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ǐLLRF R&D in Institute of High Energy Physics (IHEP)
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ǐSummary and Outlook
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Overview
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Contributions to this Talk

DICPProjects:
Å Dalian Coherent Light Source (DCLS)
Å Dalian Advanced Light Source (DALS)

IHEPProjects:
Å High Energy Photon Source (HEPS)

IHEPProjects:
Å China Spallation Neutron Source (CSNS)
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IMPProjects:
Å China initiative Accelerator Driven System (CiADS)
Å Heavy Ion Research Facility in Lanzhou (HIRFL)
Å High Intensity Heavy-ion Accelerator Facility (HIAF)

CIAEProjects:
Å CIAE-100 MeV Cyclotron
Å CIAE-230 MeV Cyclotron
Å CIAE-14 MeV Cyclotron and ISAC 

Prebuncher
Å 2 GeV CW FFAG RF Validation

USTCProjects:
Å Hefei Light Source II (HLSII)

SARIProjects:
Å Shanghai X-ray Free Electron Laser User 

Facility (SXFEL-UF)
Å Shanghai High Repetition Rate X-ray FEL 

and Extreme Light Facility (SHINE)



LLRF R&D in Dalian Institute of Chemical Physics (DICP)

Authors:

Hongli Ding, Zhichao Chen, Guorong Wu, Weiqing Zhang
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LLRF for Dalian Coherent Light Source
Dalian Coherent Light Source (DCLS) is a user facility of a VUV free electron laser. It was 
accomplished in 2017 and remains steady performance so far.

fRF = 2856 MHz

fpulseÒ 50 Hz 

Pulse width = 2.5 µs

Ee- = 300 MeV

Jitter Tolerances:

Å Amplitude: 0.08 % RMS

Å Phase: 0.09ÁRMS
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LLRF for Dalian Coherent Light Source (cont.)
LLRF Highlight:

Á IF sampling, direct up-conversion, and pulse-to-pulse feedback

Á MicroTCA.4 hardware. Struck SIS8300L2 and DWC8VM1 boards. LO&CLK 
and the solid-state amplifier (SSA) are from Chinese vendors 

Á Laser synch. signal received via a balanced optical microwave phase 
detector (BOMPD)

Á Developed by Shanghai Advanced Research Institute, CAS

LLRF Control Algorithm

Closed-loop RF waveform

RF Stability

Main Problems:

Á Modulator high-voltage jitter 

Á 50 Hz disturbance from the AC-mains
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Synchronization for Dalian Coherent Light Source

Highlight:
Á Pulsed Optical Synchronization
Á BOMPD Jitter < 20 fs for LLRFs
Á TCBOC Jitter < 10 fs for PIL/SL/EL Lasers

8

BOMPD for LLRFs TCBOC for Lasers

Glossary:
Á BC: Bunch Compressor
Á CH: Corrector Horizontal
Á CV: Corrector Vertical
Á EL: Experimental Laser
Á FLS: Fiber Link Stabilizer
Á OMO: Optical Master Oscillator
Á PIL: Photo-Injector Laser
Á RFS: RF Station
Á RMO: RF Master Oscillator
Á SL: Seed Laser
Á TCBOC: Tow-Color Balanced Optical 

Correlator



LLRF for Dalian Advanced Light Source (Pre-Study) Project

Dalian Advanced Light Source (DALS) pre-study Facility is a high-repetition-rate injector 
test facility based on SC cavities, for verifying key technologies of DALS FEL.

DALS Key Parameters

DALS Layout

Layout of Injector Test Facility

Á A 216 MHz electron gun
Á A 1.3 GHz buncher 
Á A module with two 2-cell 

1.3 GHz SC cavities
Á A module with eight 9-

cell TESLA cavities 

SC Cavity Parameters
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LLRF for Dalian Advanced Light Source (Pre-Study) Project (cont.)

LLRF Challenges:
Á CW operation of narrow-band SC cavities with 

microphonics
Á Strict stability requirements

Choice of Solution:
Á Adopt the design of Shanghai Advanced Research Institute
Á IF sampling and IF up-conversion

RF Front-end Board DSP Board Motor DriverPiezo driver
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LLRF for Dalian Advanced Light Source (Pre-Study) Project (cont.)

Current Status: LLRF hardware test completed; control algorithms under development

RF self-loop (actuator-

detector) stability test:

Á Amplitude RMSχ0.014 %

Á Phase RMSχ0.01°

Up-conversion performance test: 

REF signalχ31 fsιLLRF outputχ32.9 fs
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Synchronization for Dalian Advanced Light Source 
(Pre-Study) Project

Characteristics:
Á Hybrid design: Pulsed optical link, CW optical link, 

and RF link
Á High precision and high robustness
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RMO ςSMA100B
20 fs [1 Hz, 10 MHz]@1.3 GHz

OMO ςMenhir Laser 
(relative phase noise of two laser 
oscillators locked to each other)
2 fs [1 kHz, 1 MHz]

Pulsed laser fiber link 
added phase noise
2.1 fs [1 kHz, 1 MHz]

Locking 
bandwidth 
~ Hz

Locking bandwidth 
~ 100 kHz



LLRF R&D in Institute of High Energy Physics (IHEP)

Authors:

Qunyao Wang1, Haiying Lin1, Dongbing Li1, Pei Zhang1

Xinpeng Ma2, Nan Gan2, Chenyan Lu2, Yongyi Peng2, Jingyi Li2

Zhexin Xie3, Zhencheng Mu3, Wei Long3, Yang Liu3

1 High Energy Photon Source (HEPS), ring LLRF

2 High Energy Photon Source (HEPS), Linac LLRF and phase reference system

3 China Spallation Neutron Source (CSNS)
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HEPS ring RF system

Storage ring Booster

Parameter Unit Fund. cavity Harm. cavity Cavity

RF frequency MHz 166.6 499.8 499.8

Number of cavities 5 2 6

Total RF voltage MV 5.4 3.2 8

RF voltage per cavity MV 1.2 1.7 1.35

RF power per cavity kW 170 200 70

Amp. stability (pk-pk) % Ò ±0.1 Ò ±1

Phase stability (pk-pk) ° Ò ±0.1 Ò ±1

Cavity technology SRF cavity NC cavity

LLRF technology Xilinx ZYNQ-7000 Altera EP3SL150

08.2022
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High Energy Photon Source (HEPS) project



RF control overview for HEPS
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Firmware
1. Cavity field A&P loop

2. Cavity resonance loop (motor + piezo)

3. Field flatness loop

4. SSA A&P Loop

5. Forward feedback

6. RF direct feedback

7. DOB control Loop

8. Quench detection

9. Max power protection

10. Arc fault detection and protection

11. RF amplitude and phase ramping

12. RF amplitude and phase modulation

13. RF fast phase shift

14. Vc phase recovery after power-off

15. GDR/SEL mode

16. CW/Pulse mode

17. é

Software
1. Cavity & FPC automatic conditioning

2. RF system auto start-up

3. LLRF parameter recovery

4. RF system auto power equalization

5. Cavity voltage auto sweep

6. é

7. EPICS Tools

Å IOC application: device driver and 

support (C C++

Å OPI: CSS, EDM

Å Curve: StripTool, CSS

Å Database: Archiver, Mysql

Å State Machine: SNL, PyEpics

Å Analysis: PyEpics, Matlab

Å Alarm: Alarm Handler



In -house development for HEPS
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±0.015 % (pk-pk)

±0.01  (pk-pk)

±0.012 % (pk-pk)

±0.008  (pk-pk)

±0.03 % (pk-pk)

±0.02  (pk-pk)

1st-gen LLRF

(166.6 MHz cavity horizontal 

test, Vc = 1.2 MV, 4.2 K)

2nd-gen LLRF

(lab test, self closed-loop)

3rd-gen LLRF

(lab test, self closed-loop)

(under development)



3rd -gen LLRF

RF Front-end

DSP board

LLRF Crate

FMC Board

ü6 channel ADC, 125 MSPS

ü2 channel DAC, 275 MSPS

ü6 channel down-converter

ü2 channel up-converter

üXilinx ZYNQ-7000

üClock distribution AD9520

üTwo FMC interfaces
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LLRF of HEPS Linac
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Å 500 MeV pulsed 

e- accelerator

Å 6 LLRF cabinets

HPRF & LLRF 
for S-band NC 

Phase Reference Duct

Multi-Signals Generator 
(MSG)



LLRF of HEPS Linac (cont.)

19

Downconverter RTM
ÅMicroTCA.4 RTM;

Åbandwidth 0 - 650 MHz;

Å tested with Struck SIS8300L2;

Å6 channels ADC, 2 channels 
DAC;

Å MicroTCA.4 RTM;
Å bandwidth 100 MHz - 6 GHz;
Å with downconverters and 

vector modulator;
Å work with Struck SIS8300L2;
Å 8 channels ADC, 2 channels 

DAC;

Direct-sampling RTMMTCA.4 AMC dev.
Å openmmc eval. board
Å 2 version timing fanout 

AMC with openmmc



LLRF of HEPS Linac (cont.)
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166.6MHzDS FFT

499.8MHzDS FFT

499.8 MHzDS,RMS Err = 0.019° 166.6 MHzDS, RMS Err = 0.007°

Å input = 499.8 MHz
Å output clock frequency 99.96 MHz
Å jitter = 98 fs (rms, 10 Hz ς10 MHz)

SHB LLRF, direct sampling (DS)



HEPS Phase Reference System
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Å Role: Distribute phase / frequency reference to 
LINAC/Booster/Storage Ring, RF/LLRF, Beam 
Diagnostic, Timing EVG, Beam line station...

Å Requirements:
Á Timing jitter < 40 fs (10 Hz ς10 MHz)
Á no > -110 dBc/Hz spurs at 100 Hz ς1 MHz 

especially near sync. freq.
ÁReliable, maintainable, updatable

Distribute frequencies:
83.3/166.6/499.8/2998.8 MHz

Master Oscillator

Å 4.096 GHz clock is chosen for signal noise purity, DAC 
works with DDS by FPGA, 48-bit freq. control register.

Å Measurement results
ÁCH2 - CH4 499.8 MHz jitter < 34 fs (10 Hz ς10 MHz)
ÁCH1 166.6 MHz / 499.8 MHz jitter < 35 fs / 40 fs (10 Hz 
ς10 MHz)

Áno significant spurs within ±3 MHz bandwidth
Á freq. and phase continuouswhen freq. change
Áoutput power is within ±0.01 dBat all freq. & phase

499.8 MHz 
spectrum: spur 
free near carrier, 
31 fs / 23 fs 
(10 Hz ς10 MHz 
/ 10 Hz ς1 MHz)



HEPS Phase Reference System (cont.)
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Stable transmission:
Á Adopt phase stable cables and optical fibers, and low-noise amplifiers 
Á Master oscillator locates near SR RF/LLRF cabinets
Á Transmit 499.8 MHz to LINAC and Booster RF with phase stabilized 

optical fibers (PSOF) (~700 m), receiver jitter < 35 fs (10 Hz ς10 MHz)

Tx-Rx by 700 m PSOF fiber, 499.8 MHz jitter 

31.9 fs (10 Hz ς10 MHz), blue: Tx, Red: Rx

PSOF (400 m) drift test:
Á 3 days closed loop tested in March
Á Residual phase drift was measured by 

phase detector between Tx RF and Rx 
RF. ҕ0.02ϲ(ҕ110 fs) out-of-loop in 3 days



Progress of LLRF system for CSNS
ǐCSNS (China Spallation Neutron Source)

CSNS II
Beam Power: 100 kW to 500 kW

;3 PhY ʐ 633 PhY
S.C. Linac section: +48 superconducting cavities

MTCA.4: SIS8300KU + DS8VM1/DWC8VM1

CSNS II Linac upgrade

MTCA.4-based LLRF system and results for controlling
a 325 MHz Spoke cavity, pulse mode, 4 MV/m

cavity

reflect

forward
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Progress of LLRF system for CSNS (cont.)

CSNS-II rapid cycling synchrotron (RCS) upgrade

2nd harmonic mode, 15% duty, 40 kV/m

fundamental mode, 50% duty, 26 kV/m

LLRF system for multi-harmonic control.

I/Q closed-loop with high-order harmonic suppression. 

Dom estic MTCA.4 hardware platform 

multifunction digital AMC module MTCA.4 chassis

MMC controller

DWC-VM and DS -VM RTM 

First domestic MTCA.4 
hardware platform. 
Development and test
Have been completed.

Next job: 

CSNS-II RCS LLRF upgrade

(CPCI Ÿ MTCA.4)

SAPS SC cavity test
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Three 2nd harmonic magnetic alloy (MA) cavities will be added.

First MA cavity is installed in August 2022. Cavity field with 
harmonic in present

Cavity field with 
harmonic suppressed



LLRF R&D in Institute of Modern Physics (IMP)

Authors:

Zheng Gao1, Feng Qiu1, Guirong Huang1, Yuan He1, Zhenglong Zhu1, 

Qi Chen1, Chengye Xu1, Zongheng Xue1, Jingying Ma1, Xinghao Ding1

Yan Cong2, Ruifeng Zhang2, Shilong Li2, Xiaodong Han2, Ruihuai Zhou2

1 China initiative Accelerator Driven System (CiADS)

2 Heavy Ion Research Facility in Lanzhou (HIRFL)

High Intensity Heavy-ion Accelerator Facility (HIAF)
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LLRF System of CiADS

26

The China initiative Accelerator Driven System (CiADS)ǿƛƭƭ ōŜ ǘƘŜ ǿƻǊƭŘΩǎ ŦƛǊǎǘ ǇǊƻǘƻǘȅǇŜof ADS 
facility at megawatt levelto explorethe safe and proper technologyof nuclear waste disposal.

ω ¢мΥ ƭƻǿ ǇƻǿŜǊ ŘǳƳǇ рл ƪ²Τ ŀŎŎŜƭŜǊŀǘƻǊ ǎǘǳŘȅΤ ƴǳŎƭŜŀǊ ǇƘȅǎƛŎǎ
ω ¢нΥ ƭƛǉǳƛŘ ƳŜǘŀƭ ǘŀǊƎŜǘ нрл ƪ² Ϥ a²Τ ƳŀǘŜǊƛŀƭ ƛǊǊŀŘƛŀǘƛƻƴΣ
ω ¢оΥ ƎǊŀƴǳƭŀǊ ǘŀǊƎŜǘ млл ƪ² Ϥ a²Τ ǘŀǊƎŜǘ ǎǘǳŘȅ
ω ¢пΥ мл a² Ŧŀǎǘ ǊŜŀŎǘƻǊΣ [.9 ǘŀǊƎŜǘΣ Keff~0.97; demo of ADS
ω ¢рΥ ǳǇƎǊŀŘŜ L{h[ ǘŀǊƎŜǘΥ iLinacof HIAF is post-acc, to 100 MeV/u

2022 Dec.: first beam of RFQ 
2026: first beam in reactor 

Beam Parameters:
ÁEnergy: 500 MeV ( to 1 GeV)
ÁDesign current: 5 mA (to 10 mA)
ÁReactor Power: 10 MW
ÁModes: pulse & CW (Hus gap for reactor)
ÁEnergy stability: ҕ1%@1s@500MeV
ÁCurrent stability: ҕ1%@1s@5mA
ÁPosition stability: ҕ1mm

RF Stability Req.(Short term):
ÁAmplitude: 0.1 % (rms)
ÁPhase: : 0.1ϲ(rms)

LLRF Architecture:
ÁDSP board: FPGA with dual-core Cortex-A9 ARM processor; optical 

fiber Ethernet; White Rabbit timing
ÁRF front-end: analog frequency synthesis for highly integrated up-

and down-conversion; consistent design for different RF frequencies



LLRF System of CiADS (cont.)
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DLLRF features:

ÁDigital self excited loop 
to turn on cavity

ÁEPICS IOC integrated in 
embedded FPGA

ÁFiber-based Ethernet

ÁIndependently work for 
high reliability

All LLRF system of SC cavities in 
CAFeII has been replaced by 
the newly developed DLLRF

China Accelerator Facility for 
nEwElements (CAFeII)

Digital LLRF (DLLRF) controller

LLRF rack layout

CAFeII LLRF

Beam starting up procedure

Beam induced 
transient in 
cavity voltage 
(with FB, no 
ILC FF)

ILC adaptive 
feedforward 
control 
algorithm



LLRF System of CiADS (cont.)

28

Epeak FF table

Ғ 0.1 %,0.1°εrmsζ
The long-term stability 
test with 10 mA CW beam.

V The amp and phase 
stability test on CAFeII

V The new adaptive learning feedforward control function was also demonstrated on the SC Linac


