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Abstract

SuperKEKB aims for high luminosity on the order of

10
35 /cm

2/s with high beam currents of 2.6 A for elec-

tron and 3.6 A for positron to search a new physics be-

yond the Standard Model in the B meson regime. In re-

cent operations, we achieved new record of the luminosity

of 4.7 × 10
34 /cm

2/s with 1.1 A for electron and 1.3 A for

positron. The RF system that is basically reused from KEKB

is operating stably in the high current operation owing to the

measures against to large beam power and HOM power. To

cope with the large beam power, it has been increased the

number of klystrons that drive only one normal conducting

cavity (ARES) and reinforced the input couplers of ARES.

As a measure against HOM power, the additional HOM

dampers have been installed to superconducting cavities.

One-third of LLRF control systems have been replaced with

newly developed digital system to improve accuracy and

flexibility. New damper system for coupled bunch instability

expected in high current has been installed to new digital

system. In this report, operation status of RF system under

the high current operation will be presented.

INTRODUCTION

The SuperKEKB accelerator that is an electron-positron

asymmetric energy collider is an upgrade machine from

KEKB accelerator aiming for a significant increase of lumi-

nosity. SuperKEKB main ring consists of a 7 GeV electron

ring (high energy ring, HER) and a 4 GeV positron ring (low

energy ring, LER). To achieve high luminosity, the beam cur-

rents are designed as 2.6 A for HER and 3.6 A for LER [1].

The first commissioning beam operation without collision

was performed in 2016 as Phase-1. After the Belle II detector

rolled in, Phase-2 beam operation started and the first beam

collision event was observed at Belle II in 2018. A full-scale

collision experiment (Phase-3) has been continued since

2019. In recent operation, the achieved beam currents are

1.14 A for HER and 1.46 A for LER, and the peak luminosity

of 4.65 × 10
34 /cm

2/s was recorded [2, 3].

The RF-related operation parameters in KEKB (achieved)

and SuperKEKB (design) are shown in Table 1. The design

beam current is nearly twice as high as the KEKB achieved,

and the beam power becomes large accordingly [4–6]. The

RF system consisting both of normal-conducting cavities

(ARES) [7–9] and superconducting cavities (SCC) [10, 11]

has been reused from KEKB with reinforcement to handle
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the high beam current and the large beam power. The ARES

stations have 1:2 configuration in which one klystron drives

two ARESs, and 1:1 configuration in which one klystron

drives one ARES. The SCC station has one cavity driven by

one klystron.

The main upgrade items are as follows:

• Increasing the number of RF klystron stations of ARES

1:1 configuration.

• In ARES, changing input coupling factor � from 3 (1:2

configuration) to 5 (1:1 configuration).

• In SCC, installation of additional higher-order-mode

(HOM) dampers.

• In High-Power RF (HPRF) system, replacement of de-

teriorated klystrons with higher gain and more stable

ones.

• In Low-Level RF (LLRF) system, replacing with new

digital LLRF system in a part of ARES 1:1 stations

and development of new damper system for coupled

instability.

The addition of klystron to upgrade from ARES 1:2 to 1:1 
configuration and the increase of input coupling factor  of 
ARES are essential to provide the large beam power. The 
HOM power excited in the SCC module at the design current 
is estimated to be more than double the power achieved in 
KEKB, and to exceed the allowable power of the existing 
ferrite dampers. Then, additional dampers are necessary to 
reduce the load of ferrite dampers. The replacement of the 
old HPRF and LLRF systems with new systems increases 
the stability and accuracy of beam operation.

The layout of RF stations in SuperKEKB at present is 
shown in Fig. 1. There are a total of 30 RF klystron sta-

tions consisting 16 ARES (22 cavities) stations in LER and 
6 ARES (8 cavities) and 8 SCC stations in HER. To date, 
the number of ARES 1:1 station is partially increased to 10 
(LER) and 4 (HER) stations. In addition, countermeasures 
against RF-related instabilities in LLRF are essential for the 
high beam current operation. These measures have been 
completed partially. Remaining update items will be per-

formed in the future to achieve the target beam current and 
luminosity. The details of upgrade of each component are 
described in Refs. [9, 13–18]. In this report, the operation 
status of RF system and the high beam current-related issues 
in RF system are described.

OPERATION STATUS OF RF SYSTEM

In the recent beam operation, the RF system is operat-

ing stably without any troubles requiring long shutdown.
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Table 1: RF-related machine parameters achieved at KEKB [12] and those of the design values in SuperKEKB [6].

KEKB (achieved) SuperKEKB (design)

Parameters Unit LER HER LER HER

Beam energy GeV 3.5 8.0 4.0 7.0

Beam current A 2.0 1.4 3.6 2.6

Bunch length mm 6–7 6–7 6 5

Number of bunch 1585 1585 2500 2500

Total RF voltage MV 8 13–15 10–11 15

Energy loss/turn MV 1.6 3.5 1.76 2.43

Total beam power MW 3.3 5.0 ∼8 ∼8

RF frequency MHz 508.9 508.9

Revolution frequency kHz 99.4 99.4

Cavity type ARES ARES SCC ARES ARES SCC

No. of cavities 20 10 2 8 8 14 8 8

Klystron : cavities 1:2 1:2 1:1 1:1 1:2 1:1 1:1 1:1

No. of klystron stations 10 5 2 8 4 14 8 8

RF voltage/cavity MV 0.4 0.31 0.31 1.24 ∼0.5 ∼0.5 ∼0.5 1.3–1.5

Beam poser/cavity kW 200 200 550 400 200 600 600 400

�/� of cavity Ω 15 15 15 93 15 15 15 93

Loaded � (��) ×10
4 3 3 1.7 ∼5 3 1.7 1.7 ∼5

Figure 1: Layout of RF system of SuperKEKB. There are a

total of 30 RF stations consisting both of normal-conducting

cavity (ARES) and superconducting cavity (SCC) stations.

Figure 2 shows the history of the beam current and total-

�� for both rings in the run of 2022ab (from Feb. to June

2022). In this run, the beam current was gradually increased

while increasing the number of bunches, finally achieved up

to 1.46 A for LER and 1.14 A for HER with 2346 bunches.

The total-�� for both rings were kept as 9.12 MV for LER

and 14.2 MV for HER through this run. After middle of

April, although one of ARES 1:1 stations (D07C) in LER

was detuned (parked) due to a problem with the control sys-

tem of the klystron power supply, the total-�� was able to be

maintained by increasing the voltage of other cavities. The

voltage of each ARES cavity was 0.40–0.45 MV/cavity. In

Figure 2: Operation history of 2022ab run. (a) shows beam

current of LER (pink) and HER (cyan). (b) indicates total-

�� of LER (red) and HER (blue). The spikes in total-�� are

correspond to cavity aging in regular maintenance day.

SCC, the cavity voltage was 1.35 MV/cavity. The spikes

of total-�� shown in Fig. 2(b) are correspond to cavity ag-

ing in regular maintenance days. The drop downs of total-

�� are the results of beam aborts. When the beam higher

than 300 mA is aborted (dumped instantaneously), the RF is

turned off by the interlock of the reflection power from the

cavity in almost all RF stations. Conversely, if the interlock

works even at one RF station and the RF is turned off, the

beam of the corresponding ring is aborted.

Figure 3 shows the power delivered to beam by each cavity

as a function of the stored beam current. For the maximum
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Figure 3: Beam power of each cavity as a function of the

stored beam current. (a) shows ARES 1:1 cavities in LER.

(b) shows SCCs in HER. The beam power is obtained by

subtracting the reflected power from the cavity and the cavity

wall loss from the klystron output or cavity input power.

beam current, the beam power was reached to ∼230 kW in

an 1:1 ARES cavity in LER (Fig. 3(a)) and ∼260 kW in a

SCC in HER (Fig. 3(b)). In higher beam current operation,

the optimization of the beam loading balance among the

RF stations will be essential for stable and efficient beam

operation. The optimization tool has been established and

used in the actual beam operation [19].

All beam aborts are analyzed by recording the RF and

beam signals to find the cause of trip. In particular, in

ARES stations with digital LLRF system, all RF signals

are recorded with a resolution of around 0.1 µs in maximum

before and after events such as abort and RF off [16]. The

fast-signal monitor is very useful as a diagnosis tool for

the RF system. The number of beam aborts caused by the

RF system was ∼10% of all aborts (725 aborts in 2022ab),

excluding manual and low current (<50 mA) aborts. The

∼35% of the RF aborts were due to breakdown of ARES

cavities and SCCs. In the 2022ab operation, the trip rates

due to breakdown were ∼0.5/cavity for the 30 ARES cavities

and ∼0.9/cavity for the 8 SCCs in four months operation.

The trip rates of cavities are not changed significantly since

KEKB operation. The ∼40% of the RF aborts were due to

HPRF system including incorrect operation of the interlock

system of the klystron power supply system. As mentioned

above, in 2022ab run, one klystron station was disconnected

from the beam operation because the heater power supply

of the klystron was broken due to a control board failure.

One of the causes of problems on the HPRF system is the

deterioration of the devices and infrastructure due to aging.

Also in LLRF system, the aging of analog control modules

is main cause of the failures. For stable operation, regular

inspections and updating of devices are being carried out

throughout the RF system.

ARES CAVITY

The ARES is a unique cavity, which is specialized for

KEKB [7,8]. It consists of a three-cavity system operated

in the �/2 mode: the accelerating (A-) cavity is coupled to

a storage (S-) cavity via a coupling (C-) cavity as shown in

Figure 4 [9]. The A-cavity is structured to damp HOM. The

S-cavity with a large stored energy plays a role in suppress-

Figure 4: Illustration of the ARES cavity structure.

ing the optimum detuning of accelerating �/2 mode ( ��/2).

Corresponding to the stored energy ratio of ��/�� = 9,

where �� and �� are stored energies of S- and A-cavities,

the detuning of �/2 mode (Δ ��/2) is one tenth that of A-

cavity (Δ ��). As a result, the coupled bunch instabilities

driven by the accelerating mode is suppressed. The C-cavity

is equipped with a damper to damp parasitic 0 and �-modes.

The �/2 mode has a high � value of ∼110,000 and a low

�/� value of 15 Ω.

The high-power input coupler has been upgraded to cope

with the large beam power of SuperKEKB. At the design

beam current, the beam power of 1:1 ARES is estimated

as 600 kW in a cavity and the input power become to be

800 kW including the cavity wall loss of around 150 kW. In

order to increase the input power from 400 to 800 kW, the

coupling factor � of the input coupler has been increased

from 3 to 5 [6, 14]. In addition, to suppress multipactoring

problem in the coaxial lines of the couplers, the fine groove

structure is adopted for the outer conductor surface (Fig. 5)

[13]. 14 of the 32 input couplers have been upgraded with an

increased coupling factor � of 5 and the fine groove structure.

Those new input couplers have no multipactoring and other

problems in SuperKEKB beam operation so far.

At higher beam current operation, diagnostic tools will

become more important. In the ARES system, all input cou-

plers are monitored with TV or network cameras attached

to the viewport of S-cavity on the opposite side of the input

coupler. A few seconds of video of the camera before and

after the RF is turned off is automatically recorded on mass

storage devices. Figure 6 shows examples of the recorded

videos with the cameras. This diagnostic tool can isolate the

problem; it is related to the input coupler or not. Another

diagnostic tool is fast-signal recording by the digital LLRF.

Figure 7 shows examples of the fast signals with a microsec-

ond resolution. When the RF switch is turned off due to a

reason other than the cavity, the field falls with a tail deter-

mined from the fill time (∼10 µs) as seen in Fig. 7(a). On

the other hand, as seen in Fig. 7(b), the field drops in a much

shorter time than the fill time, which can be understood as

an occurrence of cavity breakdown due to vacuum arc.
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Figure 5: Schematic view of input coupler for the ARES(a),

outer conductor with fine grooving (b) and zoom of fine

grooving(c). The red line in (a) indicate the fine grooving

structure.

(a) (b)

Figure 6: Examples of the recorded videos with the cameras

attached to the viewport of S-cavity on the side opposite

the input coupler at the moment of cavity trips. (a) Clear

discharge from multipactoring on the RF window in the

input coupler was observed. (b) Lights came not from the

input coupler but some other place with scattered reflection.

A-cavity pickup ↓
S-cavity pickup↑

10 μs

A-cavity pickup ↑

S-cavity pickup↓

10 μs

Input to S-cavity↑

Input to S-cavity↓

Power out of the C-damper (a) (b)

Figure 7: Examples of the fast signals recorded by the digital

LLRF; (a) when the RF switch was turned off manually, (b)

cavity breakdown event.

SCC MODULE

The SCC modules (Fig. 8) [10] and cryogenic system

[20] are also reused from KEKB. The SCC module was

designed for KEKB with HOM damped structure equipped

with a pair of ferrite HOM dampers on both small beam pipe

(SBP) and large beam pipe (LBP) [21]. The beam power and

accelerating voltage are kept by sharing with ARES cavities

by giving phase-offset.

The handling large HOM powers induced by the high

beam current is one of the main issues. According to the

power flow simulation in one cavity module, the load of the

existing a pair of ferrite dampers is around 20 kW, which is

not much increased from the maximum absorbed power of

16 kW in KEKB operation [11]. But large HOM power is

emitted through the downstream beam duct and the power

becomes additional load of the dampers of downstream cav-

ity [22]. To reduce the emission power, two sets of addi-

tional HOM dampers made by SiC have been installed to

the downstream of two SCC modules [17, 23]. In the beam

operation, the HOM power absorbed by the ferrite dampers

of downstream cavities were reduced by more than 10% by

the additional SiC dampers as shown in Fig. 9. The absorbed

HOM power by a pair of ferrite dampers in one SCC module

were ∼8 kW at the maximum beam current in 2022ab. To

achieve design beam current, SiC dampers will be installed

to downstream of all cavities.

Another issue is degradation of the cavity performance

of �0. In the long-term operation since 1998, SCCs expe-

rienced several vacuum works and troubles. As a result,

performance of several cavities degraded with strong field

emission. To recover the cavity performance, we developed

horizontal high-pressure rinse (HHPR) method [24]. By

HHPR, the performance of three cavities have been success-

Figure 8: Cross-sectional view of HOM damped SCC de-

signed for KEKB. This cavity is used for SuperKEKB. Fer-

rite HOM dampers are equipped on both SBP and LBP. The

SBP and LBP diameters are 220 mm and 300 mm, respec-

tively.
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Figure 9: Ratio of absorbed HOM power by ferrite dampers

of SCC cavities in D11 section.

Figure 10: �0 values as a function of �� before and after

HHPR for three degraded cavities.

fully recovered as shown in Fig. 10 and those cavities are

operating stably in SuperKEKB.

In the beam operation, the RF signals are monitored by

oscilloscopes every beam aborts to analyze the cause of trip.

Figure 11 shows an example of a trip by multipacting in cav-

ity. The spike of�� (cavity pickup) signal was found ∼40 ms

before RF turned off by the interlock from the breakdown

detector (Fig. 11(a)). It is supposed that the multipacting

occurred and disappeared in a few tens of microseconds

(Fig. 11(b)), and the local normal conducting region gener-

ated by the multipacting gradually propagated, increasing

the cavity wall loss. Finally, an increase in klystron output

power was observed as a result of feedback control to keep

�� constant (Fig. 11(c)). It is important to detect malfunc-

tions of SRF system quickly by the diagnostic system in

order to continue stable operation at high beam currents.

HIGH BEAM CURRENT-RELATED ISSUES

IN RF SYSTEM

The RF issues to be considered for the high beam cur-

rent are summarized in Ref. [25]. In SuperKEKB, coupled

bunch instability (CBI) excited by accelerating mode and

an effect of bunch gap transient is estimated to be problem

in high beam current operation. The countermeasures in

SuperKEKB are introduced below. For CBI due to HOM,

the ARES and SCC are designed as HOM dumped structures

and equipped with HOM dampers [7, 10]. Additionally the

bunch-by-bunch feedback system is effective for damping

the instability.

Figure 11: Example of RF signals of a trip event of D11A

cavity monitored by oscilloscopes; (a) long-range monitor

of�� of 4 cavities, (b) focused on�� spike event, (c) focused

on just before beam abort. The �� (yellow), klystron output

power (green), cavity reflection power (cyan) and cavity

tuning phase (magenta) are indicated in (b) and (c).

CBI due to � = −1, −2 and −3 Mode [18,26]

The growth rates of CBI due to accelerating mode are es-

timated as shown in Figure 12 for SuperKEKB LER (upper)

and HER (lower side) [18]. The threshold of beam currents

for � = −1 mode are less than the design currents in both

of LER and HER. The dashed lines show the damping rates

with a parked (detuned) cavity. In that case, the thresholds

of � = −2 mode are also below the design currents for both

ring. In HER operation, CBI of � = −1 mode is excited at

lower beam current than expected, but the cause is still not

clear. Though it is necessary to investigate the cause, CBI

damper is essential in order to continuing beam operation.

Figure 12: Estimation of the growth rate of the coupled

bunch instability due to accelerating mode of � = −1, −2

and −3. Upper and lower side indicate for LER and HER,

respectively.
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In LLRF system of SuperKEKB, new damper system

with new digital filters for CBI has been developed [18].

The damper system is installed to ARES station with digital

LLRF system. The damper system can correspond to � =

−1, −2 and −3 modes in parallel as shown in Fig. 13 [26].

Figure 14 shows examples of beam spectra without (upper

side) and with (lower side) CBI damper [18]. In that case,

� = −2 mode was excited intentionally by detuning one SCC

of −200 kHz in HER. One can see a peak in upper spectra at

frequency of �� � − 2 �0 + ��, where �� � is RF frequency of

508.876 MHz, �0 is revolution frequency of 99.4 kHz and

�� is synchrotron frequency of 2.78 kHz in design [6]. After

tuning of phase and amplitude of the CBI damper, the peak

is disappeared in lower spectra. The new CBI damper has

been operating from Phase-2 operation (2019) in both rings.

The CBI is not a problem with this damper systems up to

1.46 A for LER and 1.14 A for HER.

Figure 13: Block diagram of new digital filter with single

sideband filter for CBI damper. The digital filter is available

for the � = −1, −2 and −3 modes in parallel.

Figure 14: Example of beam spectra without (up) and with

(bottom) CBI damper for � = −2 mode.

Stability of the Zero Mode under hHeavy beam load-

ing [27, 28]

In SuperKEKB high-current beam operation, achieving

the stability of the zero mode associated with the accelerat-

ing mode of the RF system is an important concern because

of heavy beam loading. The stability criterion can be more

severe compared to the Robinson’s one [29] by the effects of

control functions in the LLRF system including amplitude

and phase control loops for the cavity field. The issue is

a more serious problem in the HER compared to the LER

because of high impedance of superconducting cavities op-

erating in the HER.

As a countermeasure, the RF system is equipped with a

direct RF feedback system (DRFB) to effectively reduce the

impedance of the cavities and a zero mode oscillation damper

(ZMD). Although the DRFB and ZMD were also used at

KEKB to mitigate the beam loading [30], they have more

significant roles in SuperKEKB because of higher beam

current. Figure 15 shows a schematic view of the LLRF

system, highlighting an SCC station (D11-A). Because the

bandwidths of the amplitude and phase control loops are

much less than the revolution frequency, 99.4 kHz, these

loops do not interact with the beam at the higher coupled

modes such as −1, −2, −3 modes, but are intertwined with

the beam, DRFB, and ZMD in the zero mode.

The stability of the zero mode for the system was quantita-

tively analyzed with heavy beam loading, taking these loops

into account [28]. Two different approaches were used in the

analysis: One was based on the characteristic equation (CE)

and the other using a simulation in the time domain. First,

the consistency between both methods was confirmed by

applying them to typical cases. Next, the simulation results

were compared to measurements performed in a machine

study conducted in 2019 [27] during SuperKEKB beam oper-

ation. Figure 16 shows the zero-mode coherent synchrotron

frequency �� as a function of the beam current at different

DRFB gains obtained from the simulation (blue and black

marks), as well as the measured values in the machine study

(red marks). In both the simulation and measurement, ��

Figure 15: Schematic view of LLRF system for SuperKEKB,

highlighting an SCC station (D11-A) in green colored part.

In addition to the amplitude and phase control loops for the

cavity field, the DRFB and ZMD are implemented. Cavity

tuning is performed based on the relative phase between the

klystron output and cavity voltage.
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Figure 16: Calculated and measured frequencies of the zero-

mode coherent synchrotron oscillation �� with SCC and

ARES in the HER as a function of the stored beam current.

The blue (black) marks correspond to the DRFB for ARES

on (off) in the simulation. The red marks show measured

values in the beam study [27]. The circle (triangle) marks

indicate the DRFB gain of 1.473 (1.005). The diamond

marks indicate DRFB off (from [28]).

decreased as the beam current increased owing to beam load-

ing and the effect of the DRFB on reducing the �� shift was

clearly observed. The simulation and measurement results

were in good agreement.

Having confirmed the validity of these methods, anal-

ysis using the CE and simulation were comprehensively

conducted for future high-current beam operations in Su-

perKEKB. The results showed the effectiveness of DRFB

and ZMD, which played an important role in ensuring the

zero mode stability. In beam operations, maximum achiev-

able stored current may be considerably lower than the

threshold current obtained from the analysis for different

reasons such as: scattering the cavity performance or oper-

ating conditions, nonlinearities of klystrons and other RF

components, and fluctuations caused by unknown jitters and

machine errors. Because it is difficult to quantitatively pre-

dict these uncertain effects, we searched parameter sets that

provided sufficient high threshold currents compared to the

design currents. Here, as reference guideline, a threshold

current target value of 4 A (5 A) in the HER (LER) was set

because it was considered to be a good margin for the de-

sign current of 2.6 A (3.6 A), although it had not yet been

validated for the operation. Efforts to obtain more reliable

confirmation on this would be continued in the beam oper-

ation with increasing beam current step by step. Thus, dif-

ferent operational parameter sets as well as possible system

modifications were investigated, thereby creating a consider-

ably good margin to compensate for the possible deficien-

cies at higher beam currents. The results could be used as

guidelines for future beam operation by increasing the beam

current step by step. For more details, see Ref. [28].

Bunch Gap Transient [31, 32]

In a multi-bunch storage ring, bunch trains have an empty-

bucket gap to ensure the rise time of the beam abort kicker.

However, the gap modulates the amplitude and phase of

an accelerating cavity field. As a result, the longitudinal

synchronous position is shifted bunch by bunch along the

train. For colliders such as SuperKEKB, the collision point

shift is causing a loss of luminosity. Figure 17 shows an

example of RF phase modulation of the accelerating cavity

of ARES (D05A) measured with digital LLRF system in the

beam current of 1 A in LER. The blue solid line is measured

and red dashed line is simulated results. The horizontal axis

is time in microseconds. The time interval of 10 �s is the

revolution period. In recent operation, we have two abort

gaps in one revolution to be short the wait time for abort. The

rapid phase change was observed at the leading part of train.

From the results of new simulation studies for the bunch gap

transient [31], the rapid phase change at the leading part is

caused by a transient loading in the three-cavity system of

ARES (Fig. 4). In other words, the rapid phase change is

due to the parasitic (0 and �) modes of ARES.

The collision point shift can be estimated from a phase

difference between LER and HER. Figure 18 shows the

phase difference between LER and HER (Δ���� −Δ����)

of the gap region, obtained from the simulation with the

SuperKEKB design parameters (the gap length of 2%). The

red solid line indicates the relative phase. As one can see,

the maximum phase difference will be 5.5◦ (pk-pk) at the

leading part of collision bunches. The phase shift of 5.5◦

corresponds to a longitudinal displacement of 0.44�� at the

collision point, where the bunch length (��) is 5 mm (rms).

Except the leading part, the phase difference along the train

is not so large (< 1
◦).

Because, in SuperKEKB, the crossing angle between the

two beams at the collision point is larger and the vertical beta

Figure 17: RF phase modulation in the accelerating (A-)

cavity of ARES in LER. Blue solid line is measured and

red dashed line is simulated results. The beam current was

around 1 A. There are two abort gaps i.e. two trains in the

revolution period of 10 �s.
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Figure 18: Phase difference between LER and HER (red

solid line = Δ���� − Δ����). Zoomed the gap region.

function is much smaller than those of KEKB, the effect of

the large phase difference might be crucial issue to achieve

high luminosity. Unfortunately, the feed-forward control

cannot be available in our RF system to mitigate the phase

modulation due to the gap transient, because the klystron

performance (the bandwidth of ∼100 kHz and the output

power) is not enough to cancel the rapid phase modulation.

We have proposed the method to mitigate the phase differ-

ence [31]. The first point of the mitigation method is making

a delay of the HER gap timing with respect to the LER gap.

The second point is to increase the bunch current in the lead-

ing part of LER in a step-like manner as shown in Fig. 19.

The HER gap is delayed by ��. The bunch current in the

leading part of LER is increased in two steps with a time

interval �� with the step height of ��. �� and �� are the

gap lengths of LER and HER, respectively, and are set to 2%

(�� = �� = 200 ns), which is the minimum length required

from the rise time of the abort kicker. �� is set to half of the

nominal bunch current for simplicity. The simulation was

performed by changing the parameters �� and �� . The best

result was obtained with �� = 160 ns and �� = 140 ns. The

result is shown in Fig. 20. The phase difference between

LER and HER is reduced to 0.4◦ at the leading part of the

collision as shown in Fig. 20(b), while the phase difference

along the train is kept small as shown in Fig. 20(a). From

the simulation, it is found that the fill pattern change of LER

in addition to the HER delay gives more effective mitigation.

For more details, see Ref. [31]. In actual operation, it is

necessary to optimize the fill pattern and gap delay while

observing the luminosity.

SUMMARY

SuperKEKB is steadily increasing the beam current and

continues to update own luminosity record. The RF system

of SuperKEKB is operating stably at large beam current of

1.14 A for HER and 1.46 A for LER in 2022ab operation.

The cavities are operating stably with low trip rates. The

ARES and SCC systems have been upgraded to handle the

Figure 19: Illustration of a bunch fill pattern for more ef-

fective mitigation. HER gap is delayed by ��. The bunch

current in the leading part of LER is increased in two steps

with a time interval �� with the step height of ��. �� and

�� are the gap length of LER and HER, respectively.

Figure 20: Phase difference between LER and HER with the

mitigation method of Fig. 19. The HER delay �� = 160 ns

and the LER step height �� = 140 ns. Bottom plot (b) is

zoom of the gap region of upside plot (a).
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high beam current and the large beam power. For ARES, the

input coupler has been upgraded with increasing coupling

factor and the fine grooving structure. The couplers have

no problems in the beam operation. It is confirmed that the

additional SiC HOM dampers for SCC reduce HOM load of

ferrite dampers of downstream cavities. In the future, SiC

dampers will be installed to downstream of all cavities. To

control instabilities, such as CBI and coherent oscillation

due to large beam current, CBI damper, DRFB and ZMD

are established and working well. Comprehensive analysis

using the CE and simulations showed the effectiveness of

DRFB and ZMD in ensuring zero-mode stability, as well

as guidelines for future beam operations by increasing the

beam current step by step. The mitigation method of the

beam phase difference between LER and HER due to the

bunch gap transient effect is proposed: the relative phase

change at IP can be reduced by optimization of the gap delay

and bunch fill pattern.
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