hours of beam tuning. From top to bottom, the subfigures
indicate 1) the total currents of HER (blue) and LER (red) rings; 2) the luminosity (yellow) and
specific luminosity (green); 3) the vertical relative orbit offset at the IP; 4) the linear coupling
parameter 𝑅1 at the IP (calculated from the online lattice models; for definitions of coupling
parameters, see ref. [10]) of HER (blue) and LER (red), and the first-order chromaticity of 𝑅1 of
HER (green) and LER (magenta); 5) the linear coupling parameter 𝑅2 and its chromaticity; 6) the
linear coupling parameter 𝑅3 and its chromaticity; 7) the linear coupling parameter 𝑅4 and its
chromaticity; 8) the vertical dispersion and its chromaticity at the IP; 9) the vertical dispersion prime
and its chromaticity at the IP; 10) the waist position of HER (blue) and LER (red).

– 4 –
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The timeline of figure 1 is illustrated as follows. The LER optics corrections started at around
17:40 PM, and the HER optics corrections started at around 19:30 PM. The collision tuning started at
around 21:20 PM by optimizing the vertical orbit offset Δ𝑦 (Since the vertical beam sizes at the IP are
in the order of 0.1 μm, the luminosity is very sensitive to Δ𝑦 as shown in eq. (2.3)). After finding the
optimal beam orbit at the IP, the linear couplings at the IP 𝑅1 and 𝑅2 of the two rings were scanned
one by one. Among the linear and chromatic parameters at the IP, the coupling parameters 𝑅1 and 𝑅2

are most sensitive to the vertical beam sizes at the IP. It should be emphasized that the linear optics
corrections were mainly done globally. The couplings at the IP need further fine-tunings to ensure that
they are corrected to zeros (Here, “zeros” means the luminosity is locally optimal but does not suggest
the parameters are zeros from the online lattice model.). After these major IP knobs with moderate
beam currents (It means that the major luminosity tuning is done with weak collective effects.), a
good luminosity can usually be found, and the machine can be delivered to physics run. Aftward,
the total beam currents will be increased gradually, and further luminosity optimization may be done
under collective effects (such as beam-beam-driven beam-size blowups, impedance effects, etc.).

The right figure of figure 1 shows a very effective IP knob of 𝑅2 for HER (This knob started
at 22:43 PM, seen in the fifth subfigure from the top in the left figure.). From top to bottom, the
subfigures indicate 1) the background of the Belle II ECL detector [11] from the HER beam (green)
and the injection duration [12] of the HER beam (red); 2) the background of the Belle II ECL
detector from the LER beam (green) and the injection duration of the LER beam (orange); 3) the
background of the Belle II VXD diamond from the LER beam (red) and HER beam (blue); 4) the
background of the Belle II TOP detector (blue) and BP diamond detector (pink); 5) the specific
luminosity from ZDLM luminosity monitor (red) [13] and the 66 kV high-voltage power supply;
6) the injection efficiency of LER (red) and HER (blue); 7) the vertical beam size at the IP (X-ray
monitors located far from the IP are used to measure the beam sizes. Using the optics functions at
the X-ray monitors and at the IP of the designed lattice, the beam sizes at the IP are estimated via the
relation of 𝜎𝑦 =

√︁
𝛽𝑦𝜖𝑦 with 𝜖𝑦 the vertical emittance.) of LER (red) and HER (blue); 8) the specific

luminosity given by Belle II ECL/CsI detector (green) and ZDLM detector (red). It can be seen that
the specific luminosity (see the fifth and eighth subfigures in the right figure of figure 1) is strongly
correlated with the beam sizes (see the seventh subfigure in the right figure of figure 1), as expected
from eq. (2.4). With non-zero linear couplings at the IP, the beam-beam force causes extra vertical
blowup, consequently leading to luminosity loss [14]. In principle, the best luminosity appears when
the linear couplings at the IP are fully corrected to zeros. This can be extended to a general principle
for luminosity tuning: the luminosity is a function of a parameter list ®𝑅 = (𝑅1, 𝑅2, . . .). Scan the
𝑖-th parameter 𝑅𝑖(design) (We use the design lattice as a reference) and find the optimal condition

𝜕L( ®𝑅)
𝜕𝑅𝑖

= 0, (3.1)

then we conclude the real value of 𝑅𝑖 is minimized though the design value of 𝑅𝑖 from the lattice is
not. This criterion does not guarantee 𝑅𝑖(real) is fully corrected to zero since many other parameters
might not be zeros (or, say, not optimized yet). Therefore, the shifters frequently scan the parameters
of the list ®𝑅 in the control room. Usually, the parameters, which are sensitive to luminosity (such as
linear couplings 𝑅1 and 𝑅2 at the IP), are scanned with the highest priority. Nevertheless, luminosity
tuning is a challenging task at SuperKEKB.

– 5 –
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4 Luminosity performance

From March 2018 to March 2020, SuperKEKB was operated without the crab waist. The beam-beam-
driven resonances caused severe vertical beam-size blowups, limiting the luminosity performance.
In April 2020, the crab waist scheme of ref. [4] was implemented in SuperKEKB to suppress the
beam-beam resonances. Since then, the luminosity performance has been improving. Table 1
(adapted from table 1 of ref. [15]) compares the machine parameters of KEKB and SuperKEKB in
four cases from left to right: 1) The machine parameters of KEKB leading to its best luminosity in
June 2009; 2) The machine parameters of SuperKEKB in May 2020 when the crab waist started to
be functional; 3) The machine parameters of SuperKEKB in June 2022 when the luminosity record
of 4.71 × 1034 cm−2s−1 was achieved; 4) The machine parameters of SuperKEKB design [3].

Table 1. Comparison of KEKB and SuperKEKB machine parameters.
KEKB SuperKEKB SuperKEKB SuperKEKB

Achieved 2020 May 1st 2022 June 22nd Design
LER HER LER HER LER HER LER HER

Ibeam [A] 1.637 1.188 0.438 0.517 1.363 1.118 3.6 2.6
# of bunches 1585 783 2249 2500
Ibunch [mA] 1.033 0.7495 0.5593 0.6603 0.606 0.497 1.440 1.040
𝛽∗𝑦 [mm] 5.9 5.9 1.0 1.0 1.0 1.0 0.27 0.30
𝜉𝑦 0.129𝑎) 0.090𝑎) 0.0236𝑏) 0.0219𝑏) 0.0398𝑏) 0.0278𝑏) 0.0881𝑐) 0.0807𝑐)

0.10𝑏) 0.060𝑏) 0.0565𝑑) 0.0434𝑑) 0.069𝑏) 0.061𝑏)

L [1034cm−2s−1] 2.11 1.57 4.71 80∫
L𝑑𝑡 [ab−1] 1.04 0.03 0.424 50

𝑎)Values of 𝜉𝑖ℎ𝑦 calculated by eq. (2.11); 𝑏)Values of 𝜉𝐿𝑦 calculated by eq. (2.8); 𝑐)Values of 𝜉𝑖ℎ𝑦 calculated by eq. (2.9);
𝑑)Values in high bunch current study with 393 bunches by eq. (2.8).

The reader may notice that different formulae were used in table 1 to calculate the beam-beam
parameters at KEKB and SuperKEKB. For the KEKB and SuperKEKB design cases, the hourglass
factor 𝑅L/𝑅𝜉 𝑦 is around 0.7-0.8. Consequently, it is suitable to use 𝜉𝑖ℎ𝑦 for a better estimate of
beam-beam tune shift. For the current SuperKEKB with 𝛽∗𝑦 = 1 mm, the hourglass factor 𝑅L/𝑅𝜉 𝑦

is very close to 1 [6]. In this case, it is convenient to use 𝜉𝐿𝑦 , especially when the beam sizes at the
IP cannot be accurately monitored. But, it is also noteworthy that 𝜉𝐿𝑦 will not be a good measure
of the beam-beam tune shift felt by a beam when the beam sizes of the two beams are far from
symmetric. During the operation of SuperKEKB, both 𝜉𝑖𝑦 (calculated from measured beam sizes
using eq. (2.7)) and 𝜉𝐿𝑦 (calculated from measured luminosity using eq. (2.8)) are provided online to
guide the luminosity tunings and optimizations. In other words, the ratio 𝜉𝐿𝑦 /𝜉𝑖𝑦 is used as an index
for monitoring the symmetry of the colliding beams’ sizes.

Further clarifications on table 1 are given as follows.

• The beam-beam parameters of HER and LER beams are not equal. This is because the
luminosity is optimized without keeping the energy transparency condition 𝛾+𝐼+ = 𝛾−𝐼−.

• The beam-beam parameters for the peak luminosity of 4.71 × 1034 cm−2s−1 were lower than
those achieved in high bunch machine study (In the machine study, less number of bunches
but higher bunch currents were chosen.). This is because, during the physics run, there were

– 6 –
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high risks of machine failure (so-called sudden beam losses [16] and consequent damages to
hardware in the rings) when the bunch currents exceeded about 0.7 mA in the LER. However,
during the high bunch current machine studies, there was no limit in the bunch currents since
the total currents were not as high in the physics run.

• The beam-beam parameters achieved in the high bunch current machine study are remarkably
lower than the design values. This is due to the severe vertical beam-size blowup caused
by beam-beam interaction and its interplay with other factors (such as impedance effects,
nonlinear IR optics, imperfect crab waist, etc.). Investigations are ongoing to evaluate these
effects quantitatively.

Figure 2 shows the machine parameters in 2 hours when the luminosity record of 4.71 ×
1034 cm−2s−1 was achieved. From top to bottom, the subfigures are illustrated as follows.

(1) The total beam current of LER (red) and HER (blue). It is seen that the beam injection was
intentionally stopped many times. The purpose is to achieve a peak luminosity, as seen in
subfigure (2).

(2) The total luminosity by ECL monitor (yellow, averaged with a 20-second window) and specific
luminosity (green) calculated from the average ECL luminosity. A peak luminosity always
appeared soon after the beam injection was stopped. This was because the ECL luminosity
was affected by the background from beam injection [5]. The luminosity loss came from two
sources: the LER injection background on ECL and the beam oscillation in LER excited by
the injection kickers due to the imbalance of the upstream and downstream kickers’ fields.
This luminosity loss is more clearly seen in the specific luminosity. About 10% of gain in
specific luminosity can be seen when the injection is off. However, because of the short beam
lifetime, only a small gain is seen in the total luminosity.

(3) The total luminosity by ZDLM monitor (yellow) and the instant total luminosity by ECL
monitor (green). The ZDLM luminosity monitor is less sensitive to beam injection background
than the ECL monitor [5].

(4) The vertical emittance of HER beam measured by X-ray monitor. The vertical emittance is
calculated from 𝜎𝑦 =

√︁
𝛽𝑦𝜖𝑦 with 𝜎𝑦 measured by the X-ray monitor and 𝛽𝑦 given by design

lattice.

(5) The vertical beam-beam parameter calculated from ECL luminosity (blue), and the vertical
beam-beam tune shift calculated from beam sizes (cyan) using eq. (2.5) for the electron beam
(HER). As mentioned previously, the asymmetric beam sizes are the main sources of the
discrepancy in the beam-beam parameters calculated from luminosity and measured beam
sizes. With beam tunings, symmetric beam sizes may be achieved, and this discrepancy will
be minimum. But the machine conditions constantly drift, making it difficult to keep the
symmetric beam sizes for a long time.

(6) The vertical emittance of LER beam measured by X-ray monitor.

– 7 –
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(7) The vertical beam-beam parameter calculated from ECL luminosity (red), and vertical
beam-beam tune shift calculated from beam sizes (orange) for the positron beam (LER).

Figure 2. Historical data in two hours for beam currents, luminosity, vertical emittance, and beam-beam
parameters at SuperKEKB on June 22, 2022.

Figure 3 shows the machine parameters in 30 days until June 22, 2022 (the last day of the 2022b
run of SuperKEKB). From top to bottom, the subfigures are described as follows.

(1) The total beam current of LER (red) and HER (blue) and the 66 kV high-voltage power supply
(gray).

(2) The total luminosity (yellow) and specific luminosity (green) from the ECL luminosity monitor.

(3) The vertical effective beam size Σ𝑦 at the IP, calculated from luminosity (blue) using eq. (2.4)
(the effective bunch length Σ𝑧 is a constant calculated by using the nominal bunch length of
design lattices.) and from measured beam sizes (orange) using X-ray monitors. Overall, these
two methods give similar results. The difference between the two values changed over time,
depending on the beam tunings. Note that the bunch-current-dependent bunch lengthening
was not considered in the luminosity method.

(4) The vertical emittance of HER beam calculated from measurement data of X-ray monitor.
The minimum value was around 20 pm, showing the best single-beam emittance (without
collision) achieved at HER. With collision, beam-beam effects caused vertical blowup by
a factor of more than 2 at the end of the 2022b run. Severe vertical blowups can be seen
frequently, usually corresponding to non-optimal IP knobs or poor machine conditions for
certain reasons.
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(5) The vertical emittance of LER beam calculated from measurement data of X-ray monitor. The
minimum value was around 20 pm, showing the best single-beam emittance (without collision)
achieved at LER. Similar to the HER beam, the beam-beam effects caused vertical blowup by
a factor of more than 2. When pushing the total beam current to achieve higher luminosity, the
vertical blowup in LER became more severe than in HER. This showed a hint of an interplay
between beam-beam effects and vertical impedance effects in the LER. In practice, on June
21, 2022, the vertical collimator settings and vertical tune of LER were optimized to increase
the threshold of single-beam vertical blowup (from around 0.5 mA to around 0.9 mA in bunch
current). This also contributed to achieving the new luminosity record on Jun 22, 2022.

(6) The horizontal emittance of HER beam calculated from measurement data of synchrotron
radiation (SR) monitor. The data before June 3, 2022, were not reliable because the mirror of
the SR monitor was broken. Weak horizontal blowup seemed to be seen from the measurement
data, which is also predicted by beam-beam simulations [5].

(7) The horizontal emittance of the LER beam calculated from measurement data of the SR
monitor. The measurement data showed clear horizontal blowups, which were sensitive to
the horizontal tune of LER. This horizontal blowup is due to beam-beam effects and their
interplay with beam-coupling impedance and was identified by simulations [5].

Figure 3. Historical data in 30 days until June 22, 2022, for beam currents, luminosity, vertical effective beam
size Σ𝑦 , and beam emittances at SuperKEKB.

Figure 4 shows historical data in the same period as figure 3. During the physics run, the
achieved beam-beam parameters are around 0.04 and 0.03 for the LER and HER beams, respectively.
When machine tunings were well done, the beam-beam parameters estimated from luminosity and
XRM data had the best agreements.
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Figure 4. Historical data in 30 days until June 22, 2022, for beam currents, luminosity, vertical emittances,
and beam-beam parameters at SuperKEKB.

5 The puzzle of specific luminosity slope

As shown in eq. (2.4), the specific luminosity is a geometric parameter that defines the potential
of extracting luminosity from a collider. For SuperKEKB, intensive investigations have been done
to understand the luminosity performance, but a large discrepancy exists between simulations and
measurements. This can be seen in figure 5. The green dots give the specific luminosity from the ECL
monitor during the physics run with high total currents. The blue dots are data extracted from the high-
bunch current collision (HBCC). At 𝐼𝑏+𝐼𝑏− < 0.4 mA2, the specific luminosity is higher than that from
the HBCC machine study. This is because beam tunings were not done during the HBCC machine
study due to limited beam time. The beam-beam simulations were done using BBSS code [17] with
beam coupling impedance included. The simulations show two cases: one is for 40% and 80% of
full crab waist strengths for HER and LER, respectively (this is the current configuration in machine
operation); another is 40% for both HER and LER. The measured specific luminosity as a function
of bunch current product drops much faster than simulations, and it remains a puzzle at SuperKEKB.
For further discussions on the sources of luminosity degradation, the reader is referred to ref. [5].

The steep slope of measured specific luminosity also existed in KEKB, which beam-beam
simulations could not explain. This can be seen in figure 6 (adapted from ref. [18]). The crab cavities
were installed, and remarkable luminosity gain was achieved (see the difference between the green
and blue dots) at KEKB. Skew sextupoles were installed to correct the chromatic couplings at the IP
and contributed to extra luminosity gain (see the black dots). However, all these did not change the
steep slope of measured specific luminosity.
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Figure 5. Comparison of specific luminosity by predictions of simulations using BBSS code and by
measurements of ECL luminosity monitor at SuperKEKB.

Figure 6. Comparison of specific luminosity by predictions of simulations and by measurements at KEKB.

6 Beam-beam perspective on achieving target luminosity at SuperKEKB

The SuperKEKB is targeting a peak luminosity of 1 × 1035 cm−2s−1 after the long-term shutdown 1
(LS1, from July 2022 to the end of 2023) and 6 × 1035 cm−2s−1 after LS2 (around 2027) [19]. From
a beam-beam perspective, the path to the target luminosity can be outlined by examining eq. (2.8):

• A total current of 1.4 A was achieved at LER in June 2022. A gain factor of 2.5 can be expected
if the design value of 3.6 A is reached. Currently, the limit on total beam current is not from
RF power but from the high risks of machine failures due to sudden beam losses [16]. Another
obstacle to achieving higher beam currents in the future is that the LER beam’s short lifetime
requires strong injection power and good beam quality from the linac (see ref. [20] for details).

• A beam-beam parameter of 0.04 was achieved at LER. The beam-beam limit is expected to be
around 𝜉𝐿𝑦 ∼ 0.1, suggesting a gain factor of 2.5. The important obstacles to achieving higher
beam-beam parameters include 1) the vertical beam-size blowup driven by beam-beam and its
interplay with nonlinear lattice [21] and beam coupling impedances [22, 23]; 2) the vertical
beam-size blowup in LER due to a so-called “-1 mode instability” that is driven by an interplay
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between the large vertical impedance (dominated by small-gap collimators) and the bunch-by-
bunch feedback system (see ref. [24] for details); 3) the imperfect crab waist due to the non-
transparent interaction region (IR) [25]. Installing a nonlinear collimator (it will replace a small-
gap collimator and consequently reduce the vertical impedance significantly.) to the LER during
LS1 [26] is an expected solution for curing the vertical blowup due to collective effects. The
effectiveness of crab waist relies on a clean IR, which means less nonlinearity in optics and less
background to the Belle II. An R&D program is ongoing for an IR upgrade after the LS2 [27].

• The vertical beta function reached 𝛽∗𝑦 = 1 mm. If the final design of 𝛽∗𝑦± = 0.27/0.3 mm
is achieved, it will result in a luminosity gain of 3.3. The important obstacles lie in the
small dynamic aperture and short lifetime resulting from the nonlinear IR combined with
beam-beam and crab waist [25].

Assuming a balanced collision (i.e., 𝛽∗𝑦+ = 𝛽∗𝑦 = 𝛽∗𝑦 and 𝜖𝑦+ = 𝜖𝑦− = 𝜖𝑦) and the hourglass
effect is negligible, the incoherent beam-beam parameter eq. (2.7) can be simplified as

𝜉𝑖𝑦± ≈ 𝑟𝑒

2𝜋𝑒 𝑓0𝛾± tan 𝜃𝑐
2

𝐼𝑏∓
𝜎𝑧∓

√︄
𝛽∗𝑦

𝜖𝑦
. (6.1)

Suppose a beam-beam limit of 𝜉𝑦 ∼ 0.1, we can examine the constraints on machine parameters:

• With given total beam currents and 𝛽∗𝑦 , to approach the beam-beam limit of 𝜉𝑦 ∼ 0.1, smaller
𝜖𝑦 is always preferred. With 𝛽∗𝑦 = 1 mm optics, achieving a single-beam emittance of 𝜖𝑦0 < 20
pm at SuperKEKB has been challenging. However, the SuperKEKB design targets a vertical
emittance of 𝜖𝑦 ∼ 10 pm with collective effects considered [1, 3].

• To keep 𝜉𝑦 . 0.1, small 𝛽∗𝑦 is always preferred to allow higher beam currents. However,
squeezing 𝛽∗𝑦 results in a smaller dynamic aperture and shorter lifetime.

7 Summary

Different notations have been used for the beam-beam parameters in evaluations of the luminosity
performance in KEKB and SuperKEKB. The hourglass effects on the beam-beam parameters were
counted or not in different cases. By the definition of eq. (2.8), the beam-beam parameters achieved
in SuperKEKB until June 2022 with crab waist at 𝛽∗𝑦 = 1 mm were 0.0565 and 0.0434 for LER and
HER, respectively. These values are remarkably lower than the design values.

Luminosity tunings at SuperKEKB have been regularly done by following a well-defined routine
from major optics corrections to minor knobs of IP parameters. The luminosity has been optimized
by navigating a parameter space with many dimensions.

Many factors contribute to the discrepancy in luminosity between simulation and measurement
and remain to be investigated. The beam-beam interaction has been playing a key role in defining
the luminosity performance at SueprKEKB. Machine operation experience suggests that reliable
luminosity prediction via beam-beam simulations has been challenging at SuperKEKB. Multiple
dynamics, such as beam-beam interaction, machine imperfections, impedance effects, etc., must be
involved in simulations and call for the development of a general tracking code. Dedicated machine
studies are also required to investigate the interplay of multiple dynamics at SuperKEKB.
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