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Abstract  

  Japan Proton Accelerator Research Complex (J-PARC) consists of a 400 MeV linear 

accelerator (LINAC), a 3 GeV rapid cycling synchrotron (RCS) and a 50 GeV main ring 

(MR). The LINAC is a 248 m normal conducting linear accelerator, which accelerates 

the negative hydrogen ions (H-) to up to 400 MeV at a repetition rate of 25 Hz with a 

pulse beam width of 500 µs. From 2018, the peak beam current of the LINAC was 

increased from 40 to 50 mA. According to the J-PARC accelerator technical design 

report, until now, the goal of J-PARC project in Phase I has already been realized which 

is to achieve 1 MW beam power at the RCS and 0.75 MW beam power at the MR. And 

now, one of the targets in phase II is to increase the beam power at the RCS from 1 MW 

to 1.5 MW. In order to realized it, more than 20% increment is needed for both the 

beam current and beam pulse length at the LINAC, which will be about 60 mA and 600 

s, respectively. Such strong beam current will bring heavy beam loading effect to all 

the cavities in the LINAC, which will lead to a significant drop of accelerating gradient. 

  In the current LLRF (Low-Level Radio Frequency) control system, a static 

feedforward control method was used to compensate for the beam loading effect. Since 

the beam current has increased to 50 mA, current beam loading compensation method 

faces significant challenges. In terms of performance, the current stability can barely 

reach from -0.5% to +1.9% in amplitude and from -0.2° to +1.2° in phase, and this 

value will deteriorate during the long-term operation. In addition, static feedforward 

needs people to adjust the compensation amplitude, phase and the delay of trigger signal 

manually. For the large accelerator like J-PARC LINAC, it is usually need two people 

to takes 5 ~ 6 hours to finish the adjustment work for all the RF stations.     

  To solve these problems, an Iterative Learning Control (ILC) method was put 

forward and developed in the J-PARC LINAC. ILC as a open loop control has been 

adopted by several research institutes to improve the transient response performance of 

the LLRF system. Compared to the static feedforward, it not only further enhances the 

performance of the system, but also automatically completes all compensation 

processes.   

  In order to verify the effectiveness of ILC for beam compensation, an ILC simulation 

module was built in MATLAB. The simulation results show that with the increase of 

iteration times, the tracking error is monotonic convergence and the deformation caused 
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by the beam was well compensated. The amplitude peak to peak stability was improved 

from ±7.5% to ±0.25% . And phase peak to peak stability is from ±2° to ±0.07°.     

  For the sake of not to influence the normal operation of the current system, the ILC 

controller was developed in the new generation LLRF control prototype system. To 

build ILC control loop, the PyEpics plug-in was installed in the computer, then the 

EPICS records in the IOC (Input Output Controller) can be called in real time by the 

ILC controller, which as a CA (Channel Access) client was developed by Python. The 

beam loading compensation experiment was conducted in the SDTL01 station. The 

experiment results show that under 50 mA beam current, the inclusion of ILC controller 

improved the peak to peak stability to ±0.28% in amplitude and ±0.15° in phase, which 

satisfied the requirement of J-PARC LINAC, ±0.5% in amplitude and ±0.5° in phase. 

Whatôs more, when the repetition rate of beam is set to 25 Hz, the beam loading 

compensation process can be completed automatically in several seconds. For the 

J-PARC LINAC, which has dozens of RF stations that require feedforward 

compensation, ILC greatly reduces the time consumption and workload, thus improves 

the work efficiency significantly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 III  

 

 

Content  

Abstract ..................................................................................................... I  

Content.................................................................................................... III  

1. Introduction  .......................................................................................... 1 

1.1 Japan Proton Accelerator Research Complex  .................................. 1 

1.2 J-PARC LINAC  ................................................................................. 2 

1.3 Motivation of The Study  ................................................................... 4 

1.4 Structure of The Thesis  ..................................................................... 8 

2. Overview of Beam Loading Compensation Method for the LLRF 

System ..................................................................................................... 10 

2.1 European XFEL  ................................................................................. 10 

2.2 Los Alamos Neutron Science Center  ................................................. 15 

2.3 FLASH  ................................................................................................ 19 

2.4 Comparison of Scheme....................................................................... 27 

3. The Upgrade of J-PARC LINAC LLRF System  .............................. 28 

3.1 Current LLRF S ystem ....................................................................... 28 

3.2 New LLRF System Under Development ........................................... 30 

4. Iterative Learning Control ................................................................. 34 

4.1 ILC Basic Theory  ............................................................................... 35 

4.2 ILC Scheme for J -PARC LINAC  ....................................................... 38 

4.3 Norm -Optimal Iterative Learning Control  ....................................... 39 

5. ILC Simulation Test on MATLAB  .................................................... 43 

5.1 Design Scheme of ILC Simulation Model  ......................................... 43 

5.2 Analysis of Simulation Results  ......................................................... 47 

5.3 Conclusion for ILC Simulation  .......................................................... 54 

6. The Hardware and Software Setup for Beam Loading 

Compensation Experiment .................................................................... 56 



  
 IV 

 

6.1 Introduction of ILC Based Beam Loading Compensation Experiment

 .................................................................................................................. 56 

6.2 Software Setup  ................................................................................... 57 

6.3 Hardware Setup  ................................................................................. 60 

7. Experimental Results for Beam Loading Compensation ................. 62 

7.1 Experimental Results in SDTL01 Station  ........................................ 62 

7.2 Effect of Time Shift of Error  .............................................................. 69 

7.3 Effect of ILC Gain  .............................................................................. 70 

7.4 Effect of Moving Average  ................................................................... 72 

8. Mathematical Analysis of LLRF System with an ILC Based 

Feedforward ........................................................................................... 74 

8.1 Mathematical Model of the LLRF System with an ILC based 

Feedforward Function  ............................................................................. 74 

8.2 Stability and Convergence Analysis  ................................................. 75 

9. Conclusion and Future plan .............................................................. 77 

9.1 Conclusion  .......................................................................................... 77 

9.2 Future Plan  ........................................................................................ 78 

Appendix A ............................................................................................. 79 

Abbreviations ......................................................................................... 80 

Symbol .................................................................................................... 82 

List of Figures ......................................................................................... 83 

List of Tables .......................................................................................... 85 

Bibliography ........................................................................................... 86 

Acknowledgment .................................................................................... 88 

Declaration ............................................................................................. 89 

 

 

 

 

 

 



  
 V 

 

 

 

 



  
 1 

 

Chapter 1 

Introduction  

This chapter mainly introduce the research background and motivation of this study. 

In the first two sections, the introduction of Japan Proton Accelerator Research 

Complex (J-PARC) and J-PARC linear accelerator (LINAC) will be given. Then the 

motivation of this study will be discussed. In the last section, the structure of this 

dissertation will be shown.  

 

1.1 Japan Proton Accelerator Research Complex 

 

Japan Proton Accelerator Research Complex (J-PARC), which located in Tokai, 

Ibaraki Prefecture, consists of a 400-MeV proton linear accelerator (LINAC), a 3-GeV 

Rapid Cycling Synchrotron (RCS), a 30-GeV Main Ring synchrotron (MR) and three 

experimental facilities that make use of the high-intensity proton beams. An overall 

arrangement of the J-PARC facilities is shown in the Fig. 1.1.  

 

 

Figure 1.1. A layout of J-PARC facilities. 
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In normal operation mode, over 90% protons accelerated in the RCS is directed to 

Materials and Life science experimental Facility (MLF) for neutron and muon 

experiments. The remaining protons are transported to the Main Ring synchrotron for 

further acceleration. In Main Ring, there are two beam extraction modes. In Fast 

Extraction (FX) mode, protons are guided to the pion production target by using 

superconducting magnetic array. Then the neutrinos that generated in pion decay 

processes are sent to the super-kamiokande facility for Tokai-to-Kamioka (T2K) 

experiment by neutrino beam line (NU). In Slow Extraction (SX) mode, high energy 

proton beam is sent to Hadron Experimental facility (HD) to carry out various nuclear 

physics experiments [1]. 

 

1.2 J-PARC LINAC 

 

J-PARC LINAC is a proton linear accelerator which accelerates the negative 

hydrogen particle to 400 MeV and operates at the repetition rate of 25Hz with a pulse 

beam width of 500 µs. The configuration and main parameters of the J-PARC linac is 

shown in the Fig. 1.2. The linac consists of an ion source, a 3 MeV Radio Frequency 

Quadruple (RFQ), a 50 MeV Drift Tube Linacs (DTL), a 191 MeV Separated Drift 

Tube Linacs (SDTL) and a 400 MeV Annular Coupled Structure (ACS). There are 64 

cavities and 48 RF stations in total, which is mainly divided into two parts. In 324-MHz 

low ɓ accelerator section, there are 23 RF stations, including RFQ, two bunchers, one 

chopper, three DTL and 16 SDTL. After coming out of the ion source, the proton beam 

was accelerated from 50 keV to 191 MeV. Then in 972-MHz high ɓ accelerator section, 

the energy of beam was further upgraded to 400 MeV by the remaining 25 stations, 

which consists of 2 bunchers, 21 ACS acceleration cavities and 2 debunchers [2]. Figure 

1.3 & 1.4 show the schematic layout of 324-MHz low ɓ accelerator section and 

972-MHz high ɓ accelerator section, respectively. 

In J-PARC LINAC, each RF station has its own RF power source. In 324-MHz low ɓ 

accelerator section, 4 solid state amplifiers are used to feed RF power to buncher 1, 2 

and two chopper cavities. For RFQ, DTL and SDTL stations, their RF power source are 

324-MHz klystrons. At the SDTL stations, RF power from one klystron are fed to two 

cavities by using a hybrid divider. In 972-MHz high ɓ accelerator section, all the 

stations use 972-MHz klystron as its RF power source. In addition, all the stations both 

in low and high ɓ section are equipped with an independent LLRF control system to 

ensure the stable operation of linac [3]. As far as the LLRF systems currently in use are 
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concerned, there is no significant difference between the systems used in low ɓ section 

and those used in high ɓ section. 

 

Figure 1.2. Configuration and Main parameter of the J-PARC linac  

 

 

Figure 1.3. Outline of RF Stations and RF Cavities in 324-MHz low ɓ accelerator 

section. 

  

 

 

Figure 1.4. Outline of RF Stations and RF Cavities in 972-MHz high ɓ accelerator 

section. 
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1.3 Motivation of The Study 

According to the accelerator technical design report of J-PARC, the goal of phase I is 

to increase the beam power of RCS to 1 MW and 0.75 MW beam power for MR [4]. In 

order to realize this nominal performance, the linac beam energy was increased to 400 

MeV and beam current was also increased from 30 to 50 mA. Currently, the aim of 

phase I has already been achieved and the user operation power of MLF runs steadily at 

500 kW. For phase II, two further upgrade plans are now in consideration. The first plan 

is to increase the RCS beam power to 1.5 MW for achieving the goal of 1MW at MLF. 

Second one is to double the linac repetition rate to 50 Hz for a planned 

accelerator-driven nuclear waste transmutation system (ADS). In order to realize the 1.5 

MW beam power from RCS, both the beam current and the pulse length are planned to 

increase about 20% at the LINAC [3]. At that time, both the beam current and the beam 

pulse length will be increased to about 60 mA and 600 µs, respectively.  

 

 
Figure 1.5. ADC amplitude waveform at the flat top in SDTL01 station. 
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Figure 1.6. ADC phase waveform in SDTL01 station. 

 

 The higher beam current will cause a heavier beam loading effect. To compensate 

such heavy beam loading, both the feedback and the static feed forward control are used. 

However, due to the difference between the feed forward signal and beam loading 

current, the static feed forward control is beginning to be difficult to meet compensation 

requirements. Figure 1.5 shows the amplitude waveform at the flat top of ADC in SDTL 

01 station, J-PARC LINAC. The beam current here is 50 mA. Even at the beginning, by 

adjusting the feedforward manually, we can make the peak to peak stability of ADC 

amplitude almost equals to πȢυϷ ÔÏρȢωϷ. Figure 1.6 shows the phase waveform of 

ADC in SDTL01 station. The peak to peak stability of phase is from -0.2° to +1.2°, 

which also does not meet the requirement. There are two feedforward compensation 

mode in the J-PARC LINAC, macro pulse mode and chopper mode, which are shown in 

the Fig 1.7. In order to keep the output power unchanged, the feedforward amplitude of 

the chopper mode will be about twice as high as that of the macro pulse mode. For the 

SDTL station, the compensation method is chopper mode. Figure 1.8 shows the DAC 

waveform at the SDTL01 station. Due to the effect of feedback control, there is a raise 

portion at the flat top of DAC waveform. As the input of cavity, the DAC signal include 
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the information of chopper feedforward which can be found at the raise portion. The 

amplitude ratio of the raised portion and the flat top is about 45%. The excessive DAC 

amplitude may exceed the full -scale value, trigger interlock protection. It is better to 

decrease the amplitude ratio of the raised portion and the flat top.    

 

 

 

Figure 1.7. Two static feedforward compensation modes in the J-PARC LINAC. 

 

 

 

Figure 1.8. DAC amplitude waveform in SDTL01 station. 
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And in the extreme case which was also observed in the SDTL01 station shown in the 

Fig. 1.9 & 1.10. During long-term operation of the accelerator, the trigger signal of 

current beam loading compensation signal was lost, where only feedback works, the 

peak to peak stability of amplitude became σȢφςϷ and phase became ρȢρЈ. In 

order to solve this problem, an iterative learning control (ILC) based adaptive 

feedforward control method was put forward and realized to replace the current normal 

feedforward control method. 

 

 

 

 

 

Figure 1.9. Extreme case of amplitude waveform in the SDTL01 station. 
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Figure 1.10. Extreme case of phase waveform in the SDTL01 station. 

 

Another significant issue that J-PARC LINAC faced is that the current low-level 

radio frequency (LLRF) system has been running for more than 10 years. Even it still 

works well, the supplier didnôt produce the same products many years before, nor did 

they maintain. And existing systems cannot meet the needs of future upgrades due to 

resource limitations. To ensure the normal operation of J-PARC LINAC, a new LLRF 

control system was developed which core part is a MTCA based digitizer [5]. 

 

1.4 Structure of The Thesis 

The thesis consists of eight chapters. A brief introduction to each chapter 

is given below.  

 

 ̧ Chapter 2 gives an overview of beam loading compensation methods in 

digital low-level radio frequency (LLRF) system for different large facilities. 

Their schemes and performance are summarized and compared.  
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 ̧ Chapter 3 introduce the J -PARC LINAC LLRF system. The information 

of current LLRF system will be introduced. The status of development of 

the new system in the J -PARC LINAC LLRF is presented.  

 

 ̧ Chapt er 4 int roduce the Iterative Learning Control (ILC) theory. In this 

chapter, the principle of ILC will be illustrated. The ILC control scheme 

for the J -PARC LINAC is presented. Norm -Optimal ILC methods will 

also be discussed. 

 

 ̧ Chapter 5 introduces the impl ementation of ILC simulation design for 

LLRF system on MATLAB, Simulink. The results of simulation test will 

be shown and discussed.   

 

 ̧ Chapter 6 details the software and hardware setup work for ILC based 

beam loading compensat ion experiment.  

 

 ̧ Chapter 7 sh ows the ILC based beam loading compensation 

experimental results.  

 

 ̧ Chapter 8 gives a mathematical analysis on the LLRF system with an 

ILC based feedforward. The stability and convergence of the system will 

be discussed.   

 

 ̧ Chapter 9 summarizes the thesis.  The possible future upgrade plan for 

ILC based feedforward method will be discussed.  
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Chapter 2  

Overview of Beam Loading Compensation 

Method for the LLRF System   

This chapter mainly discusses the beam loading compensation method that used in 

European XFEL, Los Alamos Neutron Science Center and FLASH. Both the LLRF 

system and the realization method will be introduced. The performance will be shown 

and evaluated.   

 

2.1 European XFEL 

The European X-Ray Free Electron Laser (XFEL) is a 17.5 GeV coherent light 

source, which operates in pulse mode, providing laser pulses of tunable wavelength by 

the SASE process. It provides 27,000 flashes per second with a wavelength as low as 

0.05 nm and a peak brilliance of 5 × 1033 photon/s/mm2/mrad2/0.1% bandwidth [6]. The 

main components of the accelerator chain are shown in the Figure 2.1. The main 

superconducting linac in XFEL has been divided into 25 RF stations. Each of the RF 

stations consist of four cryogenics accelerating modules (CM), which is powered by a 

10 MW klystron and a dedicated LLRF system that is split into master and slave 

subsystems. 

 

 

 

Figure 2.1. XFEL accelerator overview 

 

Figure 2.2 shows the LLRF system installed at one RF station in XFEL. Two 
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MTCA.4 crates were installed at each of the RF stations, one crate in the master and one 

crate in the slave LLRF subsystems. There are six pairs of down-converter (uDWC) - 

digitizer (uADC) boards, LLRF controller (uTC), CPU, crate management module 

(MCH), timing card (x2timer) for both master and slave LLRF MTCA.4 crate. The 

different place is that there is a vector modulator (uVM) only in the master crate. RF 

signals from two cryo-modules will be sent into the LLRF system. After processing, the 

master crate will provide the drive signal to the klystron. The uTC board in the master 

subsystem is the core part of LLRF system which contains the main LLRF controller. 

All the algorithms are implemented in the FPGA chip located on the uTC board. The 

data are transmitted over optical links or over differential lines within the crate and are 

received by the main controller using Multi-Gigabit Transceivers (MGTs). 

 

 

 

Figure 2 .2. Simplified block diagram of the LLRF system  

installed at one RF station in European -XFEL.  
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Figure 2.3. Beam loading compensation and cavity gradient.  

 

To compensate the deformation of cavity gradient, the scaled beam charge 

information was added into the feedforward signal. Due to the influence of 

delay resulting from the detection of bunches and data transmission, the 

first bunches see  a different cavit y gradient and at the last electron bunch 

there is an overcompensation shown in the Fig . 2.3 (b). To solve this problem, 

a pre-compensation and gating algorithm is used. In this algorithm, before 

the charge information from the current pu lse arrives, the b eam charge 

information from previous pulse was inserted. And when no beam comes, 

invalidate the beam loading compensation function. Because the algorithm 

requires the expected time of the beam, a module that receive the data from 

the timi ng system was used to generate the indication of the expected beam 

and supply rough amplitude value of he expected beam charge.   
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Figure 2.4 Block diagram of Beam Loading Compensation module.  

 

 Figure 2.4 shows the block diagram of beam loading compen sation 

module. The  information of beam charge can be select between the BPM and 

Toroids. The orange blocks in the figure indicate the registers that are set by 

the user. Among of them, the scaling of the beam charge and the rotation of 

the correction vecto r are the two impo rtant parameters that have to be set.  

 


























































































































































