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SuperKEKB RF system 
• 30 RF stations in total: 

ü LER (e+)
• 16 stations for 22 normal-conducting (ARES) cavities

ü HER (e–)
• 6 stations for 8 normal-conducting cavities
• 8 stations for 8 superconducting cavities

• RF station = Cavity(-ies) + Klystron + low-level RF (LLRF)
ü 1:1 configuration: a cavity driven by a klystron
ü 1:2 configuration: two cavities driven by a klystron
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RF-related parameters

• The RF system of KEKB was reused for SuperKEKB with 
reinforcement of high-power sources, etc. 

• The large design beam currents are major issues for the RF system.
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Parameter KEKB (achieved)

HER LER
Energy (GeV) 8.0 3.5 

Beam current (A) 1.4 2

Number of bunches 1585 1585

Bunch length (mm) 6–7 6–7

Total beam power (MW) ~5.0 ~3.5

Total RF voltage (MV) 15.0 8.0

Cavity type ARES SCC ARES

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

Number of cavities 10 2 8 20

RF voltage (MV/cav.) 0.5 1.5 0.5

Beam power (kW/cav.) 200 550 400 200

SuperKEKB (design)

HER LER
7 4

2.6 3.6

2500 2500

5 6

8.0 8.3

15.8 9.4

ARES SCC ARES

1:1 1:1 1:2 1:1

8 8 8 14

0.5 1.5 0.5

600 400 200 600

HER beam current 

LER beam current 

Luminosity

Int. luminosity

SuperKEKB (achieved)

HER LER
7 4

1.35 1.7

2346 2346

~6 ~6

~3.6 ~3.3

14.2 9.12

ARES SCC ARES

1:2 1:1 1:1 1:2 1:1

4 4 8 8 14

0.40 0.45 1.35 0.40 0.45

200 220 300 180 250



Accelerating cavities
• In the SuperKEKB main ring, two types of RF cavities have been used.  
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Energy-storage
cavity

Acceleraing 
cavity

Coupling
cavity

Beam

Acceleraing 
cavity

Energy-storage
cavity

Coupling
cavity

• Normal-conducting ARES cavity
Ø ARES: Accelerator Resonantly-coupled with Energy Storage
Ø Three-coupled-cavity system
Ø Storing large energy in the energy-storage cavity, coupled-bunch 

instabilities caused by acc. mode are suppressed.

ARES SC
freq. 508.876 MHz

R/Q 15 Ω (π/2 mode) 93 Ω

Vc 0.5 MV/cav. 1.3–1.5 MV/cav.

• Single-cell superconducting cavity (SCC)
Ø Used only in HER with ARES cavities to supply large RF voltage. 
Ø Higher-order modes (HOMs) are heavily damped by ferrite dampers in the large-bore 

beam pipes.
Ø LBP: ϕ300 mm
Ø SBP: ϕ220 mm

SBP
(Small Beam Pipe)

LBP
(Large Beam Pipe)

Ferrite dampers

Beam



Low-level RF control system (LLRF)
• During the upgrade to SuperKEKB, some analog LLRFs for ARESs were replaced to digital ones. 
• We still use analog LLRFs.
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Digital LLRF

Analog LLRF
T. Kobayashi, et al., in Proc. IPAC14, WEPME071 (2014). 

DEVELOPMENT AND CONSTRUCTION STATUS OF NEW LLRF 
CONTROL SYSTEM FOR SUPERKEKB 

T. Kobayashi#, K. Akai, K. Ebihara, A. Kabe, K. Nakanishi, M. Nishiwaki, J. Odagiri,  
 KEK, Tsukuba, Ibaraki, Japan 

H. Deguchi, K. Hayashi, T. Iwaki, M. Ryoshi, 
Mitsubishi Electric TOKKI System Corporation, Amagasaki, Hyogo, Japan

Abstract 
Beam commissioning of the SuperKEKB will be 

started in 2015. A new LLRF control system, which is an 
FPGA-based digital RF feedback (FB) control system on 
the MicroTCA platform, has been developed to satisfy the 
requirement for high current beam operation of the 
SuperKEKB. The good performance of the prototype was 
demonstrated in the high power test with an ARES cavity.  
Then the quantity production with some refinements is in 
progress. As a new function, klystron phase lock loop was 
additionally implemented within the cavity FB control 
loop in the FPGA, and it was successfully worked in the 
low-level operation test.  

In this report, the latest design and new progress of the 
LLRF control system are summarized including the RF 
reference distribution system. 

INTRODUCTION 
SuperKEKB is a new upgrade project, which is aiming 

at 40-times higher luminosity than the KEKB [1], 
accordingly it requires much lower-emittance and higher-
current beam storage. Accuracy and flexibility in 
accelerating field control are very essential for storage of 
high-current and high-quality beam without instability.  

A new low level RF (LLRF) control system, which is 
based on recent digital architecture, was developed for the 
SuperKEKB, and the good performance of the prototype 
was demonstrated in the high power test as reported in 
Ref. [2]. After some refinements, the quantity production 
was started last year. The progresses of the production 
and installation are now on schedule. The existing 
analogue LLRF systems used for KEKB operation will be 
replaced by new ones, step by step.  

The accelerating frequency of the storage ring is about 
508.9 MHz (CW operation). The regulation stability of 
0.02% and 0.02º (rms) in the cavity amplitude and phase, 
respectively, were obtained in the high power test of the 
LLRF control system [2]; that sufficiently satisfies the 
requirements. 

For the beam acceleration, both normal conducting 
cavities (NCC) and superconducting cavities (SCC) are 
used. The NCC, which is called ARES [3], has a unique 
structure for the KEKB in order to avoid the coupled-
bunch instability [4]. ARES is a three-cavity system: the 
accelerating (A-) cavity is coupled with a storage (S-) 
cavity via a coupling cavity.  

A damping ring (DR) will be constructed at the 
injection linac for the positron emittance reduction. In the 

DR, the RF-frequency is the same as that of the main ring 
(MR), and three cavities, each of which is a HOM-
damped single cell cavity (not an ARES type), are driven 
by one klystron for the acceleration. Thus another LLRF 
control system for the DR was also designed. It is almost 
the same as that of the MR, except the three-cavity vector 
sum control is required. 

NEW LLRF SYSTEM FOR SUPERKEKB 
Figure 1 shows a picture of a mass-production model of 

the new LLRF system for the SuperKEKB. A block 
diagram of an ARES cavity driving system is shown Fig. 
2. One klystron drives one cavity unit, so one LLRF 
control system corresponds to one cavity-unit control. 

In the digital control unit (Fig. 1), five FPGA boards 
function as MicroTCA-standard advanced mezzanine 
cards (AMCs) [2][5]: Digital FB Controller (DFBCNT), 
Tuner Controller (TNRCNT), Inter-Lock Controller 
(INTLCNT), RF-Detector Monitor (RFDETMON) and 
Arc-discharge Monitor (ARCMON). The DFBCNT, 
TNRCNT and INTLCNT have 4-channel 16-bit ADCs 
and DACs [5]. RFDETMON and ARCMON have 8-
channel 14-bit ADCs. For slow interlocks (e.g. vacuum, 
cooling water) and sequence control, a PLC is utilized. 
EPICS-IOC on Linux -OS is embedded in each of the 
FPGA boards and the PLC [6].  

Monitoring RF signals are down-converted into 10-
MHz IF signals, and then I/Q-sampled by ADCs at the 
FPGA boards. Proportional-integral (PI) FB control is 
applied to the vector modulation by the DFBCNT. The " 

 
Figure 1:  LLRF control system for SuperKEKB. 
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Upgrade plan in LS2
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Beam current limit caused by RF system

• In the present RF system, the following factors limit the beam current: 

üDelivered RF power to beam 

üHOM power in SCCs

9

→ Increase klystrons

→ Reinforce the HOM dampers

Upgrade plan in LS2



Upgrade on high-power system
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Figure 2: RF power delivered to beam as a function of
beam current with the present RF system in the LER. The
red (orange) lines show the 1:1 (1:2) stations. The dotted
(real) lines indicate the relative phase difference between
the 1:1 and 1:2 stations of 0 (11) degrees.

Figure 3: RF power delivered to beam in the HER: (a)
with the present RF system, and (b) with two klystrons
added to make all ARES cavities into the 1:1 configuration.
The red, orange, and blue lines show the 1:1 ARES, 1:2
ARES, and SCC stations, respectively. The dotted lines in
(a) indicate without introducing the phase difference. The
real lines in (a) and (b) indicate with appropriate relative
phases introduced.

（点線）、約 1.5 Aで SCCの Pkly が制限値 400 kWを超え、ここでビーム電流が制限される。そこで、SCCから
1:1 ARES にビーム負荷を移し、かつ 1:2 ARES の負荷は大きく変えないような位相差を設定する。1:1 ARESを基準として 1:2 ARESは 21◦、SCCは 25◦ に設定すると（実線）、全てのステーションで最適なビーム負荷バランスが得られ、2.1∼2.2 A程度まで増やせる。

HERの設計ビーム電流 2.6 Aの蓄積には、計画で想定された最終形（クライストロン 2本を増設して 8台全ての ARESを 1:1にする）にする必要がある。この構成にすれば、Fig. 3 (b)に示すように、SCCと ARES間の位相差 20◦ の設定で、2.6 Aまでビームパワーを供給できる。この加速位相差の導入により全加速電圧（Vc のベクトル和の絶対値）は減少するが、シンクロトロン振動数
(fs)換算でたかだか 0.6%程度の違いである。なお、大電流ビーム蓄積では僅かな位相変化でビーム負荷バランスが大きく変化する。また、個々のステーションの特性に応じた微調整が必要な場合もある。設定されたビーム負荷配分を精密に維持するために、各ステーションの RF電力収支から加速位相のずれを評価して補正するツールを開発し、運用に供している [14]。
4 . HOMダンパー
4.1 SCC用 HOMダンパー

SCC は空洞セル上下流のビームパイプ（SBP 220φ、
LBP 300φ）にフェライト製円筒形 HOM ダンパーを装備している（Fig. 4 参照）。KEKB では最大ビーム電流
1.4 A、空洞あたり HOMパワー 16 kWで安定に運転した実績を持つ。しかし、SuperKEKB の設計パラメータでは空洞あたり 37 kWが見込まれ、このダンパーの能力を超えると予想される。発熱の増大により、フェライト表面からの放出ガスが空洞性能を損なう懸念や、銅製冷却ジャケットとの接触面でのフェライトのクラック発生のリスクが高くなる。一方で冷却能力は、配管の腐食防止のため冷却水流量が制限されることや、チラーの性能の限界がある。フェライトダンパーの改造・交換は空洞真空を破る作業で空洞性能劣化のリスクがあるため、別の方策を検討した。シミュレーション計算によると、SCC で発生する

Figure 4: Layout of ferrite HOM dampers in the SCC with
additional SiC dampers between the cavities.

Proceedings of the 21st Annual Meeting of Particle Accelerator Society of Japan
July 31 - August 3, 2024, Yamagata

PASJ2024  WEP075
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Estimation of delivered power to beam (LER)
• Limiting factors of delivered power:   

ü Practical klystron output power:  ~800 kW (considering linearity)
ü Input power to the SCC coupler: ~400 kW (empirical limit)
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• Optimizing the beam loading ratio (phase difference) between 1:1 ARESs and 1:2 ARESs, 
the design beam current can be stored in LER without any upgrade in RF system. 

K. Akai, et al., in Proc. PASJ2024 
WEP075 (2024).

1:1 ARES
1:2 ARES

Without phase difference

1:1 ARES
1:2 ARES

With optimized phase difference
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Estimation of delivered power to beam (HER)
• Limiting factor of delivered power   

ü Practical klystron output power:  ~800 kW (considering linearity)
ü Input power to the SCC coupler: ~400 kW (empirical limit)
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• In HER, the present RF system cannot reach the design beam current 
even though optimizing the loading ratio.

1:1 ARES
1:2 ARES

Without phase difference

SCC

1:1 ARES
1:2 ARES

With optimized phase difference

SCC

K. Akai, et al., in Proc. PASJ2024 
WEP075 (2024).
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Estimation of delivered power to beam (HER)
• Limiting factor of delivered power   

ü Practical klystron output power:  ~800 kW (considering linearity)
ü Input power to the SCC coupler: ~400 kW (empirical limit)
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• The design beam current in HER can be achieved if we add two more klystrons.

1:1 ARES

With optimized phase difference

SCC

K. Akai, et al., in Proc. PASJ2024 
WEP075 (2024).



Plan to increase RF stations in HER

• We will replace the 1:2-configured stations in D04 
to 1:1-configured ones.

• This upgrade requires: 

üTwo klystrons 

üOne HV power supply
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HV power supply

Klystron + LLRF

ARES cavity

EFGH ABCD

Upgrade

ACEFGH
Present 
D04 area

e–

D04 area

HER



D4 power supply building 
(Feb 2026) 6 RF stations working to drive 8 ARES cavities 

For  LS-2 (20XX) More two klystrons → 8 RF stations (8 ARES)

LLRF (Analog)

LLRF (Digital)

LLRF (Digital)

Build two klystron and waveguide system (D04-B and -D)
(with re-assembly work for waveguides to modify from 1:2 to 1:1

*The Cooling system for HPRF was already built until 2016 (Phase1).
  -> Do not need any budget for it.

Build one type-A KPS (For D04-C and -D) 
(with wiring reconnection work) 

MT
MT

LLRF (Digital)
-> Build a new Digital system

K. Watanabe

ü Layout was already 
determined. 



Replacement of LLRFs in D04 stations
• There are both digital and analog LLRFs in present D04 

control room. 
• To obtain the required space for new stations, we need to 

replace all the analog stations to digital ones. 
üTotally five LLRF units will be installed. 

o Two LLRFs for new stations 
o (Additional) three LLRFs for replacement of existing stations

16Present D04 control room
16

EFGH ABCD

Upgrade

ACEFGH
Present 
D04 area

e–

Analog LLRFDigital LLRF

New 
Digital LLRFs

D04G, HD04F
D04A

D04C D04E



Upgrade on SCC HOM damper
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• At the number of bunches of 2346, the HER beam current 
will be limited up to ~2 A. 

Ø To achieve higher beam current, the reinforcement of SCC 
HOM damping system is required. 

18

2A 2.6A

chiller 27kW chiller 26kW

Limited by cooling capacity of chiller for each module : 2.07A

D10 D11
2.2A 2.4A 2A 2.6A2.2A 2.4A

D11D D11C
D11B

D11A
D10D

D10C

D10B

D10A

Nb=2346Nb=2346

(mA2/kHz) (mA2/kHz)Nb: Number of bunches
  Ib: Average beam current
frev: Revolution freq. 

Estimation of HOM power (M. Nishiwaki)

Ferrite damper



Present distribution of SCC HOM dampers
• SCC has two ferrite dampers in SBP and LBP. 
• Ferrite dampers are cooled by a common chiller (cooling capacity ~25–27 kW).
• During the upgrade to SuperKEKB, two SiC dampers were newly installed 

between cavities. 
Ø Reduce propagating power to downstream cavities.
Ø Mitigate power load of ferrite dampers. 
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Capacity
of chiller

・・・

27kW 48kW 27kW 27kW 25kW 37kW 26kW 26kW

D11A D11B D11C D11DD10D D10C D10B D10A
SiC SiC

Cooling Water for Magnet
Water-cooled chillers Air-cooled chillers

Ferrite
SBP

Ferrite
LBP

e-

M. Nishiwaki, et al., PASJ2018, 
pp. 428–432.

SiC damper
M. Nishiwaki, et al., SRF2023, pp. 38-42.

Ferrite damper

Distribution of HOM dampers and cooling channels

• In the present layout, D10A and D11D stations located downstream get largest power load. 
Ø The main limit for HER beam current.
Ø Upgrade required.

• Thanks to cooperation with Magnet group, the SiC dampers were able to be cooled by their 
cooling water since 2024c in D10 and 2025c in D11. 

Ø Further upgrade is not required for cooling of SiC dampers. 
Ø Upgrade cost was quite reduced. Large power load



Plan to upgrade SCC HOM damping 
• To mitigate power load of ferrite dampers, SiC dampers must be installed between all cavities.

Ø Six SiC dampers (+ two spares) will be fabricated. 
Ø All the SiC dampers will be cooled by the magnet cooling water system.

• The chillers cooling the ferrite dampers should be upgraded to larger capacity types. 
Ø Eight 40-kW-class chillers (+ two spares) will be required. 

20Cooling Water system for Magnet in tunnel

43kW 49kW 43kW43kW D10(water-cooled)
38kW39kW 39kW39kW D11(air-cooled)

D11A D11B D11C D11D

D11
(Similarly to D10)

Chiller

e-
D10D D10C D10B D10A

SiC SiC SiCSiC

Capacity
of chiller

Newly installedUpgraded



Upgrade schedule
• We need to start the preparation ~4 years before the LS2 starts 

(spec. drafting, public bidding, …). 
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Japanese
fiscal year X–4 X–3 X–2 X–1 X X+1

High power

LLRF

SCC

LS2

Prototype production and test
Production of units 

High power test

Production of HVPS

Fabrication of klystrons with 
socket coils

Shutdown
Operation
resuming

Production of waveguide system

Assembly

Assembly

Fabrication of SiC dampers (2 sets/y.)

Tunnel work for installation

Purchase of chillers

Installation

Building cooling system



Summary

• In the present RF system, the HER beam current is limited up to ~2 A. 

• The upgrade of RF system: 

üHigh-power system in HER 

o Increase two klystrons + one HV power supply in D04 

o Installation of digital LLRFs

üSCC HOM-damping system

o Increase SiC dampers 

o Reinforce the cooling system 
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Back up
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Tetsuya Kobayashi, eeFACT2025, March 6th 2025 /3024

KEKB

SuperKEKB（Present）

SuperKEKB（Ultimate Case for the Design Current）

Present State

Some ARES Stations
still 1:2 configuration 

RF System
Arrangement

= HVPS

= KLY+LLRF

= SCC

= ARES

“RF Station”
= an RF Unit

driven by one klystron

e-: 8.0GeV, 1.4A
e+: 3.5GeV, 1.8A

ARES Station
1:2  configuration

Beam Power/Cavity: ~200kW

Beam Power/Cavity: ~600kW

One-to-one configuration is required 
for  most of ARES Station
For HER, all ARES stations should be 

1:1 configuration for the deign current. Drive Power: 
~750kW / ARES

e+: 4GeV, 3.6A
e-: 7GeV, 2.6A

frf=508.9MHz  

Drive Power: ~350kW / ARES



Operation Status of LLRF Control System

SCC

NCC (ARES)

KLY+LLRF

In the other stations,
NIMBIN-Based Old Analog LLRF Systems,
which had been used in KEKB era, are still used.

MTCA-based Digital LLRF Systems,
which was developed for SuperKEKB,
are applied to 10 RF-stations for ARES & DR.

(Since 2018, No significant changes in the system configuration)
MTCA-based 
Digital LLRF

for ARES & DR

NIM-BIN-based
Old Analog LLRF

for SCC&ARES

(Upgrade of the old ones to new digital system is required, but it is difficult because of  insufficient budget and time.) 

• All LLRF systems, including the reference signal distribution and 
instability-dampers are woking well without fatal problems.

CAMAC System is also still used for remote
control of the old systems.

• Beam instabilities attributed to accelerating mode are successfully suppressed by the CBI damper 
and  the Zero-mode damper.  (CBI : Coupled Bunch Instability such as 𝜇=-1 mode )

• Recent concerns are increase of failures of NIM-bins and the modules due to aging of the old systems including CAMAC.
(The most devices are discontinued, and the spares are not enough.)
Even the digital systems with FPGAs&linux, which was developed in 2012, are becoming out-of-dateness.



Digital LLRF Control System

μTCA crate

New LLRF System 
for one klystron

• Consisting of μTCA-platformed FPGA boards (AMC), & PLC.

• EPICS-IOC with Linux-OS is embedded in each of them.

• Common hardware for both of ARES & Superconducting Cavity.

• Klystrons (LLRF) : Cavity unit = 1 : 1 (SuperKEKB)

16-bit ADC x 4ch,
16-bit DAC x 2ch

EPICS-IOC embedded

Block Diagram 
of FB & Tuner Cont.

• It is dominated by μTCA-platformed FPGA boards for higher accuracy and flexibility.
• In this system, I/Q components are handled by FPGA for vector control instead of amplitude and phase.
•The good performance was demonstrated in the high power test with ARES cavity., The regulation

stability was 0.02% in amplitude and 0.02 deg. in phase.
Completely remote controllable

uTCA-platform 
FPGA Boards
(AMC Card)

Digital LLRF control system has been newly developed for high accuracy and flexibility in 2012

Regulation Performance



Most stations are still operated by old analog LLRF systems,
which had been used in KEKB operation.

Analog LLRF
used since KEKB operation

Old Analog LLRF Control System

Block Diagram of  Analog LLRF 

•These systems are composed of combination of NIM standard analogue modules.
•They are controlled remotely via CAMAC system.
•All systems are barely working without serious troubles.
However, some NIM modules failed during operation. They were replaced with spares.
•The most devices are discontinued, and the spares are not enough.



Estimation of Growth Rates 
of Coupled Bunch Instability (CBI) 

Threshold currents for μ=-1 mode are quite below the design current.
When there are parked cavities, μ=-2 mode also has no margin. 
New CBI damper system has been developed and installed.

LER HER

K. Hirosawa et al., Nucl. Instrum. Methods. Phys. Res. A 951, 163044, 2019.



CBI Damper System

FB loop test result of the CBI mode 
filter for a simulant cavity

The damper system can correspond to μ 
=-1, -2 and -3 modes in parallel.

The damper system is installed to ARES 
station with digital LLRF system.

Impedance at the frequencies corresponding to μ =-
1, -2 and -3 modes are suppressed by the damper.

CBI damper

K. Hirosawa et al., Nucl. Instrum. Methods. Phys. Res. A 951, 163044, 2019.



Zero-mode Instability related to 
Robinson Stability

• In high current operation, synchrotron frequency reduction is expected due to coherent oscillation (zero-mode). 
• To mitigate the beam-loading effect, Direct RF feedback (DRFB) and Zero-mode damper (ZMD) are working. 

Calculated coherent oscillation frequencies with 
simplified one SCC for various QL (without FB

for instabilities)

Calculated and measured coherent oscillation 
frequencies in actual HER (ARES + SCC) with 

DRFB Off, -6.0dB and -4.5dB

Measured (Beam Study)
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◆ The higher beam current can be stored stably by DRFB and ZMD in beam study. 
◆ There is no discrepancy between the quantitative analysis and the beam study results.
◆ Coherent oscillation instability is not a problem with the DRFB and ZMD so far.

HER

Synchrotron frequency reduction depends on QL. 
But, changing QL of SCC should be avoided due 
to the need for vacuum work and the risk of 
surface contamination.

DRFB Off
-6.0dB

-4.5dB

Block diagram of LLRF with DRFB and ZMD 
(Focused on SCC station in HER)

Effective impedance of cavity and beam loading are 
reduced by DRFB. ZMD is tuned its phase to 
suppress the coherent oscillation.

Calculated
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K.Akai, PRAB 25, 102002 (2022).



RF Reference Distribution System
•RF reference signal is optically distributed into 8 sections by means of “Star” topology configuration from the central control room (CCR).
• For the thermal phase drift compensation, variable optical delay line (VODL) is controlled digitally by using μTCA board at CCR for all transfer lines. The

VODL is a mechanical type. The stepping motor is controlled by the μTCA boards with pulse train outputs like cavity-tuner control.
• For the phase monitor, direct sampling method is applied by using 14-bit ADC boards. It is under sampling at 212 MHz for 509-MHz RF signal.

Short term stability (time jitter) : < 100 fs (rms) 
Long  term stability (pk-pk) : ±0.1° @508.9MHz  =  ±0.55 ps 
(attributed to property of the optical delay control) 

Stepping Motor

Variable Optical Delay Line
(Mechanical type)

It is working successfully without troubles, and also 
completely reproduces the RF phases and the collision point 
for restart after long shutdown.

Direct sampling method is
applied for 509-MHz RF.
(under sampling at 212 MHz)

μTCA-based FPGAs
for the VODLs control

Variable Optica Delay
Lines (VODLs)
for 8 transmissions

Low SSB Phase Noise



Statistics on klystrons (M. Yoshida)

Total operation time
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Total klystron operation time after 2024ab run
MR + DR + AR + spares: 41 klystrons

year: 1986-2024

Total operation time
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Lifetime of klystrons
year: 1986-2024

Total # of klystrons: 38 (E3786: 30, E3732: 8)

E3786 (x 20)
E3732 (x 21)


