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Abstract

Japan Proton Accelerator Research CompleRARC) consists of a 400 MeNhear
accelerator (LINAC), a 3 GeV rapid cycling synchrotron (RCS) and@e30 main ring
(MR). The LINAC is a 248 m normal conducting linear accelerator, which accelerates
the negative hydrogen ions{Ho up to 400 MeV at a repetition rate of 25 Hzhnat
pulse beam width of 500 ps. From 2018, the peak beam current of theQ N&s
increased from 40 to 50 mA. According to th®ARC accelerator technical design
report, until now, the goal ofBARC project in Phase | 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 targsin phase Il 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 currehand beam pulse length at the LINAC, which will be about 60 mA and 600
us, 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 (LowLevel Radio Frequency) control system, a static
feedfoward 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 dilenges. In terms of performance, the current stability can barely
reach fom -0.5% to +1.9% in amplitude and froM.2°to +1.2°in phase, and this
value will deteriorate during the lorigrm operation. In addition, static feedforward
needs people to adjt the compensation amplitude, phase and the delay of trigger signal
manualy. For the large accelerator likePARC 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 lIterative Learning Control (ILC) method was put
forward and develoged in the JPARC 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 the static feedforward, it not only further enhances the
performance of the stmm, but also automatically completes all compensation
processes.

In order to verify the effectiveness of ILC for beam compensation, an ILC simulation
module was built iTMATLAB. The simulation results show that with the increase of
iteration times, th tracking error is monotonic convergence and the deformation caused



by the beam was well compensated. The amplitude peak to peak stability was improved
from £7.5% to #.25% . And phase peak to peak stability is fre2ito #.07°

For the sake of ndb 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 ¥Epics plugin was installed in the computer, then the
EPICS records in the 10Gnput 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 expegim was conducted in the SDTLO1 station. The
experiment results show that undérBA beam current, the inclusion of ILC controller
improved the peak to peak stability£028% in amplitude and #.15°in phase, which
satisfied the requirement ofRARC LINAC, #.5% in amplitude and #.5°in phase.
What 6s mor e, w h e rof beameis set éop25 tHz, tthe deam loaihge
compensation process can be completed automatically in several seconds. For the
JPARC LINAC, which has dozens of RF stations tha&guire feedforward
compensation, ILC greatly reduces the time consumption anklogol; thus improves
the work efficiency significantly.
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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
Compkx (JPARC) and PARC linear accelerator (LINAC) will be given. Themet
motivation of this study will be discussed. In the last section, the structure of this
dissertation will be shown.

1.1Japan Proton Accelerator Research Complex

Japan Proton Accelemat Research Complex -BIARC), which located in Tokai,
Ibaraki Prefectug, consists of a 46MeV proton linear accelerator (LINAC), a@eV
Rapid Cycling Synchrotron (RCS), a-8&V Main Ring synchrotron (MR) and three
experimental facilities that make usé the highintensity proton beams. An overall
arrangement of theBARC facilities is shown inthe Fig. 1.1.
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Figurel.1l. A layout of JPARC facilities.



In normal operation mode, over 90% protons accelerated in the RCS is directed to
Materials andLife science experimental Facility (MLF) for neutron and muon
experimentsThe 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, protonsre guided to the pion production target by using
superconducting magnetiarray. Then the neutrinos that generated in pion decay
processes are sent to the sdpmmiokande facility for Tokaio-Kamioka (T2K)
experiment by neutrino beam line (NU). In Sldxtraction (SX) mode, high energy
proton beam is sent to Hadron Experina¢riaicility (HD) to carry out various nuclear
physics experimen{d].

1.2JPARC LINAC

JPARC LINAC is a proton linear accelerator which accelerates the negative
hydrogen particle td00 MeV and operates at the repetition rate of 25Hz with a pulse
beam widh of 500 s. The configuration and main parameters of tRARC linac is
shown inthe Fig. 1.2. The linac consists of an ion source, a 3 MeV Radio Frequency
Quadruple (RFQ), a 50 &V Drift Tube Linacs (DTL), a 191 MeV Separated Drift
Tube Linacs (SDTL) aha 400 MeV Annular Coupled Structure (ACS). There are 64
cavities and 48 RF stations in total, which is mainly divided into two parts. hVB2z
| ow b accel er ad¢ 28RF fagiond, inatuding REQH vo lunclaers, one
chopper, three DTL antlé SDTL. After coming out of the ion source, the proton beam
was accelerated from 50 keV to 191 MeV. Thenin-®&az hi gh b accel er at
the energy of beam was further updgd to 400 MeV by the remaining 25 stations,
which consists of 2 bunchera] ACS acceleration cavities and 2 debuncf8rd-igure
13 & 1.4 show the schematic layout of 3R4H z |l ow b accelerator
972MHz hi gh b accel erator section, respectiv

In FJPARC LINAC, each RF station has its own RF power source. IiVB24 | ow b
accelerator section, 4 solid state amplifiers are usedet RF power to buncher 1, 2
and two chopper cavities. For RFQ, DTL and SDTL stations, their RF power source are
324MHz klystrons. At the SDTL stations, RF power from one klystron aréddd/o
cavities by using a hybrid divider. In 9RHz h i g h ratbr sextor, all tke
stations use 97RIHz klystron as its RF power source. In addition, all the stations both
in Iow and high b section are equmtoped wit
ensure the stable operation of lif8¢. As far as the LLRFystems currently in use are
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1.3 Motivation of The Study

According to tle accelerator technical design report-6fARC, the goabf phase | is
to increase the beam power of RCS to 1 MW and 0.75 MW beam power f¢4]MR
order to realize this nominal performance, the linac beam energy was increased to 400
MeV and beam currg was also increased from 30 to 50 mA. Currently, the @fim
phase | 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 thRCS beam power to 1.5 MW for achieving the goal of 1MWIEF.
Second one is to double the linac repetition rate to 50 Hz for a planned
acceleratodriven nuclear waste transmutation system (ADS). In order to realize the 1.5
MW beam power from RCS, bothé 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 s, respectively.
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Figurel.5. ADC amplitude waveform at théat top in SDTLO1 station.
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Figurel.6. ADC phasewvaveform in SDTLO1 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 forwagdas and beam loading
current, the static feed forward control is beginning to be difficult to meet compensation
requirementskigure 1.5 shows the amplitude waveform at the flat top of ADC in SDTL
01 gation, IPARC LINAC. The beam current here is 50 ni&ven at the beginning, by
adjusting the feedforward manually, we can make the peak to peak stability of ADC
amplitude almost equals tot® PO T p& P Figurel.6 shows the phase waveform of
ADC in SDTLO1 station. The peak to peak stability of phase is frOn2°to +1.27
which also does not meet the requirement. There are two feedforward compensation
mode in the PARC LINAC, macro pulse mode and chopper mode, which are shown in
theFig 1.7. In order tokeep the output power unchanged, the feedforwarditutelof
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 meidere 1.8 shows the DAC
waveform at the SDTLO1 stati. Due to the effect of feedback control, there riaise
portion at the flat top of DAC waveform. As the input of cavity, the DAC signal include



the information of chopper feedforward which can be found at the raise portion. The
amplitude ratio of theaised portion and the flat top is about 45%. The ssice DAC
amplitude may excedtiefull-scalevalue, trigger interlock protection. It is better to
decrease the amplitude ratio of the raised portion and the flat top.
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A J

Chopper mode

A J

Figurel.7. Two static feedfrward compensation modes in thREARC LINAC.
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And in the extreme case which was also observed in the SDTLO1 station shown in the
Fig. 1.9 & 1.10. During longterm operation of the accelerator, ttngger signal of
current beam loading compensatisignal was lost, where only feedback works, the
peak to peak stability of amplitude became® ¢ band phase becamep® JIn
order to solve this problem, an iterative learning control (ILC) based adaptiv
feedforward control method was put forward aedlized to replace the current normal
feedforward control method.
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Figurel.9. Extreme case of amplitude waveform in the SDTLO1 station.
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Another significant issue thatRIARC LINAC faced is that the current lelavel
radio frequency (LLRF) system has been running for more than 10 years. Even it still
wor ks wel |, the supplier didndt prodduce
they maintain. And existing systems cannot meet the needs of future upgrades due to
resource limitations. To ensure the normal operationRPARC LINAC, a new LLRF
control system was developed which core part is a MTCA based digtjzer

1.4 Structureof TheThesis

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 frequenc{LLRF) system for different large facilities.
Their schemes and performance are summarized and compared.

t

h



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.

Chapter 4 int roduce the lterative 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 shows 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.



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 »Ray Free Electron Laser (XFEL) is a 17.5 GeV eehe 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 wavelehgthass
0.05 nm and a peak brilliance of 5 x*#@hoton/s/mmymrad/0.1% bandwidt{6]. The
main components of the accelerator chain are shown irFithee 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 Kklystron and a dedicated LLRF system that is split into master and slave
subsystems.

INJECTOR  LINAC1 LINAC2 LINAC3

cryostring 1 cryostring 2 ......

Toor\ L8 Y v vecy VY Y/
RF f IIIIllllﬂllllllll-lIIIIIII-IIIIIIII UUUURUOUORUOOE ===+ Uuut
gun 3.9GHz A1 A2 A3 A4 A5 A6 A7 A25 undul.

Figure2.1. 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 thedeitions, one crate in the master and one
crate in the slave LLRF subsystems. There are six pairs of-domwrerter (uDWC}
digitizer (UADC) boads, LLRF controller (uTC), CPU, crate management module
(MCH), timing card (x2timer) for both master and sldueRF MTCA.4 crate. The
different place is that there is a vector modulator (uVM) only in the master crate. RF
signals from two cryanodules willbe sent into the LLRF system. After processing, the
master crate will provide the drive signal to the klystrohe uTC board in the master
subsystem is the core part of LLRF system which contains the main LLRF controller.
All the algorithms are implemesd in the FPGA chip located on the uTC board. The
data are transmitted over optical links or over differenitiels within the crate and are
received by the main controller using Me@igabit Transceivers (MGTS).
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Figure 2 .2. Simplified block diagram of the LLRF system
installed at one RF station in European
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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 Ise 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.
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