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» S3FEL is a 1.7-km superconducting soft X-ray free-electron laser.

» It will provide 1-30 nm radiation with a 1 MHz repetition rate and beam energy of 2.0-2.5 GeV.



2 LLRF Requirements for S’FEL
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Requirements: amplitude/phase stability,
tuning control, scalability, reliability



2 Why MTCA.4 Platform
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Requirements:

» More than 200 cavities (>1000 sampling channels)
» Amplitude/Phase stability (mainly <0.02%/0.02° )

» RF/Tuning control
» Reliability

MT A A1 4
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WicroTCA™

PICMG® Specification MTCA.4.1 R1.0

Enhancements for MicroTCA.4

< Auxiliary Backplane for Rear Transition
Modules (uRTMs & MCH RTM)

% Rear Power Modules (RPMs)

@ MCHM gmnSppn&Etedu
Transition Module (WCH-RTM)

& AMC & RTM Protective Covers

& Applications Classes of uRTMs

Movember 1, 2016

“ uTCA®

168 Pages

Slot #1 #2 #3 #4 #5 #6 #T #8  #9 #10 #11 #12

Advantages of MTCA:

» High channel density

» AMC + RTM decoupling: Digital processing
separated from analog I/0

High backplane bandwidth

Industrial reliability

Scalability

vV V VYV V

Simplified maintenance and upgrade



> Status of S’FEL LLRF Systems \RZF mzsenms

RF stability of Amplifiers/
Module No. Quantity |[Temperature Function & Cavity RF Amplitude/Phase . p Status
(RMS)
GUN 2 NC Photocathode GUN VHF-band, 216 MHz <0.01%/<0.02° 4 Under development
" Buncher 2 NC Buncher, 1X2-cell L-band, 1.3 GHz <0.02%/<0.02° 2 Verified
INJ(Backup) CMO00 2 SC Pre“"“elerat"cref“T LT, LR L-band, 1.3 GHz <0.02%/< 0.02° 2 Verified
CMO1 2 sC Main accelerators, TESLA, L-band, 1.3 GHz <0.02%/< 0.02° 16 Verified
8X9-cell
CMO02, 03 2 sC Main accelerators, TESLA, L-band, 1.3 GHz <0.015%/< 0.03° 16 Verified
L1 8X9-cell
CMHO01, 02 2 SC Harmonic, TESLA, 8 X9-cell S-band, 3.9 GHz <0.03%/< 0.06° 16 Under development
L2 CMO4 ~ 09 6 sC Main accelerators, TESLA, L-band, 1.3 GHz <0.03%/< 0.06° 48 Verified
8X10-cell
L3 CM10 ~ 20 11 sC Main accelerators, TESLA, L-band, 1.3 GHz <0.03%/< 0.06° 88 Verified
8 X10-cell
Before L2 4 NC S-band Deflector S-band, 2997 MHz <0.1%/<0.06° 4 Under development
Diagnostic part
After L2 7 NC X-band Deflector X-band, 11989 MHz <0.2%/<0.1° 7 Under development

» Most main accelerating cavity LLRF systems, including those for the buncher, CM00, CM01, CM02-03, CM04-09,
and CM10-20, have been verified.
» The LLRF systems for the GUN, CMHO01-02 harmonic cavities, and diagnostic deflectors are still under development.
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2>MTCA.4 Hardware Platform II@F ot i i

Main Power Backup Power 5 2l B E E E E EE E ]
2xTUN gl g | |5\ EEE|EEEEG, |P2Eg
management, management, 0% 2z 3z3z333§; |89 @3
=5 i | i L ua— Tl
MCH & CPU SxRF MCH & CPU ‘ ] l Il | ‘

NdO-NLY
INOLL-INLY-
Ad-WILA
AA-NIH ————
AN ————
AA-WILY ———
AW
-
TANNL-INLY
(dnyeg)
NdO-WLA
d

L

ih i i dn

MTCA.4-Based System

(8xRF + 2xTUN boards,
supporting a standard SC module)
[IASF & ZOONENG / YZITECH]
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Tuning Boards [IASF]
J. Zhu, Y. Li, W. Li, Z. Zhang, H. Ding, J. Yang, W. Zhang. LLRF Prototype Design for the 1.3 GHz Cryomodule of the Shenzhen Superconducting Soft X-ray FEL, 2026 IPAC Confersence.

Z.Zhang, J. Han, W. L1, J. Zhu, H. Ding, J. Yang, W. Zhang. Digital LLRF Control System for a High-Repetition-Rate Superconducting Linac, 2026 IPAC Conference.



Y LO & RF Boards IRSF migcnmss

» Receives the REF signal and distributes it to generate

SN LO, REF, and CLK signals.

— > LO and REF signals are used for up/down frequency

-.. conversion.

» CLK signal is used to drive ADC and FPGA operation.

LO (front view) LO (rear view)
» Provides eight LO channels and eight clock channels.

REF o= . -

1@ R pra—— " E ﬁ;
Caytysyoltage g =N ‘; > High-precision data acquisition.
Forward Power s e — B : ; : : :

| el | 0 - » Signal down-conversion and up-conversion.
Reﬂect Power — o . : : L
| s .0 = 1 | » Ultra-low noise and strong interference
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> Tuning Boards IRSF migcnmss

FMC Card 2
(Motor Control)

FMC Card 1
(Piezo Control)

AMC-TUNEQQ4

» Precise control of coupling
and cavity frequency.

» Greatly expands functionality
through FMC cards.

Piezo Driver Motor Driver Tuner Coupler

X. Dai, Z. Zhang, J. Zhu, H. Ding, J. Yang, W. Zhang. Preliminary Design of Motor Drivers for the Shenzhen Superconducting Soft X-ray Free Electron Laser, 2026
IPAC Conference.

Jinfu Zhu, Hongli Ding, Zhiyuan Zhang, Gangyang Liu, Weiqing Zhang. Design of an MTCA .4-Based LLRF tuning controller for cryomodules at S3FE]g; 2025
SRF Conference.



2 RF Station
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2 Firmware Design Il‘a: R R 53

Firmware algorithms mainly consist of an amplitude-phase loop, a tuning loop, and a self-excited loop (SEL).

» A phase/amplitude loop algorithm to achieve stable

control of the accelerating voltage and phase.

» A PZT feedback-loop control algorithm to achieve

stable control of the superconducting cavity

resonance frequency.

» A self-excited loop (SEL) to implement a cavity

frequency tracking mode.

» An active noise control (ANC) algorithm to

suppress microphonic noise.

» Monitoring reference and reflected signals for

software-level functions like over-limit protection.

LLRF Firmware Diagram



2 Software Design
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modules
» Remote configuration and

monitoring functions

» EPICS-based low-level control
and [IOC design

» Automated debugging and
conditioning application design

» Data acquisition and analysis
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2 Software Design 24 B el
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2 Dalian Advanced Light Source Linac II"Q': RUNFEE GRS

Instutute of Advanced Light Source Facilities, Shenzhen

» The system was validated at the DALS superconducting linac by DICP and IASF in the summer of
2025.

» 1 MHz repetition rate, 0.1 mA beam current, and a total cavity voltage of 130 MV were realized.
» The system operated continuously for 24 hours.
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> Amplitude/Phase Stability IRSF migcnmss

» LLREF control technology has been developed to achieve stable control of 10 superconducting cavities.
> Each cavity achieves a closed-loop amplitude/phase stability of better than 0.02%/0.02°

(Non-Standard Module)

(Standard Module)  cav4 [
B Amplitude Stability ( %)
B phase Stability (° )

0.0000 0.0020 0.0040 0.0060 0.0080 0.0100 0.0120

GDR Amplitude and Phase Stability 18



2 Q, = 6E7, Total Cavity = 130MV

Institute of Advanced Light Source Facilities, Shenzhen
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> Q is approximately 6e7 for the standard module.

> Stable operation has been achieved at a total cavity voltage of 130 MV.

Cavity QL Q: Amplitude stability Phase stability(® )
Cavityl 6.06E+07 3.09E+11 0.0114% 0.0071
Cavity2 6.36E+07 2.31E+11 0.0073% 0.0060
Cavity3 6.36E+07 3.26E+11 0.0093% 0.0061
Cavity4 6.08E+07 3.69E+11 0.0074% 0.0051
Cavity5 6.09E+07 3.48E+11 0.0075% 0.0054
Cavity6 6.28E+07 2.18E+11 0.0088% 0.0068
Cavity7 6.09E+07 3.42E+11 0.0071% 0.0053
Cavity8 6.21E+07 2.67E+11 0.0072% 0.0053
Q, = 6E7

sssssss

Energy Measurement

o5 TR r?-.','-'z:‘t:o."'
Fousl 3 o0 oAl e Tl

Pome Wiwups H
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Configure Resuits

DIAGI-B1X - 180.700 || Kinetic eferay 129,229  mev
Use Profile: DC-Bi:DIAG1-B1
25268 Finel Energy 129.74 [Mev
Start Energy Spread 0.113 %

Total cavity voltage = 130 MV
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2 Summary 1 pﬂ: R SE R
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» Full-stack development of the MTCA.4 platform for the 1.3 GHz standard module has been completed
and validated at the DALS Linac.

> The amplitude stability was better than 0.02%, and the phase stability was better than 0.02° .
> Stable operation has been achieved at a total cavity voltage of 130 MV.

Parameter Value
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2 Future R&D

IESF »

R SoiFEE 5P

Instltute of Advanced Light Source Facilities, Shenzhen

» Complete the development and verification of the VHF gun, harmonic cavities, and diagnostic LLRF

systems.

> Preparing for mass production and the engineering transition from prototype to production.
» Intelligent fault diagnosis and self-recovery, and machine-learning-assisted control.

----- s FEL-& EEH’G{.'J-S ,
E B 13
al |mn| |om ETTHEE -  Eud Siaion |
R WX
- mmm mmm mm :
Tl'm iy
=, "-Lg __ e N i 227N
WB‘”‘ 1 Bl 1 EIBC L3 EEI D . - ki :
lmz o ] T T
FEL-3: EEHG{1 3150
| I ™ T i
: I T S
] B
2  |mml g o i
| S mm
$ LINAC: 760 m e LTU: 340 i e U dulator: 250 m se—— B & S JS'Dm—Q
¢ Length: 1.7 km s
S3FEL layout

Electronics Mass Production

Machine Learning

22



Y Thanks ! | [@: RS ERT:

Institute of Advanced Light Source Facilities, Shenzhen

Thanks for your attention

Our group would like to thank DESY and demotic institutions Tsinghua,
Peking, USTC, SHINE, IHEP, IMP, etc. for their support over the years.
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2 Thanks ! I I@F st et A e
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> MTCA .4 platform IKSF mnsmnxmmsmn

» Considerations :channel density, backplane bandwidth, industrial reliability, scalability.
» Why MTCA.4 :AMC+RTM functional decoupling, clear separation of digital processing and analog

I/0, simplified maintenance and upgrade
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2/ 2llp 2 2 > 2 s s
1 AR | backup.
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|| one MTCA chassis controls one standard
T e Kl
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< AR R E ||| | EE E z Tz
(- =N W R N (e < ]
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Institute of Advanced Light Source Facilities, Shenzhen

21 MHz operation

VHF Gun Data Acquisition System

Energy - Energy (MeV)

mwmdow 600s |3

4:3)

Repetition Rate Repetition Rate (Hz)
PV AP:EB:INJ e

1.00e+06 [

m Window: | 600 s s

Charge (pC)

- - .124 r»C

mwmdow‘ 6005 :

Average Current Current (uA)
PV:AP:EBINJ:lave

o107 |

[ [N CE

Global Controls

i Applications  Places  EPICS PVABS MM T 2 - 18347




2>Q, = 6e7 VS 4e7 IKSF mnsmnxmmsmn
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