
F. Qiu, LINAC2026 (the 33rd Linear Accelerator Conference), Daejeon Convention Center, 16-21 Aug. 2026, Daejeon, Korea

Automated Commissioning and Intelligent Operational 

Strategies for the HIAF-iLinac SRF System

Feng QIU, Rihua ZENG, Shihui Wei, Zhaojie Chen, Yilin MIAO, Lijuan YANG, Zheng 

GAO, Tiancai JIANG, Lie Peng SUN, Zhijun WANG, Yuan HE

LINAC2026, Aug. 16-21, 2026



F. Qiu, LINAC2026 (the 33rd Linear Accelerator Conference), Daejeon Convention Center, 16-21 Aug. 2026, Daejeon, Korea

⚫ Automated RF Commissioning
From automation to intelligent operation

⚫ Summary

⚫ Project Overview
HIAF-iLINAC and its RF system01

02

04

C
O

N
T

E
N

T
S

⚫ Challenges & Solution
Lessons from real machine operation03

1



F. Qiu, LINAC2026 (the 33rd Linear Accelerator Conference), Daejeon Convention Center, 16-21 Aug. 2026, Daejeon, Korea 2

Introduction

CiADS&HIAF (Hui zhou)

• HIAF: High Intensity heavy-ion Accelerator Facility

• CiADS: China Initiative Accelerator Driven System

Architectural Rendering

HIAF (High Intensity heavy-ion Accl. Facility)

HIAF and CiADS

Taipingling Nuclear 

Power Plant

Aerial View
iLINAC

IMP (Lan zhou)

⚫ Two new large-scale facilities were built in Hiuzhou, Guang Dong Province
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Motivation and facility layout

Isotope Terminal

Radioactive 

Beam Line

External Target Terminal

T1

BRing

iLinac

SECR 

HFRS(HiAF FRagment Separator)

SRing

High-Energy 

Density Terminal

T2

Hyper nuclear Research Facility

Properties of Nuclear Matter

High-Energy Irradiation - Single Particle

T3

T4

T5

High-Precision Toroidal Spectrometer

Electron-Ion Recombination Spectrometer

T6

Project Engineering Objectives

⚫ Expanding the Landscape of New 

Nuclides

⚫ Weakly Bound Nuclear Structure 

and Reaction Mechanisms

⚫ Precise Measurement of Nuclear 

Masses

Ions targets：

⚫ 5-250 MeV/u CW heavy ions beam

⚫ 35 MeV/u-5.7GeV/u pulse beam

HIAF Facility
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Superconducting Electron-

Cyclotron-Resonance ion 

source
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HIAF-iLINAC

17MeV/u 

(238U35+)

SECR

0.8MeV/u β =0.04 β =0.19

β = 0.076

f = 81.25 MHz

β = 0.15

f = 162.5 MHz

LEBT RFQ QWR007 HWR015MEBT

SSA

ions Q/A intensity
Energy

(MeV/u)

Operation 

mode

238U35+ 1/7 1.0 emA 17

Pulse
78Kr19+ 1/4.1 1.0 emA 27
18O6+ 1/3 1.0 emA 33

H2
+ 1/2 0.6 emA 48

48Ca-70Zn - 10 pμA 4-8
CW

Xe-U - 10 pμA 5-22

iLINAC layout and parameters

◆ iLinac Design Specification：Continuous wave (CW) and pulsed beam

◆Component Structure : Room temperature front end and Superconduct linac

... ...
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SRF Cavities

QWR007 HWR015

CM Quantity 6 11

CM Length [mm] 5073 5836

CM Width [mm] 2000 2000

CM Height [mm] 3800 3800

Cavity Quantity 5 6

Solenoid Quantity 5 2

BPM Quantity 4 1

SECR

0.8MeV/u

LEBT RFQ QWR007 HWR015MEBT

5.3MeV/u 17MeV/u
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CM-QWR007 (x6)

CM-HWR015 (x11)

QWR007 (x6): 30 cavs HWR015 (x11): 66 cavs.

Helium gas storage stationCold 

box

~100 m
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⚫ HIAF SRF linac employs 17 

cryomodules with 96 SRF 

cavities
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RF Power System

Amp. modules 

(6 per layer, 

plug-in structure)

Power divider

DC power 

supply (50V, 

current-sharing 

mode)，

Driver stage

Power 

combiner

Water/electrical 

interfaces and cooling 

water outlets

Cav. 

Type

Freq

（MHz）
Cav. 

No.

Pf（kW） Cabinet

（kW）
No. of 

Cabinets

Total

（kW）

RFQ 81.25 1 160 24 8 180

Bun. 81.25 3 10 24 2 48

QWR 81.25 30 6 24 9 216

HWR 162.5 66 6 24 17 408

⚫ A total of 36 RF power cabinets, with an 
output power of 24 kW per cabinet.

⚫ Standardized structural design for the RF 
power sources.

⚫ Plug-in module design for convenient 
maintenance.
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Low Level RF
Hardware:

• ADC (×8): ADS42Ib69, 16-bits, 250 MHz

• DAC (×2): AD9747, 16-bits, 250 MHz

• FPGA: XCZU19EG

• ARM: 19eg

• Motor Tuner

Algorithm:

• A/P ctrl.

• Individual ctrl.
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• Automated batch measurements of cavity parameters: 𝑄𝐿,static LFD coefficient (KLFD), and 

pressure sensitivity (df/fp)

Cavity Loaded Q Static LFD Coefficient

Measurement Automation
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1. Closed-loop excitation (Method)

✓ Chirp signal is injected into the amplitude setpoint

✓ PI amplitude remains closed

✓ No external actuator required

Mechanical transfer function

𝐾(𝑗𝜔) =
ℱ{𝛿𝛥𝑓(𝑡)}

ℱ{𝛿𝐸2(𝑡)}

𝛿𝛥𝑓(𝑡): detuning response
𝛿𝐸2(𝑡):  cavity-field squred 

pertubation

Typical chirp example (10s)

2. Scan reference (Validation) 3. Chirp-Measurement Optimization（Results）

Scan Time-Frequency map

Cross-Validation of Identification Methods

Micro.

Parameter optimization

3
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Microphonics suppression

✓ Dominant mechanical modes are consistently identified

✓ Chirp measurement achieves comparable results to frequency scanning

✓ Measurement time is reduced from ~30 min to 10 s (>100x faster)

✓ The adaptive mask suppresses stationary microphonics background 

while preserving the chirp-correlated mechanical response

✓ Sufficient excitation amplitude and an appropriate chirp duration 

improve the signal-to-noise ratio and allow the mechanical modes 

to be more clearly resolved.

       

  
 
  
  

 
  

  
 

   
   
 

  
  

        
       

    
 
     
 

    

    

 
   

  

Measurement Automation
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• Automated RF conditioning enables adaptive power ramp-up with real-time interlock and vacuum 

protection, achieving safe, efficient, and unattended cavity processing.

• Key steps: initialization → power ramp-up → interlock/vacuum control → auto recovery → data 

logging.

Automated RF Conditioning
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• Various abnormal events can occur during automatic RF conditioning.

• Machine learning automatically identifies abnormal events — feed-line faults and 

multipacting.

ML-based Abnomal Recognition

12

Data Pre-processing

Expert experience-based 

Feature-Extraction

Machine

Learning

Obtaining high-quality, well-labeled event data is the essential first step

Experts are required to construct targeted feature

engineering based on fault signals and extract time

and frequency domains.

Feedline 

mismatch

Sawtooth type

Flatroof

NormalTime [ms]
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Cavity Gradient Performance
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HWR015 Section 10-ms Pulsed Open-Loop Loading Gradient

耦合天线

Over 2,000 parameters acro

ss all 96 SRF cavities were p

recisely measured and syste

matically characterized, esta

blishing a fully traceable digit

al database to support cavity 

performance tracking and fut

ure intelligent operation.

Digital Cavity 

Database

Ave: 38.86MV/m 

• Post-conditioning gradient test results of 96 SRF cavities with comprehensive digital parameter 

archiving

Peak Surface Electric Field (Open-loop vs. Closed-loop)

Cav. No.
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Automated RF Loading
• The RF control system automatically loads and initializes all superconducting cavities in pulse 

mode.

• Each cryomodule is sequentially powered and monitored through the automated startup interface.

14
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Intermittent ~48 Hz 

vibrations align with 

mechanical mode 

frequencies, but the root 

cause is still unknown

16

Dynamic LFD Sets PS-mode limits

ΔfLFD ≈ 400 Hz

f0.5 ≈ 150 Hz

ΔfLFD / f0.5 = 0.7 ΔfLFD / f0.5 = 2.7 ΔfLFD / f0.5 = 1.7

Easy to close loop Difficult to close loop

• Mechanical modes in SRF cavities drive large dynamic LFD and resonances, causing difficult closed-loop operation 

and intermittent abnormal detuning in pulsed mode (NO fast tuner).

~50 Hz

~48 Hz

Cav. gradient

Detuning rises 

after pulse start

• Experience during PS commissioning shows that ΔfLFD / f0.5 > 1.5 often indicates 

difficult closed-loop operation

Intermittent Abnormal Detuning

• Detuning sometimes rises after pulse starts——different from 

normal behavior

Max. ΔfLFD

Ave. ΔfLFD

  gh r Δ LFD / f0.5 ratios 

(red bars) correlate 

with reduced 

operational limits

Impact of Mech. Modes on SRF operation
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48 hours

Normal Abnormal Expected

• Vc=Vf+Vr

• Flat loaded Q (or 

bandwidth)

Observed
• Vc≠Vf+Vr

• Fluc. loaded Q (or 

bandwidth)

• Coupl r t  p  ↑

Lower gradient & 

changed loop phase 

patricianly mitigated

QL stable QL fluc.

Vc=Vf+Vr

Vc≠Vf+Vr

Experimental Observation

Coupler-side issue suspected; root cause remains 

unclear, further investigation is needed

Coupler temperature rise disrupts RF vector 

balance, induced cavity instability and ultimately 

limits the cavity performance

Mechanism & Impact

• Coupler-side heating is suspected as another source of cavity performance degradation, but the root 

cause remains unclear

Coupler-side Temperature Rise
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Final stage Amp. Mod. Fault

Detector Module Fault

Master Amplifier Architecture

25W

8W

Beam Loss

25%-30%

LLRF BPM

Longterm trend (10 days)

What Happened: Evidence System Architecture

Amplifier

• An amplifier fault in the shared reference path caused a ten-day power degradation from 25 W to 8 W and 

intermittent beam loss.

A fault in the common amplifier reference 

propagates system-wide, affecting both LLRF 

and BPM

A hot-standby architecture is under consideration; thermal management and cabinet design are being investigated to ensure 

reference signal stability

Impact of Master Amplifier
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LLRF Parameter Opt. with Bayesian & LLM

RF ON

FF amp. (Fa)

FB time (TFB)

Beam (~2 ms)

A
m

p
.

P
h
a
se

D
e
tu

n
in

g

|Vf|

t

t

t

FB ON
LLM BO C
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Before Opt. After Opt.

Method 1. Bayesian Optimization Method 2. LLM-assisted Opt. Performance Comparison

Bayesian optimization tunes six coupled parameters in pulsed 

SRF operation to improve the RF stability

KAp, KAi, KPp, KPi, Fₐ, TFB

Six Parameters:

An LLM optimizes the six-dimensional 

parameters by embedding expert knowledge 

into the prompt and exploiting the model's 

reasoning capability

LLM optimization: Smooth trajectory, gradual convergence.

BO optimization: Broad exploration early, rapid convergence.

Both methods reach the optimal region within 27 iterations 

from different initial conditions

Objective： Minimize RMS Fluc. Constraint： Minimize FWD power

Signal to Text 

Module

LLM reasoning 

Module

Parameter 

Parsing Module

19

Prompt

Before Opt. After Opt.
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Filling on Resoance

Problem:

Field instability caused by abrupt FB activation 

in the presence of large dynamic LFD

FF    =  = 

Detuning & Phase Feedforward Results

Objective

Maintain RF stable during the flat-top 

Method

Let the cavity and forward phases actively 

track the detuning variation during the filling 

time

Gradient LFD

25 ms 25 ms

FB ON
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vantage
Principle & Advantages

CW quench discrimination

Residual-based detection reduces false trips 

associated with transient RF power imbalance.

Low computational complexity

Avoiding detuning estimation and QL 

reconstruction; suitable for FPGA implementation.

Transient fault discrimination

Suppresses short E-quench spikes while 

retaining sustained thermal-quench residuals.

CM2-5 | Ponderomotive I CM2-5 | Ponderomotive II CM3-1 | Helium Fluc. CM2-5 | Thermal quench

 
 
  
   
  

   
  
 
   

  
  
 

 

   

   

   

   

 

      

 
  

  
   

  
 

    

    

   

 

  

   

         

 
  
  

  
  
  
  

    

 

   

   

   

   

         
                 

 
  
  
  

  
 
  
  
   

  

 

   

   

   

   

   
          

 
 
  
   
  

   
  
 
   

  
  
 

 

   

   

   

   

 

      

 
  

  
   

  
 

    

    

   

 

  

   

   

      

 
  
  

  
  
  
  

    

    

 

   

   

         
             

 
  
  
  

  
 
  
  
   

  

 

   

   

   

   

   
          

Measured cases: complete raw signals and residual outputs

 
 
  
   
  

   
  
 
   

  
  
 

 

   

   

   

   

       

 
  

  
   

  
 

    

    

   

 

  

   

         

 
  
  

  
  
  
  

     

    

    

    

    

 

   

         
             

 
  
  
  

  
 
  
  
   

  

 

   

   

   

   

   
          

Model-based Real-time Quench Detection

• Real-time model residual accurately identifies true CW quench without dynamic QL calculation

QL

Cavity Model

Σ 
Vc, meas

Vf

|A|
Vc, model

Vc, meas

Err

QL

Cavity Model

Σ 
Vc, meas

Vf

|A|
Vc, model

Vc, meas

Err

Non-Quench event

Quench (or MP)

Err Spiked

Err ≈ 0

Err Spiked
Err ≈ 0 Err ≈ 0 Err ≈ 0



F. Qiu, LINAC2026 (the 33rd Linear Accelerator Conference), Daejeon Convention Center, 16-21 Aug. 2026, Daejeon, Korea

Energy

CM2

CM9

ΔE/E :0.06%

12-hour stable operation

RF Stability and Performance
⚫ Established an instability alarm mechanism (Thresholds: 0.1%, 0.1 deg). The long-term operational 

stability of the cavities exceeds design specifications, achieving an energy stability of 0.06%

Alarm threshold: 0.1%

Alarm threshold: 0.1deg

22
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Summary

• Automation enables efficient commissioning.
Automated characterization, conditioning, loading, and anomaly handling have significantly 

streamlined RF commissioning. 

• Commissioning reveals the real machine.
Operational anomalies provide critical insights into SRF dynamics, RF hardware, and system-level 

limitations. 

• Intelligence drives the next step.
Advanced LLRF algorithms and AI-based optimization offer a promising path toward more stable, 

efficient, and autonomous accelerator operation
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Thanks for your attention
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