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Beam Monitor Development for the RF Cavity Tuning of High-Intensity
Proton Accelerator Facility

ABSTRACT
The present thesis describes a beam monitor development and tuning results using
developed beam monitors in the linac of Japan proton accelerator research complex
(JFPARC). Thisthesis consists of the following nine chapters.
Because the thesis mainly refers to the beam monitor development to meet with the
project of output energy upgrade of JJPARC linac, the outlines of the JPARC history
and the linac upgrade project are introduced in the first chapter (Chapter 1). Also the
objectives of the beam monitors developed in the project are mentioned.
After the introduction, tuning strategies are introduced to prepare the explanation of the
beam commissioning using the newly developed beam monitors. Before the
descriptions of each beam monitor, a beam monitor layout which is strongly contributed
to the tuning strategies is introduced and the design specification are summarized in the
chapter (Chapter 2).
From chapter 3 to 7, a basic idea of the design and a fabrication of the beam monitors
are introduced. Chapter 3 is for a beam current and phase monitor, chapter 4 is for a
beam position monitor, chapter 5 is for a transverse profile monitor, chapter 6 is for a
longitudinal beam profile monitor and chapter 7 isfor a beam loss monitor. A theoretical
calculation and an analysis are conducted for the beam monitor design of the beam
monitors to be installed in the energy upgraded beam line and some of the results are
shown. For the upgrade project, we chose annular-coupling structure linac (ACS)
cavities. The most important tuning after the project is the longitudinal beam profile
matching at the injection point of the new ACS cavities because the acceleration
frequency of ACS is thrice of the SDTL. Both the transverse and longitudinal beam
profile monitors are developed and improved. The new tuning strategy using these
profile monitors is also introduced in these chapters. These chapters refer to the
characteristic data obtained from on- and off-line tests. In the last of these chapters, the
configurations of the beam monitoring system of the linac are introduced.
Newly developed beam monitors are commissioned to check the proper functioning of
monitors and used for the beam dynamics studies. Finally a beam commissioning using
the newly devel oped beam monitors and an interlock systemsis discussed (Chapter 8).
The last chapter (Chapter 9) summarizes the beam monitor development for the energy
upgrade and shows the results of their beam dynamics studies together with the
conclusion of the thesis.
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Chapter 1

| ntroduction

1.1 Outline of the J-PARC Linac Project

The Japan Proton Accelerator Research Complex RIEPAfacility has been
constructed as a joint project of the Japan Atdamergy Agency (JAEA) and the High
Energy Accelerator Research Organization (KEK). Tdmlity comprises a 600-MeV
linac, a 3-GeV rapid-cycling synchrotron (RCS), an8l0-GeV synchrotron (Main Ring,
MR). In the project plans of J-PARC, half of theO4WeV beams from the linac are
injected to the RCS, while the other half are ferthccelerated up to 600 MeV by a
superconducting linac (SC). The RCS provides a bpawer of 1 MW to the pulsed
spallation neutron experimental facility of the eradl and life science facility (MLF)
with a repetition rate of 25 Hz, while the 50-Ge\RNdrovides a beam current of iB
with a period of 3 s to either the fundamental andlear physics experimental facility
of the hadron facility (HD) or the neutrino fagflifNU) as shown in Fig. 1-1 [1].

Table 1-1 summarizes the history of the beam cosiongg in J-PARC. The J-PARC
construction started in 2001, and the beam comanssy of the linac started from
2006 and achieved the 181 MeV in 2007, which rasmlta beam power of about 20
kW at the exit of linac. The corresponding beam @oat the exit of RCS reaches about

(HD)

T S . Hadron Facility
Materials and Life Science -
Facility (MLF)

ST -

Neutrino Faciliy .
(NU)

3-GeV Rapid-cycling 50-GeV
Synchrotron (RCS) Synchrotron (MR)

: Overview of Japan proton accelerator research complex
(J-PARC) facility [1].




two hundred kW [2].

The beam commissioning of the RCS started in Oct@®®7, and the design energy of
3 GeV was achieved within that month. In Decemb@d8 the user experimental
operation of the MLF started, and the beam enef@0 eV at MR was achieved. The
first proton beam reached the hadron experimengdility and the neutrino
experimental facility in 2009, proton beams havached all experimental facilities.
The user experimental operation continued with gkeeption of a 10-month interval
due to the gigantic earthquake occurred in Marctil2The gigantic earthquake forced
the J-PARC a beam shutdown for restoration effdrtee beam operation of the linac
resumed in December 2011 and that for users inadgra@12 with beam power of 7.2
kKW. The beam power was extended to 13.3 kW in M&@h2, which is almost the
same beam power as just before the earthquaké [3, 4

Table 1-1. History of J-PARC accelerator commissioning.

Year Month Event

2001 Apr.  J-PARC construction started.
2006 Nov. Linac beam commissioning started.
2007 Jan. Linac beam energy of 181 MeV was achieved.
Oct RCS beam commissioning started.
RCS beam energy of 3 GeV was achieved.
S . User operation of the MLF started.
MR beam energy of 30 GeV was achieved.
2009 Jan.  First proton beam was transported to HD.
Mar.  Energy upgrade of the linac to 400 MeV started.
Apr.  First proton beams reached the neutrino target.
2011 Mar.  Tohoku earthquake occurred. Gigantic damage occurred.
Dec. Beam operation resumed from the earthquake.
2013 May. Radiation accident in HD. Operation of all facilities suspended.
Sept. Installation of energy upgrade equipment completed.
. Operation of all facilities resumed excepting HD.
Commissioning of 400 MeV started.
2014 Jan.  400-MeV beam energy establishment in linac.
Sept. Front-end equipment replacement completed in linac.
Oct.  Linac commissioning start including 40 — 50 mA trial.

2015 Apr.  HD user operation resumed.




In parallel with the 181-MeV user experimental @tem, a 400-MeV energy-upgrade
project began in 2009 to achieve the designed R&ipower of 1 MW. New annular

coupling structure linac (ACS) cavities were depeld for the energy-upgrade project
of a peak beam current up to 50 mA with a replacgroéthe ion source (IS) and the
radio frequency quadrupole linac (RFQ). After coetioin of the ACS fabrication and

installation, the beam commissioning for the 400vMigeam energy establishment
started in December 2013. Based on an achievenighte @l00-MeV beam energy in

January 2014, 400-MeV beam pulses were injectehtbaccelerated in the RCS. In
September 2014, a replacement of the IS and the \R&® completed to ramp up the
peak beam current, and the commissioning of thénenigpeak beam current was
conducted. At present, the J-PARC linac is opegatith a beam energy of 400 MeV,

peak beam current of 30 mA, and a repetition rdt@50Hz and the beam is fully

injected to RCS.

1.2 J-PARC Linac Upgrade Project

The linac originally comprised a 50-keV negativediogen IS, a 3-MeV RFQ, a
50-MeV drift tube linac (DTL), and a 181-MeV sepadtype DTL (SDTL). There
were two SDTL-type debunchers allocated downstrednthe SDTL section and a
linac-to-3-GeV RCS beam transport line (L3BT), Bewen in Fig. 1-2. The downstream
of future ACS is a beam transport line from linac3tGeV Synchrotron (L3BT). The
L3BT consists of a straight section, a first arctism, a transverse halo scraper section,
a second arc section and an injection section.

Space charge effects in the RCS injection are giediito be ramped up with the
upgrade of peak beam current, and it should lim& beam power. That means the
injection energy must be increased to suppressphee-charge effects at the injection
point [5]. In this regard, the energy upgrade seesial for increasing the output beam
power. To realize 1 MW beam power at RCS, we daideupgrade the energy and to
ramp up the peak beam current of the linac.

In the energy-upgrade project, two original deb@ndtavities were moved to the end of
the SDTL section as the 16th acceleration modul&DTL cavities to increase the
accelerated beam energy of 191-MeV (Fig. 1-3). M&5-type bunchers were installed
for longitudinal matching between the SDTL and tA€S cavities because the
operating frequency is 972 MHz for the ACS whicla ree-fold frequency jump from
that of SDTL. In the new ACS section, 21 ACS acedlen modules were installed.
The ACS downstream is the beam transport line (D3BWo ACS-type debuncher



cavities were placed in the L3BT. The first debiercfDB1) was located in the straight
section for the correction of the momentum centjiidr. The second one (DB2) was
placed at the downstream of first arc section &ant ifor the optimization of the

momentum spread at the RCS injection. There are beam dumps for independent

linac beam commissioning. A straight beam dump plased at the most upstream.

RCS injection
line

IS: lon Source

RFQ: Radio Frequency Quadrupole Linac

DTL: Drift Tube Linac

SDTL: Separate-type DTL

ACS: Annular-ring Coupled Structure Linac

L3BT. Beam Transport from Linac to 3-GeV Synchrotron

Transverse
Halo Scrapers

50 keV L3BT
3 MeV50 MeV 181 MeV Beam Transport
l[ \l, __ will become ACS section
pTLH SDTL ] 1
N K T
IS RFQ Debuncher 1 Debuncher 2 Straight
(SDTL Type) (SDTL Type) beam dump

Figure 1-2: The original beam line of J-PARC linac.
RCS injection
line

IS: lon Source

RFQ: Radio Frequency Quadrupole Linac

DTL: Drift Tube Linac

SDTL: Separate-type DTL

ACS: Annular-ring Coupled Structure Linac

L3BT: Beam Transport from Linac to 3-GeV Synchrotron

30°
Beam
dump

Transverse
Halo Scrapers

New Debuncher 2
(ACS Type)

50 keV
3 MeVS(QMeV 191 MeV
prtH  sort []JIH  Acs }—%
PR )
IS RFQ New buncher New Debuncher 1 Straight

(ACS Type) (ACS Type) beam dump
Figure 1-3: Beam line after energy-upgraded linac.
Differences from the original beam line are shown in gray.



For the ramp up of peak beam current, we replaeedS and the RFQ to deliver a peak
beam current of 50 mA. The user experimental ojeras still at 30 mA level, but
40-mA and 50-mA operations were conducted to detratesan operational parameters
and for the performance evaluation [6].

The time structure of the beam pulse in the linadenfor RCS injection is shown in
Fig. 1-4 which is composed of a 324-MHz micro-bunalb60-ns intermediate bunch
length, and a 0.5-ms macro-pulse length with 25rklzetitions. The longest pulse
duration we have to observe occurs during the Gaacro pulse.

< 20ms/50 Hz -

0.5ms

- — | - 05 ms ———»
(macro pulse)

440 ns 560 ns (intermediate bunch)

Figure 1-4: Required time structure of the linac beam pulse; pulse
length of 0.5 ms, designed repetition rate of 50 Hz (at present 25 Hz),
and chopping ratio of 56%.

Table 1-2 shows the main parameters in the presagé (after) and before the upgrade.
The J-PARC linac had been operating with an owtpetgy of 181 MeV and a designed
peak current of 30 mA. After the beam is choppesvben the RFQ and the DTL, the
average linac beam power should be more than 18k\8ustaining 300-kW operation
of the RCS.

1.3 Beam Monitorsfor RF Accelerator Tuning

We are planning to provide a high power beam frbenlinac which comprises 50-mA
peak current and 400-MeV energy to achieve 1-MWhrbpawer at the RCS. The main
purpose of the tuning is to achieve a stable beanditon with small emittance and
low loss. For this purpose, the acceleration catitg acceleration frequency, and the
aperture size of the transport line were carefdigigned. In addition, the transverse
and the longitudinal focusing forces were optimizedmake a balance between the
beam size and the transport line. That is necessayppress the beam loss as small as
possible in the beam commissioning.



Table 1-2. Design beam parameters before and after energy upgrade.

Before Energy Upgrade After Energy Upgrade
Beam Particle Negative Hydrogen Negative Hydrogen
Peak Beam Current 5-15 mA 5-50 mA
Output Energy 181 MeV 400 MeV
Typical Bunch Length 5-6° (rms) 2-3° (rms)
Typical Transverse Width 1-2 mm (rms) 1-2 mm (rms)
Macro Pulse Width 0.5ms 0.5ms
posslrston K e, 0L S0 e RO B SPTL gze i
Bunch Repetition 324 MHz 324 MHz
Frequency
Operational Repetition 25 Hyz 25 Hyz
Rate
Chopper Beam-on Ratio 56 % 56 %
Beam Powe_r at the Exit of 18 KW 133 kKW
Linac

The peak beam current, the beam energy, the erfergpomentum) spread, and the
transverse emittance are key parameters to irfjechigh power beam to the RCS, and
these should be adjusted to the RCS requiremenbe#fim halo occurs due to
mismatching, it may lead to a significant beam .I0B3 obtain the proper injection
parameters to RCS, we have developed the follow®gm monitors: beam position
monitor (BPM), beam current monitor (slow currergansformer, SCT), beam phase
monitor (fast current transformer, FCT), transveggefile monitor (wire scanner
monitor, WSM), and beam loss monitor (BLM). All hfe beam monitors have played
important roles in the RF accelerator tuning. Alse BPM, the SCT, the FCT, and the
BLM have been used for the continual user operation

Even though proper parameters were obtained, tweséd not be extended to beam
operations with higher peak current and energythiese cases, mismatching and
transverse-longitudinal coupling may degrade thabpower of world top level.

1.4 Objectives of the Study

Although the final goal of J-PARC is to achieveeaim power of 1 MW at the exit of

RCS, the establishment of 400-MeV operation in lthac and tentative high power

demonstrations are important milestones for thé&-pigwer beam operation. Based on
the original tuning strategies, we discussed newngustrategies to meet with the beam
energy upgrade and the peak beam current rammuygarticular in the energy upgrade,



the acceleration frequency jumps to 972 MHz whishthrice that of the SDTL
frequency. We focused the beam dynamics at theidémsxy jump phase that may lead to
increase of longitudinal mismatch [7], and we dedido develop new tuning methods
to match the longitudinal beam-width. We also faewmin the transvers-matching
device to keep the equi-partitioning beam transpl@sign which avoids an excess
emittance growth due to mismatching of the trarsvetbeam width or a
transverse-longitudinal emittance exchange. Takabg consideration of the matching
of both transverse and longitudinal beam profites, objectives of this study were set
as follows;

1. to modify the transverse beam profile monitor fo& high beam current,

2. to develop the longitudinal beam profile monitor flee frequency jump, and

3. to establish the tuning strategies using the d@eel@rofile monitors.
For the transverse beam profile monitor, we neecbtesider not only durability to the
high beam current, but the sensitivity of“1@ynamic range which concerns the beam
halo measurements.
The studies presented in this thesis are motivade@rds the development of beam
monitors for the upgraded J-PARC linac and also Hgh-power ion accelerators.
Therefore the commissioning for the up-graded (M&0/) beam energy is included in
the objectives of this study. The evaluation of #pecification of monitors is also
included in the objectives of this study whetharah be accommodated to the upgraded
linac.

1.5 Contents of the Thesis

Outlines of the J-PARC history and the linac upgratbject were introduced briefly in
the first chapter (Chapter 1), because the thesimlynrefers to the beam monitor
research and development to meet with the projécl-BARC linac upgrade. The
objectives and the content of the thesis were destin this chapter.

Specification of the beam monitors are stronglyesgling on the accelerator tuning
strategies and the installed location. In chapteth2 author introduces the tuning
strategies for the achievement of high intensitgrbeoperation. Based on them, the
layout for the beam energy and beam transmissioasarement is discussed. The
layout is including a longitudinal and transversefile monitor for profile matching
using RF accelerator cavities and quadrupole maghatally, the requirement for the
beam monitor design and installation are summarized

In chapters 3 to 7, basic ideas of the design hadabrication processes of the beam



monitors are shown. Chapter 3 is for a beam positionitor, chapter 4 is for a beam
current and phase monitor, chapter 5 is for a Wenise profile monitor, chapter 6 is for
a longitudinal beam profile monitor which is theyka&evice for the longitudinal beam
matching, and chapter 7 is for a beam loss monifbeoretical calculations and
analyses conducted for the design of the beam orsnd@re shown in these chapters.
The design works enable to develop highly sensmeaitors that realize to measure its
halo together with the beam profile. It also pr@adus important information on the
existence of neutral hydrogens which lead to Idsthe beam particles. The author
explains such a new measurement scheme in chapteréich a longitudinal beam
profile monitor and its operation are shown. Théhau discussed the measurement
errors of the longitudinal profile measurement #mel beam operation design by beam
study using the device. In these chapters, theoaailso refers to the characteristic data
obtained from on- and off-line tests. The tunin@t&tgy using the monitor is presented
which leads to establish the energy upgraded bepematon and a proper beam
injection scheme to the RCS. In the last of thdspters, configurations of the beam
monitoring system of the linac are shown.

In chapter 8, the commissioning procedure of theelecator using newly developed
beam monitors is explained and the discussion enb#tam dynamics in the linac is
shown. In the last chapter, researches and develaisnof beam monitors and their
commissioning processes for high-power ion acctdesaare summarized based on the
results of this study.
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2. Method of RF Cavity Tuning of J-PARC Linac

Chapter 2
Method of RF Cavity Tuning of J-PARC Linac

Beam monitors are essential instrumentations fainguof the accelerator, maintaining
the beam quality, mitigating the beam loss, andcatthg the operational status. At the
first stage of the linac beam commissioning usingnA beam current to establish
181-MeV beam energy, commissioning strategies weoposed for the RF cavity
tuning, the beam loss mitigation, and the injectmontrol to RCS. Based on the
commissioning strategies, the numbers of beam meniand their layout were
determined considering the redundancy in the caidoeam line. The numbers of beam
monitors used in the original beam line are listedable 2-1 [1].

Some of the commissioning strategies can be folibfee the upgraded linac, however
effects of wake field generated by the beam sphaege and thrice frequency up-shift
of the ACS cavities are the issues to be discugkegl. In this chapter, we introduced
commissioning strategies which had been employedhe original beam line. We
discuss change points of the commissioning strasegind propose a monitor layout for
the upgraded beam line. Finally, we summarize dugiirements for the beam monitor
design and new tuning method.

2.1 Beam Commissioning Strategies
2.1.1 Beam Energy Measurement
Beam energy is an essential parameter for the Rifycsettings and injection controls.
We measured the energy by the time of flight (T@fthod using a pair of the beam
phase monitors. A schematic of the beam energy uneaent by the TOF is described
in Fig. 2-1. For the TOF measurements, a pair effést current transformers (FCTs)
was placed at a drift section, namely at the plasteveen the RF cavities. The length
between the FCTs is defined by iB& period, wheres is relative velocity and is the
wave length of RF field. We placed them with shdistance of 2.531 usually and also
with long distance of 231 as reference.
Beam energy is described using the following foamul

K =myc?-(y —1). (2-1)
Whereyis the Lorentz factor defined by,

-10 -



2. Method of RF Cavity Tuning of J-PARC Linac

y=—1i_ﬁ2, B =ﬁ . (2-2)

Table 2-1. Numbers of beam monitors for the original beam line and
the energy-upgraded beam line.

Numbers for Original Numbers After
Beam Line Energy Upgrade

Section of Linac Beam Monitor

BPM 0 0
FCT 3 3
DTL SCT 3 3
WSM 0 0
BLM 10 10

BPM 4 6
FCT 1 8
MEBT2' SCT 3 2
WSM 1 0
BLM 5 5

BPM 40 40

FCT 4 7

L3BT SCT 7 7
WSM 20 20
BLM 33 33

* MEBT2 is the beam transport and matching section between SDTL and ACS.
BPM: Beam Position Monitor
FCT: Fast Current Transformer, Beam Phase Monitor
SCT: Slow Current Transformer, Beam Current Monitor
WSM: Wire Scanner Monitor, Transverse Beam Profile Monitor
BLM: Beam Loss Monitor

-11 -



2. Method of RF Cavity Tuning of J-PARC Linac

Here, 4t is the flight time and. is the flight length. Theryt can be correlated to the
phase shift at operational frequency of 324 MHndews,

At = A8/360 x 324 x 10, and (2-3)

A0 = Opcri — Opcrz £ 1 X 360. (2-4)
These equations allow to estimate the phase detewy the TOF signals of FCTs

(FCT1 and FCT2). The length was measured using a laser measurement system
with accuracy of =0.1 mm.

CRF. Beam
avity
<€ > €
Phase Delay Difference of Phase Delay Klystron
Short TOF pair apart by 2.5 i
(N) H (N) (N+1) o (N+1) (N+2) il (N+2) 5
A | B A 'l B A B

Long TOF pair apart by 21 37
Figure 2-1: Schematic of the beam energy measurement by TOF method.

2.1.2 RF Cavity Tuning
In the tuning of amplitude and phase of the RF lacaBon cavity, a phase-scan
method has been adopted using above energy measwrefmere is a variety of
phase-scan methods with different monitor setupk difierent approaches. In the
tuning of J-PARC RF cavities, the following thrednemes were considered [4, 5];
Scheme |: RF amplitude and phase are scanned tatffes the cavity under
tuning. The output beam phase is measured withGan ©nly the relative
variation of output beam phase is used to findRRehase and amplitude.
Scheme II: RF amplitude and phase are scannedmé@#suring the beam energy
after the cavity undetuning. The output beam energy is measured with
two FCTs based on the TOF method. While the beasmggns measured,

-12 -



2. Method of RF Cavity Tuning of J-PARC Linac

only the relative variation of the beam energy sedito find the RF
amplitude and phase.
Scheme llI: The setting is essentially the samé 8itheme I, but the knowledge

of the absolute output energy is used to find tReaRiplitude and phase.
After the consideration, the proper amplitude ahe phase of each accelerating
cavity were set by using a phase scan method [&3éd on the TOF measurement
(scheme II) with a pair of FCTs.
An example of the results is shown in Fig. 2-2 Wkhindicates the phase scan curves
for the SDTL16. When the RF phase of the SDTL16 s@sned, the input energy
from the exit of SDTL15 was 181.1 MeV with energnge from 170.8 to 191.4
MeV. The top half of the scan result means an acagbn phase up to about 10 MeV
and the bottom half shows a de-acceleration phas®litude of the waveform
corresponds to the input voltage of the RF cavitye agreements between the
measured energy and the simulation were very wasllshown in Fig. 2-2, which
indicates that the tuning error is within 1.0 %aimplitude and~6.C° in phase. As
shown in Fig. 2-1, two SDTL and ACS cavities areln by one klystron, the phase
scans were performed one by one.

1918
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2. Method of RF Cavity Tuning of J-PARC Linac

2.1.3 Beam Transmission

The beam transmission is continuously observedutiirathe commissioning and
user operations using slow current formers (SC¥&nals are plotted with the
location as shown in Fig. 2-3. The trend showspacgt beam transmission in the
beam line. When a large transmission drop is olesenv the beam line, we tune the
settings of RF buncher, steering, and quadrupolgneta to suppress the beam loss.
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N
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Cé | i l_'_ L Y J L Y JL [Lrl
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m
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[15]
o

o

0

Positions of the beam current measurement along with the beam line
Figure 2-3: Aligned beam current measurement results in beam
line taken at 25-mA operation. Vertical line means peak beam
current and horizontal one shows the location.

2.1.4 Beam Orbit Tuning
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Figure 2-4. Results of beam position measurement with beam line

taken at 15-mA operation before the energy upgrade. Vertical line
means offset beam position from aligned center axis.
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2. Method of RF Cavity Tuning of J-PARC Linac

Figure 2-4 shows typical results of beam positiasurement using beam position
monitors (BPMs). As shown, the beam orbit was tungtiin 2.0 mm error with
small oscillation around the center of the beamtsl@nd cavities, excepting an
injection points. We used the steering magnetsaiwect the beam orbit to the
aligned center axis (0.0 mm).

2.1.5 Transverse Profile Tuning

The beam size mismatch is defined\8&,{x— Whin) / Wnax + Whin), WhereWqaxand
Whin are the RMS beam widths of the most and the Ibesad profile at four
measuring positions. In order to suppress emittagrovth, the tolerance for the
RMS beam size mismatch should be set to be leaslihdo which was set as a goal
for transverse tuning. To achieve this goal, weppsed a scheme for transverse
matching [8] in which three or more WSMs are plagediodically. Quadrupole
magnets were located in front of the WSMs and tupndthve the same beam widths
at the wire scanner locations. Although three vgicanners are sufficient for this
scheme in principle, additional wire scanners wprepared to improve tuning
accuracy and for redundancy. Four WSMs were irestalh series in the vicinity of
the matching point where an adequate set of quatbupagnets are adjusted. The
adequate set of parameters was found through dndl error by adjusting the
strengths of the four quadrupole magnets.

3.5 : Vertical (x), simulation r3.5
: Vertical (x), measured
: Horizontal (y), simulation

Blue dots: Horizontal (y), measured
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Figure 2-5: Transverse tuning method in SDTL section. Pink and blue lines
are the simulated beam envelope evolution.
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2. Method of RF Cavity Tuning of J-PARC Linac

Adopting the transverse matching scheme is prefelbrecause the scheme only
needs accuracy relative to the beam width. To atthapscheme, the lattice should be
periodic, and the longitudinal profile around theataiing section should be
reasonably uniform. We assessed the optimal inttalditions using Trace3D and
have succeeded in restricting the number of turgngdrupoles to four at all

matching points.

Figure 2-5 shows an example of the transverse nmgtclprocedure at the

Separated-type Drift Tube Linac (SDTL) section e flinac. Pink and blue lines
indicate the evolution of the simulated beam emyeldn the matching sections, we
aligned the RMS beam sizes (green and blue dotkichware determined

periodically by WSMs located in the matching settio

2.1.6 Beam Loss Mitigation

There are a lot of knobs to mitigate the excessnbleas, because the cause of the
beam loss is in a variety aspect of beam propeMesalignment of the beam orbit is
one of the important causes. This is not only cdusg the setting error of the
steering magnet, but induced also by the misaligrniroé the beam transport line.
Instability at the RF cavity is another reason loé tbeam loss. If an electronic
discharge or a multipactoring occurs frequentlyaim RF cavity, the RF field
becomes unstable. To avoid this situation, parameté RF settings, i.e., the
amplitude of the RF field should be changed. Howetlds may cause emittance
growth because modifying the amplitude of RF cavibcally changes the
longitudinal focusing force which may induce anaéir beam behavior in the whole
of cavities.
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Figure 2-6: Typical beam loss trends along the beam line. Red trend shows
the beam loss signals obtained at beam operation to straight beam dump.
Green trend is the signals at beam operation to RCS injection.

-16 -



2. Method of RF Cavity Tuning of J-PARC Linac

A localized misalignment of high power density bebrads to destroy or heavily
activate the accelerator equipment. This fact makesbeam loss monitor (BLM)
system to be one of the essential diagnostic foolseam tuning. It should suppress
the radiation outside the accelerator shieldingthedosses to a level which ensures
hands-on-maintenance of the accelerator comportkemtsg shutdown. Beam loss
signals taken at 15-mA operation aligned in thenbéae is shown in Fig. 2-6. For
the beam loss mitigation, total beam loss signataeefully observed when we
change the parameters.

2.1.7 Commissioning Strategies for Upgraded Beame Li

The aim of the beam commissioning after energy aghgis to seek an appropriate
operational parameters of 400-MeV and higher pea&nb current. We have to
suppress excess beam losses induced from insuoffieperation-parameter tuning of
which effect is not clearly seen in the originall#8eV operation. We plan to
perform the tuning of ACS cavities with our origimaethod, because we can make
commissioning under 5-mA peak beam current withoahsidering the effect
combined by the higher peak current.

After establishing 400-MeV acceleration, additiohatings are needed to suppress
the beam loss and improve the beam quality. lushe$ orbit correction, transverse
and longitudinal matching, and so on.

As a three-fold frequency jump is planned at a @laetween SDTL and ACS,
seeking a proper matching condition at the placgusial to suppress excess beam
loss. We have two bunchers for the longitudinal amiaig and six quadrupole
doublets, four of which are used for the transvens¢ching. A way to conduct the
matching is to treat the transverse and the lodgial matching separately and to
iterate the tunings of them until these matchingaverge. We expect that the
scheme could be advantageous for beams with megasé charge effects as we can
employ the same transverse matching scheme fdbehms in 181-MeV operation
[8].

We plan to adopt similar scheme for the longitubidizgection using three bunch
shape monitors (BSMs) installed periodically at émrance of ACS section. The
amplitudes of two bunchers are adjusted so thaimbasured RMS beam widths
with the BSM array become the same. A new way &lad to tune the longitudinal
RMS beam size for redundancy which will be discdgeechapter 6.
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2. Method of RF Cavity Tuning of J-PARC Linac

2.2 Beam Monitor Layout in the Linac Beam Line

The beam monitor layout from the front-end to thd ef SDTL15 was the same with
the original. Beam monitors were remained in thanbdine. Based on the tuning
scheme, we arranged the beam monitors from SDTLA6 ACS06 for the
energy-upgraded linac as shown in Fig. 2-7.

|I SDTL16 | MEBT2 |

Buncher1 Buncher2 B%M

o D,“j q“u L

. ACSO1 , ACS02 , ACS03 , ACS04 , ACS05 , ACSO06 |

| I I | I | 1
WSM BSM WSM BSM WSM WSM

'*'*""’!*F 'lv' " "
Figure 2-7: Beam monitor layout around SDTL16, matching section

between SDTL and ACS (MEBTZ2), and the upstream part of the ACS
section after the energy upgrade.

*gray square: cavity, white square: BPM,
red square: FCT, green square: SCT,
blue circle: BLM, arrow: position of the WSM and the BSM

The detailed layout of beam monitors in each ACSlul® is shown in Fig. 2-8. One

module consists of two accelerating unit cavitied a bridge coupler. There is a drift
space for placing the quadrupole doublets at tidgércoupler and another drift space
between the modules, where most of the beam menitere installed. A pair of FCTs

was located at the exit of the second cavity anthatentrance of the next cavity to
measure the beam energy at the drift space by T&Raud. The drift space is narrow
compared with the downstream of SDTL, because tbguéncy jump leads to the

shorter drift distance. A farthest combination &Ts for energy measurement is a
reference of the shorter combination in the SDTttisea, but shorter one is more

accurate because it can avoid the effect of bremkds the bunch structure during the
long drift. We decided to use only shorter comborattherefore a number of FCTs
were saved. An SCT and an FCT were placed in tlevacuum chamber package,
where the SCT was located behind the FCT to medlarkeeam current. By comparing
the beam currents taken by the upstream and thensimam SCTs, the beam
transmission through the acceleration module wassored.
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| One unit module of ACS cavity ,
! I
BSM

WSM
(ACS01-ACS04) (MEBT2-ACS02)
FCT BPM M FCT

Beam direction
—

Bridge Coupler
- Doublets of
[l quadrupole magnet

Doublets of
* quadrupole

8

B

g thlisy
Figure 2-8: Detail layout of beam monitors in each ACS module.

The BPMs were mounted directly on the yoke of thadjupole magnet to get a higher
position accuracy with respect to the quadrupolgmaa A BPM installed on the bridge
coupler is used as a backup. The location of th& Bieeds to be optimized through
verification and sensitivity check because the Bldensitive to the X-rays released
from the RF cavities (as shown in Fig. 2-6) andrided beam loss signal is difficult to

discern amidst a high X-ray background.

Torcs |1

DB2

— ACs21 DB1 L‘ —
4 Straight
beam dump

Figure 2-9: FCT layout for downstream of last ACS cavity (ACS21).
DB1 and DB2 are the first and the second debuncher, respectively.
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We adopted above policy to all of the ACS modulé whe addition of a WSM or a
BSM for some of the upstream modules. We instdtbed WSMs between the doublets
of the quadrupole magnet on the bridge coupleheffirst four ACS modules. Further,
we placed a space between the downstream doulflétsee anodule (which usually
serves as the place for the installation of a gatee), and three BSMs located from
MEBT2 to the ACSO02. In the energy-upgrade projadptal of 49 BPMs, 52 FCTs, 24
SCTs, 4 WSMs, 24 BLMs, and 3 BSMs were either lfesdaor replaced (Table 2-1).
Most of the monitors we used are originally ingdlin the L3BT. Additional pairs of
FCTs for beam energy measurements, as well asefaurther tuning downstream of
each debuncher were installed (Fig. 2-9). Two debars downstream of the ACS were
used to tune the beam quality for RCS injections Tieam transport line contains a pair
of FCTs which determine the set-point for debunsteand 2.

2.3 Beam Monitor Requirement

The main objective of the study is to develop tearbh monitors for the achievement of
400-MeV operation. Based on the commissioning efjias, beam monitor
requirements were summarized as follows.

Radius of the cavity bore and the beam duct shbeldeveral times larger than the
RMS beam size to prevent the beam from exces$9049)]. Ability of the high voltage
power supplier prevents the beam from the bore esxtension. In order to restrict the
beam orbit within 2.0 mm, the accuracy of BPM iguieed to be less than 0.2 mm.

We need monitors with wide dynamic range to accdontthe complicated pulse
structure of beams in the J-PARC linac. To meehthe fastest time structure of 324
MHz, we developed FCTs of which time constant ssléhan 1.0 ns. Also to measure
the small beam current, sensitive SCTs were deedlops the SCTs were adopted to
measure the intermediate current pulse, time consteould be less than O.us. After
the ACS section, beam bunch is accelerated by && Wwith 972 MHz, but the beam
bunch is supplied 324 MHz from the upstream. Thasplshift was compared with 324
MHz phase comparator, and the phase accuracy wimsatsl to be less than 6.5
which is corresponding to momentum shifp} less than 0.5% at 972 MHz. This means
the upstream system can inject the 400-MeV bearn &nergy spread of=0.2 MeV.
The range and the accuracy of the beam currenttarerwere estimated to be from 0.1
mA to several tens mA and-5.0%.

For the transverse matching, we need the informatio the RMS beam size. The
dynamic range of WSM should be larger thaii*¥6r the RMS beam size adjustment.

-20 -



2. Method of RF Cavity Tuning of J-PARC Linac

Along with the peak beam current ramp up, we havsuppress the emittance growth
with monitoring a small beam fluctuation. We desidnthe WSM with stepping
resolution less than 0.1 mm, because the RMS beanissestimated to be 2-3 mm. The
target of the dynamic range of the WSM was seetd®* which enables measurement
of beam halo with beam current aroun@A level. It would also bring more accurate
RF tuning of chopper cavity which is located in thent-end.
To take longitudinal matching, we newly developedragitudinal pulse width monitor
(BSM). The BSM need to have a dynamic range 6f tthobtain RMS beam phase size
with 1.0 resolution because the estimated beam phasess&€ in the ACS section.
For the BSM, the resolution of transverse stepprag designed to be less than 0.1 mm.
Beam loss detection is essential to evaluate tti@tran through operation. The signal
response should be less thamug, because the monitor is used to stop the beam
operation when the beam loss was detected. An Xsemgitive ion chamber was
adopted for the loss monitor because of high respand ease of maintenance.
To account for the significant beam-parameter upgsa the newly-designed beam
monitors were installed in the upgraded beam loretie beam commissioning as well
as for longitudinal matching. After the installatioof the newly-fabricated beam
monitors, the commissioning plans to support thenbenonitor check were proposed
[11].
This study is aiming to discuss new beam monit@igies and their performances, in
addition, to provide strategies for extending thiege of measurement for the next stage
accelerator facilities. The author also proposemaavative use of the monitors for the
beam dynamics studies in high power acceleratarhich the space charge affects the
beam behavior. We summarized the required spetdicéor the beam monitors to be
used in the upgraded beam line in Table 2-2.

Table 2-2. Design requirements of beam monitors.

Monitor Tuning Device Requirement
Beam Position Steering and e
Monitor (BPM) Quadrupolg Magnet e el A2 L
Beam Current Steering Magnet, Response Time: T < several tens ns
Monitor (SCT) etc. Droop rate: Tgroop < 1.0%/us
Beam Phase Cavity Amplitude Phase: ¢ < 6.5° (Ap < 0.05% of 400 MeV)
Monitor (FCT) and Phase Response Time: 1< 1.0 ns

Transverse Profile  Quadrupole Magnet Transverse Scan Accuracy: AL < 0.1 mm
Monitor (WSM) RF Chopper Phase  Dynamic Range: > 10**

o : L 5
Longitudinal Profile Cavity Amplitude Phase Resolution: ¢ < 1.0

Monitor (BSM) Transverse Scan Accuracy: AL < £0.1 mm
Beam Loss Monitor Steering and Response Time: T < 0.1 us
(BLM) Quadrupole Magnet b ) M
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2.4 Summary

In this chapter, we introduced a tuning strategythie upgraded operational parameters
in J-PARC. Methods for energy measurements, RRycawnings, beam transmissions,
orbit tuning, and beam monitoring for the transeemofile matching, have been
proposed and developed for the next stage upgmadkPARC. The beam monitor
layout was proposed based on the tuning strateteseover, we referred that the
layout of J-PARC linac with the tuning strategy wasque and it can provide practical
guidepost for planned high power accelerator fizedi[12].

The author emphasized that development of the tygiamic range WSM can be used
for beam halo measurement. Also the author refettet the development of
longitudinal pulse width monitor can be useful &ke longitudinal matching at the
frequency jump section at J-PARC. Finally, the beawnitor requirements for the
development of the high power accelerators werarsanized.
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3. Beam Position Monitor

Chapter 3

Beam Position Monitor (BPM)

In designing the beam position monitor (BPM), theemational principle is best
described by the transfer impedance, which is bHgia frequency dependent quantity
transferring of the beam current to a voltage dighar the purpose of the BPM design
to meet with the upgraded parameters of linac, aagted a stripline for the pick-up of
the small beam signal and a logarithmic amplifar the signal processing electronics
with wide dynamic range. The required position aacy is 0.2 mm for beam orbit
correction and the time resolution is 20 ns to oles¢he intermediate pulse, as well as
the macro beam pulse.
Sensor head of the stripline BPM was fabricatethlkyfollowing steps.

1. Design of outer shape and aperture size

2. Design of the stripline length and width

3. Measurement of the characteristic impedance

4. Evaluation of the linearity and the dynamic mngcluding the logarithm

amplifier
After the fabrication, installation accuracy wasiraated using a test stand. We finally
discussed the position accuracy of the beam measmtancluding installation errors.

3.1 Signal Treatment for Stripline BPMs

An alternating current signal is induced on theciet®le and coupled with radio
frequency (RF) because the electric field of a bexdcbeam is time dependent. Four
pick-up electrodes are installed crosswise at #arbpipe and the difference of signals
from counter-facing electrodes yield the beam’steeaf-mass position. They are
coupled to the electro-magnetic field generatedthry charged particle beam. For
relativistic beam velocities the transverse fielmponents in the laboratory frame
increase compared to the values within beam’sfraste. The Lorentz transformation
from the beam's rest frame to the laboratory frémnéhe field component transverse to
the direction of motion is given by the Lorentzttacy = 1/,/1 — 2 and even for
moderate beam velocities the resulting field canapgroximated by a so-called
transverse electric and magnetic field distribution
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3. Beam Position Monitor

3.1.1 General Formalism

The theoretical estimation of the sensitivity afdine pick-up was established by R.
E. Shafer [1]. He found the sensitivity of the @ine pick-up as the following dB
ratio of the wall currents induced at two countsrifig electrodes that are parts of a
cylindrical beam pipe.

The dB ratio is given by,

Iwr) _ _160_ sin(¢/2) x 2 -
() = 2+ =224 0 (3-1)

whereG is given by,
wT 2 wrTr 3
G = 0319 (W) —0.0145 (W) , (3-2)

@ is electrode opening angle,is radius of beam pipe is beam positionw is
angular frequency, andis velocity of light.

Note that for highly relativistic bear® = 0, and the pick-up sensitivity depends only
on the two counter-facing electrode geometry. Onih@® main features of formulas
(3-1) and (3-2) is that the pick-up sensitivity degds on the beam energy and the
processing frequency.

3.1.2 Stripline Design and Fabrication

The shape and size of the BPM are severely resfribecause they are mounted
directly onto the yoke of the quadrupole magnet imstallation without any
independent BPM alignment. It is known that thepbtre type electrode is more
suitable to obtain wide frequency characteristemtithe electrostatic type electrode
which is difficult to tune the frequency characséia flat around the acceleration
frequency owing to the stray capacitance [2].

A drawing of the BPM which is newly designed foetACS beam line is shown in
Fig. 3-1. Here, it is important to note that, inrdiameter of the beam pipe is
specified to be 40.0 mm, because the electrodéeofstripline needs to be placed
along the beam pipe diameter to avoid degradatfitimecaccelerator acceptance [3].
The induced voltage from a stripline electrode byarhh charge is
inversely-proportional to the distance betweenedleetrode as well as to the length,
and width of the electrode. When the characteristipedance at both upstream and
downstream terminals is equaldg (50 Q), induced voltage at the upstream terminal
from the stripline electrode with the length) can be described as the equivalent
circuit model of stripline as follows [1]:
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V(@) =22 (1,)4(w) sin /% [ﬁis . // . (3-3)

Where, @ represents the opening angle (Fig. 3-1), knid the peak beam current.
A(w) is a constant depending on the RF frequency [834), with 4 as the relative
velocity of signal transfer in the electrode ghds the relative velocity of the beam.
We calculated the electrode length and decideditabdel electrode length which
determines the maximum voltage as shown in Eq).(3-3

40.0 ;
Co-axial <—— L =192.0,2220,2320 ———>
20.0%1|  Connector
p /\ <—— [=150.0, 1800 ———>
o
<3Q-° Ceramic
| - Insulator ™
i
_.-_-""-. ¢ i < =
Yoke of %
quadrupole Strip-line J_\_

I
magnet | \ g— —é
Body

Figure 3-1: Drawing of BPM for ACS section.

The plot of phase term of Eq. (3-3) is shown in. B®. Here, the maximum induced
voltage can be obtained at the maximum of sinusdictetion. We chose the design
length, which ranges from 150 mm to 180 mm corredpw to 181 MeV £4=0.55)
and 400 MeV (3=0.65), respectively.
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Figure 3-2: Relation between relative velocity () and stripline length.
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The width of the stripline is decided based ontitsismission impedance. This
impedance should be %D to match that of the signal cable. To determireewidth

of the stripline, we calculated the characteristipedance of the stripline using the
cross-sectional distribution of the electricaldigienerated by the electrical charge of
the beam [4, 5]. The characteristic impedance ef dtripline is calculated using
two-dimensional Poisson equation calculation cd@eisson Super Fish” [6]. In this
code, an electrical field was obtained assumingridacted electrical charge at the
surface of the stripline due to the beam patrticles.

An example of calculated electrical field is shown Fig. 3-3. As there are
symmetries of the shape in each of 4 (right, lgft, and down) electrodes, only a
quarter of cross section is shown. At the narroacspwhich is a gap between the
stripline and the body, there is a ceramic insokgtand high electrical field regions
can be seen. We varied the width of the stripliene garameter. After the electrical
gradient was obtained, characteristic impedanceghefstripline were calculated,
which is shown in Fig. 3-4.

Depth of 60.0 :
4 Electrode Part ( —— Simulation
" . : -B- Measurement
) 55.0
- | Strip-line =
. | Width (W) 5
S 500 =
3 u
p _ a ]
W > 45.0 "
. Fa
< > 400 I 2 70 N N
g 6.0 6.5 7.0 7.5
A 4 Width [mm]
e—T1 T Figure 3-4: Relationship between the width
Figure 3-3: Cross-sectional of strip-line electrode and its impedance.

distribution of electrical field Blue line is the estimation relationship taken
around one electrode of by simulation, green line is taken by the
stripline BPM. measurement, and dashed line is fitted line.

Based on the two-dimensional calculation, we fateéd a prototype BPM. To
determine the relationship between the width opktie and its impedance, we used
removable electrodes, which range in width from08& 7.30 mm in 0.05-mm steps,
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to cover the estimated width. The measured impedlenalso shown in Fig. 3-4 with
respect to the stripline width, where the line ®ireated from the relationship
determined by the simulation, the points with dasdliree is the measured impedance.
As shown, the measurements were in near agreemdémttive estimated values
around 50Q. The estimation showed that the most suitable dapee was a length
of 6.86 mm while the measurements indicated th& & mm. In addition, after the
electrode was welded, the remarkable upward shifthe impedance was observed
by the small change of the stripline width. Abou® 2f the impedance was changed
by the shift of 1.0 mm in width. We chose 6.85 msntlae width of the electrode,
taking into consideration of this upward shift.

3.2 Electronicsfor Signal Processing

We chose the logarithmic ratio method as a signatgssing system because of the
advantages of robustness and wide dynamic range. diliput signal from the
logarithmic amplifier was low-pass filtered for seireduction.

The beam position derived by the logarithmic precesis [7]

1 1 Ve 1
x =< (logVg — logVy) =§-logV—’Zoc§-Vout (3-4)

with the position sensitivity given b$is [dB/mm], andVg andV, are induced signal
voltages [V] both right and left electrodes resp@ty. Sensitivity is described as below
using a width of stripline electrode W,

_ 160  sin(d/2) 1 _ 160 W 1 (3-5)

T In10 ¢ r 10 29  r
Designed signal processing scheme is shown in 3. The output can finally be

digitized by a slow sampling analog to digital certer (ADC). In the logarithmic
amplifier, low pass filters and differential ampdifs are sequentially combined.

Patch Panel Log Amp. ADC
diff. X
+X T i
o o ” ‘ T diff. Y Software
0 O— ! — —
+Y = —
= 0 7 T Signal T
O O {11 Selector
Timing

Accelerator Tunnel€<——> Electronics Racks on Ground Floor
Figure 3-5: Schematic signal processing diagram of BPM.
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For the calculation of beam position, for examplertical position X [mm] can be
described below using Eq. (3-4),

1 |4
X =1-20logyq (V—’Z) . (3-6)

Vertical position can be described by the same tibaumThe characteristic impedangg
of BPM should be matched to 8 because the impedance of transmission line Q.50
For example, for typical geometrical parametersB&fM in ACS;r is 20.0 mm
(diameter is 40.0 mm) and W is 6.85 mm, S is caled to be 1.733 [dB/mm].
Assuming 5 mA as the smallest peak beam currentdorty tuning the minimum
output voltage was estimated to be 15.2 mV (-28&Yd When the logarithm amplifier
is designed using AD8036 produced by Analog Devioes, which has a large input
margin and output linearity adaptable to the smsahal input. For the system of
logarithmic amplifier, output voltag¥, [V] can be described as a function of input
[V] as follows,

1 v?/z Z
Vo =5 logio (_10_30 X T0—3) ' (3-7)
This can be easily written in
V, = k- P; + m, then (3-8)
P, = Vo _m
k k

here k andm are characteristic constants and offset of thelifierp
After fabrication of the logarithm amplifier for éh4-stripline BPM, we measured a
relation between inputs and outputs. An examplittaig functions can be obtained as
below:

Pr = 5.015V; — 25.489, R? = 1.0000 [dBm],

P, = 4.998V, — 25.332, R? = 1.0000 [dBm],

Py = 4.973 Vy — 25.392, R? = 0.9999 [dBm], and

Py = 4.990 Vz — 25.405, R? = 1.0000 [dBm].
After these formulas were plugged into (3-7), wa cdtain both horizontal (X) and
vertical (Y) position with the equations below.

X = ——(5.015Vg — 4.998V, — 0.157) (3-9)

Y = —— (4.973V; — 4.990V, + 0.013)

1.733

In this case, offsets of the center position (WhenV,, Vr, and \k are equal to 0) is
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about 0.091 mm horizontally and 0.008 mm verticadlyd these should be considered
as the calibration offsets. We confirmed the litgaand offset of all pairs of BPM
sensor head and logarithmic amplifier and they wemployed with the same
combinations. As the result, we could confirm talitoffset-values were withint=0.1
mm.

3.3 Calibration
We measured the electrical center position of BPdhgi a simulated beam signal
induced by a thin wire at a stable calibration Iesbown in Fig. 3-6. To relate the
physical position and its reconstructed positioa electrical readout, the following
scheme was used in the calibration bench.

-Scanning the wire through the cross section of BRMizontally and vertically,

and put 324 MHz RF on the wire during scan to sateuithe beam.
Stepping Motor

Thin Wire
(behind a duct)

_ Thin Wire  BPM _ Matching

(Tungsten) Impedance
Circulator ﬂ
T Co-axial Cable

===
Matching Terminator \
Impedance Log. Amp %, X, HY, Y
Calibration

T Pulse Generator
Purpose only

ADC |&—— Timing Clock

Figure 3-6: Overview of calibration bench for BPM.
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-Amplifying the induced voltage logarithmically 00 8 load, and taking the ratio
between the right and the left stripline for hontal position, and between the
top and the bottom for vertical position.

-Interpolating (analytically fitting) the positiommong scanned points. As seen in
Fig. 3-7, as outer the wire goes (especially fol-Xof-axis position) the
discrepancy gets larger. The fitting functions néede optimized especially
around the center of the beam duct.

Figure 3-7 shows the relationship between the mechhand the electrical position.
The red points represent the scanning wire posiblue ones are obtained positions. As
shown, positions of the mechanical center and kbetrecal center differ (X, Y) = (30
um, -50 um) slightly. We considered the fitting ¢tions are adaptable in a region
within 5.0 mm radius.

20|~ | S| * Wire Position (on grid)
o= | ¢ Differential Output
L
s
= REEE 3 ol
T s Tt LT
£ 10 inoet 'e?i';"';; —:c‘.::s_‘?
<. R e
> -u.{}‘l'uf:' !...' wae
c | b et
8 b 3
.g 0 ity -3
P L L F) o bl
T “Higmiieit
o gl 4k Ll
O TR T ,.-..--;"‘g-p' name
b= 10 sekiiieniiny
= 10l XA HI Lok LI
9 st
=20}~ _ _ b :
-20 -10 0 10 20

Horizontal Position, X [mm]
Figure 3-7: Mapping of the BPM position characteristics moving
the thin wire. Red dots are wire position on a 1.0 mm square
grids. Horizontal position (X) and vertical position (Y) are directly
the measured positions by a logarithmic amplifier module.

By the fitting, we could obtain a fifth order fitiy function orx axis as follows.

X = 0.19431°-0.1185n*0.3728n°+0.14447+5.1229+0.125 (3-10)
Where, m is the position by logarithmic amplifier signaMlith the same procedure
above, the following function was obtainedyoaxis.

y = 0.0081°-0.0921*-0.0885°+0.127h*+5.0874-0.1834 (3-11)

Where,n is the obtained vertical position.
We obtained the data to get these fifth ordemfittiunctions of all BPMs, and adopted
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them to indicate the operational beam orbit status.

3.4 Installation Accuracy: Beam Based Calibration

We confirmed the alignment offset of BPMs from ttenter axis of the quadrupole
magnets by the conventional beam based calibr@@BC) method, in which responses
of beam position to a change of strength of thedguyzole or the steering magnets were
examined [8] because the quadrupole magnets weik algned within 0.1-mm
accuracy. This method requires a singlet quadrupwgnet and one of its upstream
steering magnets as the tuning knobs. The offsehadnetic center was derived by
analyzing the deviation of beam orbit generatedhgyvariation of quadrupole magnet
and steering magnet.

The beam orbit was measured using the BPM neargtia@rupole magnet and a
downstream BPM. Practically, to find a BPM with bessponse, several downstream
BPMs were used for the measurement. We checkedlitiranent errors from SDTL16
to the end of MEBT2 by this method because the Hesrand the magnet layout were
completely changed after SDTL16. As the resultg dlffset was measured to be
18.84um within a few 10pm accuracy [9].

3.5 Longitudinal Profile Measurement by BPMs

Waveforms of accelerated beams were directory wbdeby the stripline electrode
through RF transmission line with about 40 m irgkén

We observed the beam waveforms with acceleratieto tpe exit of SDTL15, ACSO05,
and ACS21 as shown in Fig. 3-8. The waveforms tateihCS10, which is the middle
of ACS section, are shown in Fig. 3-9.

Overlapped waveforms with these three modes amrsimo Fig. 3-9. In the figure, the
length ofL is equal to the wavelength of acceleration RF (824) and the difference
of M is depending on the beam energy. The longitud®aE size was estimated from
the top or the bottom shape of the waveform whieals depending on the drift length as
listed in Table 3-1. Smallest one was 0.1015 [psjesponding to the phase of 1.8
This was actually too large because the estimadeditudinal size was ~°3 We
clarified that the mismatching between the BPM tetele and the cable impedance
caused the error [2].

By adjusting the BPM electrode impedance, detdikh® waveform could be observed
with time resolution of 0.010 ns which is corresgimig to the phase of around 1.0ve
demonstrated that BPMs provide the informationangitudinal beam profile when the
characteristic impedance is exactly matched tartimesmission line.
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Measurement Point
ACS10A: BPMO1

|

— H  sDiL

Accelerated by SDTL15(Off from S16 to ACS)
Accelerated by ACS05(Off from ACS086)

Accelerated by All cavities
Figure 3-8: Observation of BPM waveforms at ACS10.
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Figure 3-9: Comparison of BPM waveforms.

Table 3-1: Beam size difference with different acceleration mode
(20 shots average).

Average [ns] Standard Variation
SDTL15 0.2726 0.0101
ACS05 0.1229 0.0057
ACS10 0.1015 0.0024

3.6 Summary

We designed BPMs and installed them in the drificgpbetween ACS cavities to match
the parameters of the geometrical restriction. Tdlative beam velocity around the
measurement points for the stripline length, arel ¢haracteristic impedance for the
stripline width were considered in the design pssceéApproximately 50 BPMs were
fabricated and installed based on the new desige. calibration data were obtained
with a scanning wire by supplying 324 MHz RF fronmigh the geometrical center
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offset and the calibration functions were derivEde author estimated the center offset
was several tengm with accuracy of 0.1 mm using a test stand. Bgnbéased
calibration after installation, we confirmed in&ibn accuracy of 0.02 mm. The total
accuracy of BPM was estimated to be less than @2® for the beam position
measurement.

As the stripline electrode is sensitive for the Brbaam current, we compared the
waveforms obtained at varies acceleration patternd,clarified the differences of the
structure. We pointed out that, when the electigpetemetries are properly designed, the
BPM waveforms can provide useful information on libvegitudinal profile of the beam
bunch.
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4. Beam Current and Beam Phase Monitor

Chapter 4

Beam Current and Beam Phase M onitor

We have developed transformer type current monttmraeasure the beam current and
the phase. Commissioning strategies require the temolution of 50 ns and the signal
droop rate less than 1p& to the slow current transformer: SCT. Phase acyuof 6.5
and time resolution of 1 ns are required to the ¢asrent transformer: FCT. In this
chapter, we show the design procedures and therpehces of the SCT and the FCT
fabricated for the ACS section. Finally, we progbsenew interlock system using two
SCTs to prevent significant beam loss.

4.1 Beam Current Monitor (SCT) Development

The longest pulse duration we have to monitor srs. Usually conventional current
transformers (CTs) are difficult to accommodateb&am current measurements with
such a long time duration.

The response function of the CT is described as [1]

RIp jwL/R

Vo= N 1+jwL/R-w?LC " (4-1)
Finemet C_Iore Base Plate for d i
\\ \\_/‘/ Alignment \ i S
mTn

Signal Pickup

ﬂ) {ﬁb for SCT
\

{]
=
(
Signal

| 4 Pickupfor
Mf\_ FCT X, - Vacuum Chamber
for SCT and FCT

Ceramic
T T= Insulation

Figure 4-1: Drawing of FCT and SCT monitor chamber.
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WhereR is a load resistet, is the self-inductance; is the stray-capacitanchk,is the
beam currentN is the number of coil turngp is frequency, angl is imaginably unit.
The CT that can tolerate a low cut-off frequencgut help us to cover the observation
range, because of the temporal structure of thembkanch. The cut-off limit is
represented as&; = R/L, and its inverse corresponds to the time consianthe
observation limit. The inductance is restricted, because when we increaséy
increase of coil winding, it simultaneously incressthe stray-capacitance in the
structure.

If the beam current of the intermediate bunch, al as the macro beam pulse is to be
observed, the cut-off frequency of the pulse shdaddmuch smaller than that of the
intermediate bunch. Thus the time constant shoelligéss than several tens nanoseconds.
The beam current monitor (slow current transforr8€T) we have developed, utilizes
a laminated FinemBf (FT-3M, Hitachi Metals, Ltd.) core, that is madieaoFe-based
crystallized metal alloy, with 50-turn windings aral the core.

The monitor chamber for the SCT and the beam pmasgtor (fast current transformer,
FCT) is shown in Fig. 4-1 [2]. The core width o€tBCT (10.0 mm) is twice that of the
FCT (5.0 mm) because the higher inductance of tldencore provides a higher beam
current response and indispensable also for smmaipdrate which is described as
taroop~L/R. The main role of the ceramic insulation is toverg the vacuum condition
from the degradation due to outgassing from therlatad magnetic core.

The signal processing system of the SCT is showtign4-2. The method to reduceg

is to develop a low input impedand®;amplifier. The system has a pre-amplifier and a
buffer amplifier. This was installed close to th€TS as possible; otherwise the
impedance miss-match causes the reflection ofigimalsand deforms the current signal.
Therefore the pre-amplifier needs to be installedecto the SCT head and it should be
protected against the radiation.

SCT  Pre-Amp. Buffer Amp. ADC
\ Software

)

|
|
|
|| + >
|
|
|

Accelerator Tunnel «<——> Electronics Racks on Ground FIoor_T__ _
: iming
Figure 4-2: The signal processing system of the SCT.

Typical SCT waveform is shown in Fig. 4-3. As showhe time response of the SCT
was estimated to be approximately 20 ns, whicluiscgent for the observation of the
intermediate bunch clearly. From Fig. 4-3, we &sow that the droop rate is <1 ps/
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Chil_200mv @ ZDOmVQV IM[10.0us| Al Ch1 J~ 108mV|
Figure 4-3: Waveforms of the SCTs at different two
positions at 5.0-mA operation.

4.2 Beam Phase M onitor (FCT) Development

The beam phase measurement related to the RF gignadles key information to tune
the RF cavity. Therefore, the most important infation should be extracted from the
fundamental RF component of J-PARC linac, namely#Miaz. The beam phase
monitor has to have sufficient response to thidiRidlamental component.
Conventional current transformers are difficultextend the high frequency cut-off,
wpu=1/CR, to the RF frequency because of the effect ofystegpacitance (C). The core
made of crystallized metal alloy FineH&{FT-3M) enabled a single winding structure
that extended the frequency response up-to GHomegnd realized the beam phase
monitor.

A single tern coil was set into the vacuum chamiaén SCT core as shown in Fig. 4-1.
A flange without a flexible pipe needs to facehe end plates of the cavity because the
distance between the FCT pair must be strictlydfifa@ the TOF measurements.

A new phase detector circuit has been developedhioh the beam signal is directly
compared with the reference of 324-MHz signal. Ackl diagram of the developed
phase detector is shown in Fig. 4-4. A direct plasaparator provided a fast response
to the phase observations with accuracy withiff dsGshown in Fig. 4-5, at a test bench
with a time response of less than 3 ns.

The signal processing system of the FCT is showkign4-6. An RF reference signal is
adjusted exactly to the acceleration RF frequengyubing a trombone circuit, to
compare it with the beam phase in the phase congpaha the system of FCT, the RF
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signal with the acceleration frequency are tramsteto the phase comparator connected
by about 30 m-long RF cable. We took the phase dhiing the RF transmission as a

characteristic offset to the system, because th@lRiSe is shifted in the transmission

line. This offset was considered in the beam eneadgulation.

A typical waveform of the FCT is shown in Fig. 4v#here we measured 100 ms-macro
pulse at about 200-MeV beam. The results showtthiat=CT has a fast time response

and can detect the 324 MHz RF signal which cornedpdo 3.09 ns.

Limiter Amp. Phase comparator
Reference Phase Signal
Input: 324 MHz Amp. Inverter

o > Q | ] 1 _C())utput

Control

Differential Amp.  Filter

O |_|20dBAtt' r-ﬁ% Limiter Amp.
Signal Input
Signal Input
Test Terminal

Buffer Amp. Diode
Detector

Figure 4-4: Block diagram of developed phase detector.
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Figure 4-5: Phase detection errors of phase detector.
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Figure 4-6: The signal processing system of the FCT.
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Figure 4-7: Typical Waveform of F. )

4.3 Bench Test of FCT

Figure 4-8 shows the overview of the test benchtalce the characteristic signal
response of FCTs. An FCT was set on the benchefethside. Waveguides of which
characteristic impedance matches toQvith RF conductor withpl7 mm diameter
were connected to the flanges and the one sidg i@dprminated. An RF signal with O
dBm (1 mW) was supplied from the other side (bo}taising a network analyzer and
the reflected signal and output signal from the E€¥iminal were measured.

Obtained results are shown in Fig. 4-9 [3]. Theuttdnce of FCT was estimated to be
30.0 [nH], so that the high cut-off frequency iI67L{GHz]. The frequency characteristic
indicates the achievement of broad dynamic rangerzk the third higher harmonics
(972MHz) up-to 1.5 GHz. The result means the FCavailable to observe the micro

structure of the beam bunch up-to the third highemmonics region of the upgraded
linac.

Waveguide
Network Analyzer
5 Signal
0000
'
‘ Network Analyzer '[ Reflection
——

Figure 4-8: Test bench and signal network of characteristic
measurement for FCT.
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Yellow: Reflection of the input RF -
Water: Response from FCT

4

Figure 4-9: Measured performance of FCT.

In principle, BPMs also can be adopted to measweebeam phase. We compared the
signal response of the FCT with a BPM at 324 MHze BPM was mounted in the
same test bench as shown in Fig. 4-10. The measiged! levels were -15.742 dB for
FCT and -25.957 dB for BPM as shown in Fig. 4-9 dntll. Here, the input signal
level from the network analyzer was 0.5 V, and éegémated signal from FCT was 82
mV and that from BPM was 25 mV. The results showwet the FCT is three times
sensitive than that of the BPM. Results also shothatithe BPM has a good response
at 324 MHz, but the characteristic response wa®gieal in the GHz region [3]. Then
an advantage of FCT to the phase measurement wésmed.

Network Analyzer
Combiner
8- Q
T 000
Signal
r .
I Reflection,
RF in

Fiure 4-10: Test bench and signal network of characteristic
measurement for BPM.
£ 0.000d8 [F2] 2-Port Cal

~ Yellow: Reflection of the input RF Port 12

Water: Response from BPM

Figure 4-11: Measured performance of BPM.
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4.4 Application of SCT for Interlock of Beam Loss at Low-Energy Part

The output beam power of the J-PARC linac has begmoved by increasing the
acceleration energy and peak beam current. The bessms getting serious along with
increasing output beam power; however, the beara iosthe front-end region is
difficult to detect because of the low level of thadioactive emission. We have
developed an interlock system using the beam cumamitors to prevent significant
material activation. In this system, an electridatuit measures the beam transmission
between the two beam current monitors.

The J-PARC linac has a matching section betweerR#@ and the DTLs (see in Fig.
1-3), where 3-MeV beams are monitored and are np@adéle matching. An ion
chamber-type beam loss detector has been employdatid beam loss detection (will
be discussed in chapter 7). The beam loss detleatoa fast signal response; therefore,
we have used this to develop an interlock systestdp the beam operation when an
abnormal beam behavior is detected. However, thaa® no beam loss detector in
3-meV matching section because the energy of iadigenerated by 3-MeV beam is
not sufficiently high to be detected.

An interlock system was developed that uses soniks &6d a new electrical circuit to
measure the beam transmission.

4.4.1 Circuit Design of Beam Transmission Measurgme

The new interlock system, which uses SCTs, is namhed beam transmission
monitor (BTM). The system compares beam curremadggfrom two independent
SCTs.

A schematic diagram of the system configuratiothef BTM is shown in Fig. 4-12.
The system comprises two SCTs, and a signal prnocesiscuit for the BTM shown
in gray. Pre-amplifiers are usually used for camtinuser operation and their
sensitivity are tuned to 0.10 V/mA. The buffer aifipt has four channels per
module, with two channels connected to the digit{pae for both waveform-outputs,
1 and 2) during the beam operation, and the otherchannels used by the BTM.
The BTM circuit has six output terminals, as showfig. 4-12.

The signal processing flow in the BTM is shown ig.F4-13. It has two input
terminals for the two signals coming from the twdependent SCTs. Just after the
signals are inputted into the terminals, gain adjesit knobs amplify the input
signals independently. These can be tuned by obsgttve low beam current signals
(outputs 1 and 2). To detect small beam losses,btfem current signals are
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integrated with a gate signal that covers an et@@am pulse. The rise of the gate
signal pulse plays a significant role in the triggéthe integration, whereas the flank
plays a significant role in the reset of the in&tigm. After integration, which can be
observed in outputs 3 and 4, the difference, wllobuld be small, is usually taken
by the two integrated inputs. The difference cambserved at the output 5 terminal
and it is integrated again into the circuit. Theafiintegrated differential signal can
be observed in output 6.

Pre-Amp. Buffer Amp. Digitizer

Beam Waveform
Current | Output 1
Monitor 1 Output 1
Output 2
> 5
Output 3
—> Output 4
Pre-Amp. Buffer Amp.| L. Output 5
B BTM Output 6
cam —
C urrent .| Waveform
Monitor 2 Output 2
Digitizer
Figure 4-12: System Configuration of the beam transmission
measurement.
Gain Gate
Adjustment Signal
Integration
[nput 1 L ¥ Difference , Integration
Output [L' Output 3 [}
l Integration L. Output5 Output 6
Input 2

L(_)utput 2 L. Output 4

Figure 4-13: Block Diagram of the signal processing flow in the beam
transmission monitor (BTM) circuit.

Figure 4-14 shows the estimated waveform at eagbubterminal. Two rectangular
simulated beam input pulses are assumed with diftevave heights at inputs 1 and
2. When the current signal to input 1 is from upasitn of input 2 and the input gain is
adjusted, the wave height of the current signahpat 2 is smaller than that of input
1. After inputs 1 and 2 are integrated during tlaéegoeriod, outputs 3 and 4 are
obtained. The waveforms of outputs 3 and 4 are gtmmally increased between
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beam-on and beam-off, and the highest peak is betd the reset signal. The
integrated signals are subtracted and the resolitisut 5. Furthermore, this signal
proportionally increases in a beam period. Theeddifitial voltage is accumulated
over time, with the integrated difference being dyaéically increased. During the
beam period, the differential signal proportionatigreases until the reset signal.

Integration Gate
————

? Beam,
Input | | : -
| Integration Gate Integration Gate

‘Output | Output'3 e
Integration of Ifl> -

[nput Signal

Output5  Output 6

Input 2 f Difference Integration
—l—|— i between Output  of Signal 5

é()utpul 2 Outpulé-’f ‘ 3and 4
Figure 4-14: Waveforms during BTM signal processing.

4.4.2 System Test

There is a matching section between the RFQ an®1hes, where the beam energy
is 3 MeV, and there are five SCTs in this sectis.all the beams are considered to
be lost in the DTL, we focused on the beam curmemnitors upstream and
downstream of the DTL. Therefore, input 1 was otedipy the beam current signal
from the last MEBT1 and input 2 was for the lastLDTn the test operation, a beam
with a 30-mA peak current and a 1@6-pulse length was used. The integration gate
covered the beam pulse with a width of 2 ms fronu&@receding the current rise.
When the beam is operated with tuned beam linesbtam loss in the DTL is
assumed to be small. When the input currents aredme, the trends of inputs 1 and
2 as well as those of outputs 3 and 4 are the sa@imrefore, the subtraction of
outputs 3 and 4 gives a value of zero for outpuiich will result in no signal in
output 6.

Using carefully tuned beam line, inputs 1 and 2enerintained with the same pulse
height by the gain adjustment knobs for the infgnas. The waveforms of output 1
(raw output of input 1), 2 (raw output of input 2, (difference of integration
between 3 and 4), and 6 (final integration of thieence 5) are shown in Fig. 4-15.
Figure 4-16 shows the waveforms of outputs 3 (ir@egn of input 1), 4 (integration
of input 2), 5, and 6. Integration of the inputgmsd, which started by the gate pulse,
shows the same trends for outputs 3 and 4, witllifference between (output 5) of
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outputs 3 and 4 then being close to zero. Finddly,integration (output 6) of output
5 was shown to be almost zero.

5 Gate Start

| Output 3
1 - : 27 4l _\. Pulse Width __|
{Output 4 | (100 ps)
i - X

“{Output 5 '

B e ]

| Output 6

Figure 4-1: Waveforms of outputs 3,4,5,and 6. The horizotal axis
scale is 40 ps/div.

We assumed a case in which the entire beam wasltds¢ DTL. Input 1 remained,;
however, input 2 was suspended from producing amats. Figure 4-17 shows the
waveforms of the outputs 1, 3, 5, and 6 at 480div along the horizontal axis.
Output 3 is proportionally integrated and the ddfece of output 3 and input 2
(actually no signal input) was also proportionafijegrated and the peak value was
maintained until the reset signal. While the beasas wassing, the proportional
difference was integrated quadratically.
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| Integration Gate

i/ Pulse Width (100 us)

C )'u'tpu'r 3

Qutput 5

Output 6

‘II'

for beam Ios in the
DTL section. The horizontal axis scale is 400 ps/div.

Figure 4-1: Waveforms of outpts 1,3,5 and 6

After the beam had passed, the integration of thigerential signal was
proportionally increased due to the remainder efieak value. Figure 4-18 shows
the extensions of the waveforms of outputs 3, 48,6 around the pulse duration. A
quadratic increase of output 6 was observed.

Reset Signal  Gate Start

£ 1

e

i

' o
/ ’r" 3 S r
_— > P Beam Pulse (100 ps)
I | ‘

Figure 4-18: Waveforms of outputs 3, 4, 5, and 6 with beam loss in the
DTL section. The horizontal axis scale is 100 ps/div.

We tested the beam loss detection system in theeafasormal operation with beam
loss occurring in the front-end section (DTL) amehfirmed that the signal outputs of
all the terminals worked as estimated.

The performance of the BTM was confirmed by obtagnihe maximum output of
the integrated difference. In the interlock levible worst case is that provides the
maximum output from output 6, because it is sersitio the small difference
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between outputs 1 and 2. We decided a thresholeewahich suspends the beam
operation alarm. The threshold was set to be adfalfie maximum value, which

implies that the alarm is triggered later than \waif through the pulse. The signal
rise of output 6 is slow because it increases qimatly in the case of ordinary

beam loss. Nevertheless, we also use output Sldomiag because the signal from
output 5 provides quicker response than that frampwt 6. The system was
confirmed to be successful when used in actual bizemations.

4.4.3 Result of Interlock System Development

A new interlock system using beam current monitsrgroposed. We developed an
electrical circuit to measure the beam transmisaging two beam current monitors
for the system. We established the new systemestdd it using an actual beam in
two typical cases. Based on the results obtainegllithe cases of beam loss, we
obtained the worst signal response, which will s®dias a threshold for the
interlock.

Fortunately, we haven’t had any interlock by thistem, however the BTM circuit
can be adopted to another interlock system by tmnection of the other beam
monitors. We successfully developed useful elealtricircuit to be applied for
various interlock system.

4.5 Summary

The designs and performances of SCT and FCT wa@itded in this chapter. The time
constant of SCT is required to be less than 50ndstiae signal droop rate is less than
1%/us. The waveform of beam currents suggested thatp#réormance of SCT
achieved these requirements. In the beam operatmerived a calibration function to
the output voltages,) of SCT isVoy [V]=0.01X |;, [mA] as shown in Fig. 4-19.

Phase accuracy of 6.and time constant of 1 ns are required by the dssianing
strategies. We have developed fast current tramsfiolrCT composed of Finem¥t
core and one-turn configuration. The resolutiofGfT was less than 1 ns and the phase
accuracy of FCT was estimated to be less thahll.Qusing a signal processing based
on phase comparator. Tuning and systematic erroteeoactual phase measurement
will be discussed in Chapter 9.

Finally, a new interlock system using SCTs whicé #uthor proposed and developed
was introduced. It is getting attractive all oviee world, because the BTM provides the
new system which can be adopted to the place whedifficult to detect the beam
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loss signal. In addition, some applied systemsgutie BTM are proposed, because it
can be adopted for comparing two different signals.

8 - T : :
2| Vou =0.1022 X1, R*=1.000 i
= 6
5 g
25 X
3
- 4
3 L
T 3 :
0
T 2 /
O
1
0

0 10 20 30 40 50 60 70
Simulated Beam Pulse Input [mA]
Figure 4-19: Linear trend of SCT for calibration.
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Chapter 5

Transverse Profile Monitor (Wire Scanner Monitor)

Wire scanner monitors (WSMs) are reliably operatednany accelerator facilities
around the world. Although 1dis usual dynamic range for evaluating the RMS beam
size, combining two different profile measurements employing another profile
monitor based on a different principle would enabl@ider dynamic range to observe
the beam halo [1-3]. The main role of the WSM isrteasure the RMS beam size for
transverse matching between the quadrupole magn&BARC linac. A dynamic range
of 10" is sufficient to measure the RMS beam size for rtmching procedure in
J-PARC linac [4, 5]; however, our goal is to deyelouch more sensitive WSMs for the
linac to simultaneously observe the beam halo. Beeaf the high-power level of
J-PARC linac, suppressing a halo around the beamisaonsidered critical for stable
operation. For example, a beam halo reportedly aepe at the location of a
mismatched magnet and/or an improperly installedtyd6]. The beam intensity loss
became significant when the beam current was iseckaWe estimated that the
intensity of the beam halo of the matched beaness than 13 of the beam core.
Therefore, we set the target of our WSM to havgrachic range of 1.

The transverse beam size is estimated typicallped?2 to 3 mm in RMS. Then, a
0.1-mm position resolution is usually required tomtor the beam profile.

The other purpose of the WSM is to confirm the e beam current. While our
beam current monitor (slow current transformers] 5€an monitor the beam current of
J-PARC linac (5 mA) with an accuracy of 0.1 mA, WS®Eih measure a smaller beam
current, because the wire directly measures thegerftux of the beam. We expect that
the wide dynamic range of the WSM can estimatebtiaem extinction rate deflected by
RF chopper cavity by monitoring the evolution of theam current.

5.1 System Configuration

There are eight matching sections in the linac. Mlest upstream point is the matching
section between RFQ and DTL with a beam energy .0f eV. Other matching
sections are the upstream of the separated-type d8€tion (SDTL), the annular-ring
coupled structure linac section (ACS), and the b&amsport line from linac to 3-GeV
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rapid cycling synchrotron (L3BT). Downstream of LBBncludes the arc, a vertical
collimator, a horizontal collimator, and an injectisections, as shown in Fig. 5-1.

To RCS

Injection

Collimator (horizontal and vertical) Section

ARC Section Beam
50keV 3 MeV 50 MeV 191 MeV 400 MeV Dump
_ \y
DTL{@  SDTL Hlm  Acs
IS RFQ Straight Beam Dump

Figure 5-1. Transverse matching points of linac. Gray squares are
matching points.

The WSM consists of a beam measurement head (waeb)as voltage supplier, a
stepping motor unit and electrical circuits to tréd@ signals, and a control system.
Figure 5-2 and 5-3 show the structure of the WS, igs. 5-3(a) and (b) are the head
and the wire frame of the WSM, respectively. Beeatle wires are connected on a
head 45° to the horizontal axis, both horizontal aertical profiles can be measured in
a single stroke. The wire head frame

was produced from stainless steel V _
prevent charging by secondary electr 4
capture. Based on thermal calculatio
described in the following section, a 3 i ;
um diameter tungsten wire wa (£ & . o NivE .
selected and connected to the frame
monitor beams over 50-MeV energy. | §
addition, we placed 2.0-mm thicl
carbon plates on a frame for bea |
collimation at L3BT, as shown in Fig |
5-4(b). The carbon plate wa |
considered sensitive because it has
wide surface for detection.

Figure 5-2: Whole view photo of WSM,
with head and wire frame.
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Stepping
Motor

Driving

Vacuum
Chamber

Wire Head

Figure 5-3: Structure of the wire scanner monitor.

% @ 8¢
— o Yo e

s in the L3BT section.

When a negative ion beam passes through the weetrens remain inside the wire.
Emission of secondary electrons creates a countegrnt that results in a non-negligible
signal. A beam profile with a voltage bias rangiram -240 V to +240V was measured
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in the beam test. The optimal bias for the prafienitor was +20 to +60 V [7]. When
no bias was applied, nearly the same profile wasiodd. We used the WSM for
matching the RMS beam size and found that the skcgrelectron effects are usually
negligible, except by the beam tail component.

The stepping motor drive we employed was obtair@dmoercially. The drive system
could remotely control the wire head from the gmbdloor with 0.05 mm steps. We
designed a signal amplifying unit to increase tasgivity for less than 50 ns signal in
order to observe a beam pulse with a width of 130 time signal was enhanced by a
factor of 3 to 300.

The WSM signal sequence is shown in Fig. 5-5. Sigahles are connected to the
wires that are funneled through a shaft pipe. Tigmads are separated into BNC
connectors to the pre-amplifiers which are localktalled around WSM.

The WSM control system is shown in Fig. 5-6. Thetancstep can be controlled
remotely from the electronics racks, which are 38020 m at the farthest point from
the WSM.

B1F Accelerator Tunnel

1F Klystron Gallery
Wire- X Pre-Amp. [ Buffer Amp.
ili—{ HYV Source Digitizer
Wire-Y Pre-Amp. n Buffer Amp.
Wire Scanner

Figure 5-5: Signal sequence of the wire scanner monitor. Here, wire-X and
wire-y are the horizontal and vertical wires respectively.

B1F Accelerator Tunnel 1F Klystron Gallery
Wire Head Motor Motor Driver
) VME
ire |
Wire Pre-Amp. HV Source
Scanner

Figure 5-6: Control system of the wire scanner monitor. Here, VME is a
control unit.

5.2 Design Calculation

5.2.1 Signal Generation in Wire
Negative hydrogen ion (Hbeams are accelerated in the J-PARC linac. Quoiks

-52 -



5. Transverse Profile Monitor (Wire Scanner Monitor

between the Hbeams and a wire can lead to the following sigoalces [8]:

(1) negative current by electron deposition tovire,

(2) positive current by proton deposition to theayand

(3) positive current by the secondary electron sioirs

When high energy electrons and protons impact & wWire, both electrons and
protons penetrate the wire. When they have suffi@aergy to pass through the wire,
the signal is mainly derived from process (3). 8itiee energy of electrons is/(m,

+ mg) of the protons, they remain in the wire. Hereg gignal is generated by
processes (2) and the (3). When both electrongestdns are captured in the wire,
all mechanisms contribute to the signal.

We estimated the contribution of each mechanismgutie beam stopping power
formula provided by the Bethe-Bloch model. The falan gives the energy
deposition density as a function of the charge speked of the particles, and the
material properties of the target [9]:

2 2 2np2
=g ] 61
Here, dE/dx is the beam stopping powex,is the thickness of material traversed
[g/lcnf], No is Avogadro's numbeZ and A are atomic and mass numbers of the
material,Z. andv = /& are the charge and the velocity of the movingigartme is

the electron mass, = 2.8 fm is the classical electron radius, &nd an effective
atomic ionization potential as 13.5 eV in hydrogen.

An important point is thatlE/dx is much larger for lower energy particles, which
means that for low-energy beams, larger signale&pected. Moreover, the thermal
load becomes more important for low energy pasicle

We calculated the secondary electron yield from mhechanism (3) using the
following expression:

y=(2). 2 (5-2)

Ey dx

wheredEdx is provided by the national institute of standaadd technology (NIST)
[10], ds is the average depth at which the secondary elextare located is the
average amount of kinetic energy lost by an ionipeization produced in the wire,
andP is the probability.

We usedP=1/2, d=1nm, E*=25eV [11], and calculated the stopping power. We
obtained the stopping power of electrons and thatbps in tungsten (W), as shown
in Figs. 5-7(a) and (b). The electron stopping pewe tungsten were estimated to

-53-



5. Transverse Profile Monitor (Wire Scanner Monitor

be 2.09 and 1.49 [MeV dify] at 0.098 and 0.217 MeV, respectively, which
correspond to 181 and 400 MeV of protons. Similathe stopping powers of
protons in tungsten were 2.56 [MeV %g] at 181 MeV and 1.63 [MeV cify] at
400 MeV.

104 r r
0.098 0.217
MeV MeV
L /]

X
o
7

0 /
N /

//
\\

100 S
10 102 101 109 10" 102  10°  10%

Kinetic Energy of Electron [MeV]
Figure 5-7(a): Stopping power of electron beam in tungsten [10].
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Kinetic Energy of Proton [MeV]
Figure 5-7(b): Stopping power of proton beam in tungsten [10].

The electrical signal of WSM was derived using dbations from mechanisms (1),
(2), and (3), which are determined on the basihefenergy deposition of electrons
and protons in tungsten, and the generated segomdlsctrons. Subsequently, the
WSM signal can be described by the following edqurati
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I=2Vp (‘ilix)e +Vp (‘%)p —VpY . (5-3)
Where V is an effective volume in which there are intam@w between beam
particles and the wire. If the calculated valumegative, the signal is governed by
electron deposition with only a small emission@f@ndary electrons.

Generated signal current by the interactions betvilee beam particles and the wire
is calculated and shown in Fig. 5-8. In the calitolg we assumed the beam energy
was 191 MeV at a transverse RMS beam size of 2.0 Tin& wire diameter and the
peak beam current were considered as parametees.réBults predicted that a
milli-ampere-order negative signal current can beimed when a 5Qam wire for
both 191MeV beam interacts. As shown in Fig. 348, ¢lectrons pass through wires
when the diameter is thinner than [Lih. To stop the electrons and provide greater
signal, wires over 1@im diameter are needed. Namely, the signal sourdeons
electron deposition without excess secondary elpstr

=) : '
£ 05 ﬁ\
= 10
Q_) —8— 5 mA
< - 1 [0 mA
ED -1.511 —e=30mA k\
v --x--50 mA

-2 ;

OO 20 40 60 80 100

Diameter [pum]

Figure 5-8: WSM current signal by H beam collisions with
transverse rms size of 2.0 mm for beam energy of 191 MeV.

5.2.2 Thermal Stress

Using the energy deposition derived from Eqg. (1J #re radiation loss from the wire
surface, we calculated the wire temperature. Roa@stimating the temperature, we
estimated the energy deposition as a function of diameter and beam current.

As suggested above, tungsten is the most compathterial for the WSM wire
because of its high melting point (3422 °C). Thenested power deposition by the
191-MeV beam is shown in Fig. 5-9.

The equation for heat valance of the wire is gilgrhe following:
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a

dt = Qbeam - O-(Tv?/ire - T(;L) ) (5'4)

whereQpeamiS the power deposition and the second term isatation power flow.
Since this equation does not include a thermal goindty term, it provides only a
conservative temperature estimation.

500 :
—8— 5 mA I
g 400 - = 10 mA ‘;‘
- —+¢—30mA f
°§ 300 | --4--50 mA
Z f,e‘
fau!
% 200 e B> < —
oy
53 e
A 100 P [
& 0 20 40 60 80 100

Diameter [pum]
Figure 5-9: Power deposition of H beams with 2.0 mm rms
size in tungsten wire at a beam energy of 191 MeV.

The result is shown in Fig. 5-10, where (a) is tdn@mperature evolution due to the
beam loading at 30 mA and (b) is that at 50 mAulklbeam was considered in the
calculation, namely, a beam with 400-MeV energy, &8@ 50-mA peak current,
50-Hz repetition, 0.5 ms macro pulse width, and 5%y factor. In the figure, the
small temperature fluctuation is due to a cyclievpo input with 50-Hz repetition.
Since the melting point of tungsten is 3680 K, thesult indicates that 3@m
tungsten would not be heated to the temperaturnig IBased on the calculation, we
employed WSMs composed of 3@ tungsten wires for the 400-MeV linac. Since
the line expansion was estimated to be about 5.0when the temperature of a
0.4-m wire was increased to 3000 K, we used a gpsupport to apply about
hundred newton (N) of tension to the wire.

Previously, WSMs installed in the downstream of I3Bave been exposed to a
181-MeV beam before the upgrade. These WSMs arsepily exposed to a
400-MeV beam. As shown in Fig. 5-7(a), the beanp@tay power is predicted to
become smaller with increasing beam energy. We toercluded that the thermal
stress induced by the energy deposition is relax#te upgraded accelerator.
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(a) For peak beam current of 30 mA.
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(b) For peak beam current of 50 mA.

Figure 5-10: Temperature evolution by beam loading with
energy of 400 MeV, repetition 50 Hz, macro pulse width 500
us, and duty factor 56 %.

5.3 Beam Profile Measurement

We measured the profiles and background levelsguseams with 181-MeV energy,
15-mA peak current, 500s pulse length at the ACS section and the beamtdirtbe
straight beam dump. We took the beam profiles aB®Zand averaged the data for 5
shots. A vertical profile is shown in Fig. 5-110Rr the beam profiles, we calculated the
beam size and the emittance assuming a Gausstabutisn [12].

The background noise was acquired at ACS02 andeabdt is shown in Fig. 5-12,
which indicates that the background noise is lés® t10%. By averaging all of the
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background noise using a least-squares methodeteendined that the sensitivities of
horizontal and vertical signals are 1.65x18nd 1.67x1T, respectively. By comparing

the background data presented in Fig. 11, we estdrtaat the WSM dynamic range is
more than 10 and the signals at a level of 1@re from the beam tail. As shown, we
achieved sufficient WSM sensitivity in order to ebse the beam dynamics. We
emphasize that this is due to the large electromgsien yield and the optimally

designed amplification system.
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Figure 5-11: Vertical beam profile at ACS02.
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Figure 5-12: Background noise at ACS02 taken without beam operating.
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The WSM waveforms located in the ACS section widlain center currents of 5 mA
and 40 mA are shown in Figs. 5-13(a) and (b), retsgly. As shown, the waveform
appeared with negative polarity and the pulse hsighh 410 mV and 2.9 V were
estimated to correspond to current signals ofl8&nd 0.2 mA, respectively, for the 5
mA and 40 mA beam operation. The ratio of the digvess in close agreement to the
ratio of the peak beam current.

) (20.0ps 1(5.00GS/s [ AUX S 250V
,ﬁ*'f-w.soﬂﬂﬂus”lr\“l points ‘ ‘ ‘

" 3 1052013
[05:32:05

J[20.0ps 1(5.00GS/s || Aux S 2.49 V|
|l’h'734.20000u5‘ ‘ 1M points H ‘

((4 107 2015]
19:05:33

(b) For peak current of 40 mA.

Figure 5-13: Waveforms of the beam pulse by the tungsten wire
with 100 mV/div in (a) and 500 mV/div in (b).
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Figure 5-14: Beam profiles of a typical mismatching case measured by WSMs

located at SDTL0O2 and 03.
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Figure 5-15: Beam profiles after the RMS beam alignment.
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Figure 5-14 shows the beam profiles taken at 30under mismatched conditions at
SDTL 02 and 03. As shown, a halo grew rapidly. When aligned the quadrupole

magnet to the design beam envelope with a consideraf transverse beam profile in

sigma fitting, a significant fraction of the beamld disappeared, as shown in Fig 5-15.
This demonstration is the first to show that WSMa be used for matching operation
and/or observing emittance growth at 30-mA curtewngl.

5.4 New Tuning Method: Phase Tuning of Chopper Caty

Precise beam chopping in the linac is an imporitsue for injecting the beam into the
RCS. The RCS accelerates two bunches whose widtthes about 560 ns in normal
operation, and the corresponding chopping factab@ut 56 %, i.e., the beam is on for
560 ns and then off for 440 ns (see in Fig. 1-4e RF chopper must be tuned to make
a proper phase setting to kick all of the beam baswut from the beam line to the
scraper.

Although SCTs have been used for the beam curreasarement, our WSM shown to
exhibit a wide dynamic range, is capable of a beaasurement at sevefah. When
the phase is not properly set, small beams renmaithe beam line. Therefore, we
propose a new phase tuning method using the WSkktsure the small beam current,
which is difficult to detect by SCTs.

Figure 5-16 shows a schematic of the tuning mettfoan RF chopper phase. An RF
chopper has a pair of electrode which supplies Rrfi€d to kick the beam out of the
beam line to produce the intermediate structuréhefbeam pulse. If the RF chopper
phase is detuned, the beam remains in the beam Tim@ remaining beam can be
accelerated up to the exit of the linac, howevss, iteam cannot be accelerated in the
downstream synchrotron (RCS) and it would be th& taeeam loss. When we tune the
RF chopper phase, all of the beam bunches out tihherbeam line. If the phase is not at
an optimum set-point, remaining beam is transfetodtie downstream.

Scraper

lon __,/ ____________
Source -RFQ = 3 J_‘-»:l:

RF Ch_opper WSM
Figure 5-16: Schematic of the RF chopper tuning using WSM.
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Figure 5-17 shows the signals of remaining beameatrtaken by the WSM. We
inserted the wire at the position of highest iniigndhe main component of the beam
was kicked by the chopper cavity and the remairdoamponents of the beam were
analyzed as in Fig. 17 (a). When we shifted thespls®tting to an optimal direction, the
WSM signal due to the remaining beam gradually pbsared as shown in Figs. 5-17
(b) and (c). The remaining beam values were precessing a quadratic fitting as
shown in Fig. 5-18. The axis of the parabolic fumetfor the proper phase of chopper
cavity was obtained by following the analysis. Aftdhanging the setting to the tuned
phase, the remaining beam was checked again lwitbeising over a hundred shots.
The tuning accuracy should become more importarenwime peak beam current is
ramped up, because the beam loss increases alnopstrg;onally with an increase in
beam current. The proposed method allowed us tthegphase of the chopper cavity
more accurately.
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Figure 5-17: Remained beam in kicked chopper measured using wire monitor.
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Figure 5-18: Signal height of the remaining beam current with fitting function.
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5.5 Neutral Hydrogen Measurement

The WSM located in L3BT has two 2-mm thick carbdatgs to collimate the beam tail
shown in Fig. 5-4(b). These plates were considévele effective for measuring low
level of beam particles. Therefore, we proposeds® them for the neutral hydrogen
particle (H) measurement. The electron in id easily removed because of its small
ionization potential (0.75 eV). In contrast, theutralized hydrogen atoms cannot be
controlled by the magnets and they might lead fatal beam loss. The beam loss is
likely to become more significant when the peakentris increased.

When we intend to direct the beam to the 30° beampd(shown in Fig. 5-1) or to the
RCS, the bending magnet installed at the straighibline must work properly. The
main beam components jHbended by 30° in the direction of the beam duloop,the
HC particles did not bend in the same direction aadeied directly to the beam dump.
We used the WSM for monitoring the neutralized logdn particles in the straight
beam dump.

Figure 5-19 shows the result of th8 particle measurement at 15-mA operation. This is
the top half of the Plbeam profile. The signal was not detectable at5eeration, but
the beam profiles made by th8 particles could be recorded by this method. Theali
level was thought to depend on the beam currertt,thm particle population was
difficult to estimate because the WSMs were nabcaled. However, we demonstrated
that we can determine the location and mechanisneofral particle generation by the
WSMs.

Length [mm]
0 10 20 30 40 50 60 70 80

Signal Level [mV]

o Background
== No-chopped |
== Chopped with 560 ns

Figure 5-19: Half profile of neutral particles taken by carbon
plates in WSM located in straight beam dump.
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In the straight L3BT section, we determined th@gkeerse matching using WSMs, but
the longitudinal focusing force that suppresseesst®eam loss could not be tuned. The
relative peak intensities of the WSM signal indectttat the particle population cannot
be controlled. We showed that mitigating these ntradiable particles was possible by
tuning the amplitude of the debuncher cavity (DB&jl/or by changing the longitudinal
focusing force.

5.6 Summary

The main role of the WSM is to measure the RMS be&m for transverse matching.
The transverse beam scan accuracy of 0.1 mm angnamic range of 18 are
sufficient for the WSM because the transverse RM@ s typically 2 to 3 mm.
However, we thought that tracking the beam haloitngrowth are essential to mitigate
the beam dynamics problem in the high current acatdr. Consequently, our goal was
set to achieve a dynamic range of“Because we intended to observe a beam halo at
the same time.

A 30 um diameter tungsten wire was selected for the W8Mponent based on the
range and temperature calculations and a signpbnsg was confirmed using the 30
pum wire. We demonstrated that the tungsten wireccéedd to significant signal gain.
In particular, the WSMs developed in J-PARC linaerevable to achieve a dynamic
range over 10 of the world top class, which allowed us to measihe evolution of
beam halo.

In case of proton beam, the source of WSM signaleisved from only secondary
electrons in a high energy region. From ref. [3],|garashi et. al. used a flying wire
system using a tungsten wire for the profile measient. They reported in a figure that
the dynamic range is within 10 Based on the results of positive bias to suppress
secondary electron emission, the signal responsdmmest 1.5 times greater than the
non-bias signal response [9]. This indicates thatrtumber of secondary electrons is
almost half the number of the deposited electrons.

We proposed a new chopper phase tuning methodiligmgt the wide dynamic range
of the WSM. This unprecedented method led to ateurtaing schemes, not only for
the present operation, but for the higher peak baament operation that will be used.
Although a crude transverse beam profile and itensity distribution could be
measured using an imaging plate [13], it was diffito estimate the exact profile. Our
carbon plate collimator in the WSM could be usedrfeasuring the neutral particle
population, and we demonstrated that its high seitgienabled the measurement and
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provided us a new scheme of debuncher tuning inhigeer J-PARC peak beam
current.

All of these technologies and measurement schehmdds play important roles in the
energy upgrade and to increase the peak beam turren
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Chapter 6

L ongitudinal Pulse Width Monitor
(Bunch Shape Monitor)

In order to upgrade the beam energy, the accaederdtequency must be increased to
972 MHz which is thrice of the SDTL frequency. Agtfrequency jump may lead to
beam loss due to longitudinal mismatch, we neegeidorm beam-length matching
between SDTL and ACS section. Bunch shape mon{@8&M\s) were developed to
follow the beam behavior in the two ACS-type burcbavities for the longitudinal
beam matching. The typical bunch phase lengthrisidered to be 2°3n the new ACS
cavities, therefore the phase resolution shoulgég®than 10 The design developed in
the Institute for Nuclear Research, Russian Acadehfycience (INR/RAS) [1, 2] was
utilized for the BSM because of finer phase resofut

There are several schemes for the bunch shape regant, among them a waveform
comparison using BPM electrode is a possible cadifB]. We chose the BSM using
secondary electrons from a thin target which protiesion beam profile, because
secondary electrons are emitted and acceleratetllglieeping the time structure [4, 5].
An RF deflector system modulates the electron gnatghe same frequency with the
ion beam, while an additional magnetic field capasate the secondary electrons from
detached electrons.

A tuning method was proposed using BSMs in whicheadk the longitudinal matching
using three BSMs together with the transverse lgrafiatching. The new longitudinal
tuning method was developed because of no redupdainthe BSM location. In the
final part of this chapter, we discuss usefulnd€33Ms for the tuning of linac at higher
energy and intensity.

6.1 Development of Bunch Shape Monitor
6.1.1 Principle of Bunch Shape Measurement
A device for the longitudinal beam width measuretmeas designed on the basis of
observation of secondary electrons from a singlee vimtersecting the beam, as
shown in Fig. 6-1 [6, 7]. Figure 6-1 shows a sch@naf the operation. A series of
bunches of the beam under measurement interseetgatbet wire of 0.1 mm
diameter and low-energy secondary electrons aretteziniby the beam-wire
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interaction. The wire is held at a negative potdnof typically -10 kV. The
secondary electrons move almost radially and ettter RF deflector through

collimators.
Beam )
Pulse RF Deflector with View Port
Static Lens )
@ Bending Magnet
Wire Stroke ... ;

AN

——1

Steering

Electron ~ Magnet
Trajectory

Figure 6-1: Schematic diagram of BSM.
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We applied an RF-field with the same frequencyhasdaccelerating RF (324 MHz).
The deflection of the electrons at the exit of Rfe deflector depends on their phase
with respect to the deflecting field. By adjustitige phase of deflecting field with
respect to the accelerator RF reference, we cobidiro the longitudinal width of
bunches.

6.1.2 System Configuration of Bunch Shape Monitor

The BSM comprises a body, an RF deflector, a stganagnet, an actuator, and an
electron detector (shown in Figs. 6-2 and 6-3). B8M body was designed for

installation between the quadrupole doublets. TRedBflector and the actuator that
holds the target wire were vertically installed iaga the beam axis. Secondary
electrons pass through the collimators of the Rifedsr and the duct connected to
the electron detector. The target wire made ofsterghas a diameter of 0.10 mm. It
can be moved by the actuator driven by a steppiotgpmin the vacuum chamber

with a minimum precision of 0.50 pm.

The collimators and the structural parts degrattedpumping conductance. During
the BSM measurement, we applied a high bias voliagee static lens and the target
wire, and controlled the RF power input as a manameter. They were also the
main factors influencing the vacuum condition.
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726,60*

e 907.60" - 306"

Figure 6-2: BSM outline (1-Body, RF Deflector, 2-Actuator, 3-Steering
Magnet, 4-Bending Magnet, 5-Detector, 6-Support, 7-Beam Duct).

RF Deflector

Electron
Detector

The RF deflector shown in Fig. 6-4 is composed pé# of electrodes whose length
is adjusted to bd/2 (A: wave length of the acceleration frequency of BR4z). We
applied a constant DC voltage to focus the secgrelactron trajectories.
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Figure 6-4: Schematic viéw of RF deflector. Upper is the surface of
deflector and the lower is the top-view of deflector.

The electric field around the RF deflector was glted and shown in Fig. 6-5 [8].
We set the electrodes into the RF deflector, aadgal collimator #1 and #2 on a side
surface of the RF deflector. The collimators #1 #Bdvere connected to the ground,
and the potential of the electrodes was typicakgéd to -8.0 kV.
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Distance from the Target Wire [mm]
Figure 6-5: Electric filed inside the BSM where
the electrodes are negatively biased.

Secondary electrons accelerated from the target oyir-10.0 kV passed through the
collimator #1. They are deaccelerated by the gradiéthe field to the center of the
electrodes, and finally accelerated again by timensgtrical gradient.

The target wire was movable in the vacuum chamliigr precision of 0.5um, so the
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spatial resolution was enough high for the measer¢rof the bunch shape. The
BSM operational parameters are field strengthdefliending magnet, the steering
magnet and the static lens, and also bias voltagjeshe wire for electron
multiplication.

We measured the relation between the control veltagl the phase to make a fitting
function for accurate phase control. The fittingdtion was used for all of the phase
shifters which could be operated withidtervals.

6.1.3 Installation Layout

We assembled all three BSMs before moving to acatele tunnel and made
laboratory tests of mechanics, electronics, androbeystems. They were installed
in ACS cavities, ACS type-bunchers between theirmalgSDTL and the additional

ACS section. The acceleration frequency jumps f82% MHz to 972 MHz in this

section as was shown in Fig. 2-7 (in Chapter 2)iriguthe BSM measurement, the
RF powers of ACS cavities were switched off, anddusvo 972 MHz ACS-type

buncher cavities as the knobs for the longitudwmialth matching.

6.1.4 Positioning of Target Wire

When the target wire is intercepting the seriedb@hm bunches, we can use an
integrated beam loss signal to take a proper posaf the target. The signals from
the nearest downward beam loss monitor are showfign6-6. This profile was
almost correspondent with the transverse profkerisoy WSM.
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X X
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@ X 0%
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7]
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Figure 6-6: Plots of beam loss signal obtained by BSM.
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6.2 First Beam Test
6.2.1 Evaluation of Phase Resolution
The most important characteristic of the BSM is gqghaesolution. The resolution
includes several constituents. The phase resolubbnBSM can be found
experimentally by considering the focusing and etgfhg properties of the electron
optical channel.
This component can be found as

AZ

AQO = ’ (6'1)

Zmax

where4Z is full width at half maximum of the focused sedary electron beam and
Zmax IS the maximum electron displacement at outpuiroator due to RF deflection.

First of all, we tested focusing property of theticgd channel and calculated the
RMS width of the measured curve. This width wasregged in millimeters based on
calibration (10 V of steering voltage corresponds 1t mm of electron beam

displacement). The minimum RMS size was 0.23 mmesponding to the output
collimator size of 0.5 mm. To find the maximum d&gementZ,., we measured

relative phase positions of the observed bunchasimad range.

. /109
o 73 5
Pha 360 . G &
Se [‘7 450 - 6\3.
Figure 6-7: Example of bunch phase positions
for wide range phase adjustment.

180 e
270
540

Figure 6-7 demonstrates an example of the phasegoor 540° range of phase. If
the steering voltage is adjusted to direct thetedas exactly into the slit of the
output collimator, the observed bunches shoulddsegical with the period of 180°.
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If the electron beam at the output collimator isptiiced byZ. the observed bunches
becomes bi-periodical: the phases of the observedthes becomes 180A2and
180°+2A.

The parameters, Z. andZ,.x are related as

Zc

A=

(6-2)

Zmax

Figure 6-8 shows the phase position of the obseletthes forZ=15 mm and

Z=-15 mm. The phase distances between the adjaganhés versug. is shown in

Fig. 6-9. Using Eq. (6-2), the value of maximumpté€emen®,.x can be found to
be equal to 54.5 mm. Substituting=0.5 mm andZ;,,,=54.5 mm in Eq. (6-1) the
phase resolution can be estimated tod@=0.53°.
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Figure 6-8: Phase position of bunches.
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Figure 6-9: Dependence of phase distance between
the adjacent bunches on electron beam displacement.

6.2.2 Functioning Tests
In the BSM functioning tests, we had only 324 MH#=#n cavities and used the
15th SDTL cavity as a knob of the longitudinal femg device, because there were
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no ACS cavities. The test beam parameters werelksvé: 324-MHz operational
frequency, 170-MeV source energy, 15-mA peak beament, and 3-mm transverse
beam size in rms. The phase shifter of the RF deflecould work at 1.0°-intervals,
and the signals were sampled with intervals of.1 us

There was no RF cavity between the exit of SDTL #tir@lBSMs. Then, the phase
width of the beam started to grow rapidly after 8i@TL exit due to space-charge
effect. The beam phase width further grows betw#8Ns. The beam phase width
measured with a downstream BSM is larger than whtt an upper stream one.
Using this relation, we made a check on the cosrsist among BSMs. Then, we
turned on and off the last SDTL module, or SDTL1&,move the phase width
growth point upstream.

The beam phase width measured with each BSM isshowig. 6-10. The knob of
the measurement was RF on-off of the SDTL15. Thereace line was obtained
when the SDTL15 on but blue one shows the phasen e SDTL15 off. This
relation and the tendencies of phase width weexpscted.

—&— Reference
&= SDTLI5 off

//
e

Longitudinal RMS beam width (deg)
&
|

| | 1
130 135 140 145 150
Distance along linac {m})

Figure 6-10: Initial check of BSM measurement.
Reference means RF on of SDTL15 as a nominal operation.

We have made more detailed monitor verificatioriclisws. We estimated that the
consistency of the RMS phase width among BSMs biyckimg off the cavity in
front of the BSMs. We changed the SDTL15 amplituihde setting its synchronous
phase to -90°. We measured the response of eaclitomoevith respect to the
SDTL15 amplitude. In this situation, the width waedicted to be larger at the
downstream monitor positions using 3D-PIC simulatio
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Figure 6-11 shows the measured dependence andasimnutesults. In the figure,
horizontal axis means a scaled focusing strengti an amplitude of ADTL15, and
the nominal SDTL15 amplitude was assumed to beWl&en the RF amplitude was
increased, focusing strength was expected to iserpeoportionally. As can be seen
in this figure, the experimentally obtained phasdtivdependence agrees with the
simulated value for BSM#1 and #2, however, theltdsuthe BSM#3 showed some
discrepancy. After we investigated the results 823 carefully, it was concluded
that a mechanical assembly error caused this gianoy.

w

2| BSM#1:— Simulation © Experiment
BSM#2:— Simulation © Experiment
BSM#3: Simulation Experiment

Longitudinal RMS beam width (deg)
o
I

T T T T T T T 1
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 12
Scaled focusing strength with S15

Figure 6-11: Measured longitudinal RMS beam width
versus focusing strength of last SDTL cavity (SDTL15)
and corresponding simulation results.

6.2.3 First Measurement of Longitudinal Bunch Width

The first data acquisition of longitudinal width svaconducted after transverse
matching. The first data recorded by BSM#1 is shawhig. 6-12 [9]; plots of the
intense signals recorded by the electron deteamsug phase led to the Gaussian
shapes of 1s intervals. Starting from @s, the beam bunch comes from the
backside, and the phase shifted because of a teedrd delay and it can be seen
around the pulse head. Moreover, noisy electrotey @mto the electron detector, and
the base level around the bunch tail increases.

The dynamic range of the monitor reached>d©shown in the figure. This range is
sufficient for calculating the RMS bunch width, e high sensitivity would be
advantageous to study the beam dynamics. When iftedskhe phase from 0° to
540° against the acceleration frequency, we shibeldble to observe three intensity
peaks up-to 540°, because the amplitude of theeddedh RF reaches zero every
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180° phase.

We chose the peak with the lowest noise for the RidiSulation. We fit the data in
Fig. 6-24 with the Gaussian profile, and calculgtesl RMS longitudinal width to be
5.02°. As the data was fit very smoothly to the €&#an shape, we considered that
the phase resolution is sufficient for measurirggldngitudinal bunch width [10].

Intensity [a.u.]

Figure 6-12: First data of longitudinal width measurement by
BSM#1. The beam bunch originates from the backside.

6.3 Errorsof Bunch Length Measurement
6.3.1 Effect of the RF Feed Forward System
When the beam operation started, we usually tunedFafeed forward (FF) system
for the compensation of the RF power loss due & ghss of charged particles
through the RF cavity. To investigate the behawbrthe pulse head, we took
waveforms at various peak beam currents. In 30 mération, the peak beam
current can be squeezed by the scraper in theeapstof linac to make 5 to 30 mA
with 5 mA intervals.
A wake field in an RF cavity is caused by traveliggctric field induced by the
charged beam pulse. The strength of the wake fi#ldctory depends on the
traveling electrical field, i.e., the peak beamreat. The wake field counteracted the
beam pulse, namely that induced a slowdown of dasrbparticles [11].
Figure 6-13 shows an example of the wake fieldceéften the beam pulse. In the
figure, pulse heads are the left and the tailstlaeeright. The color contour means
intensity of the signal. At a 5 mA level, the phaseere not affected by the wake
field and the profiles were almost straight. Whiea peak-beam current was getting
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higher, the pulse heads were effectively bendeds Was usually compensated by
the RF feed forward system. Without compensatibnyas usually difficult to
calculate the pulse width accurately. These resulggested the importance of RF
feed forward adjustment to compensate the wakd foal the measurement at high
peak beam current operations.

Ipeak = 5 mA
RMS =3.19

Ipeak = 10 mA
RMS =3.21

Ipeak = 15 mA
RMS = 3.69

Ipeak = 20 mA
RMS = 3.98

Ipeak = 25 mA
RMS = 3.89

Ipeak = 30 mA
RMS =4.17

! Intensity
RSN = 0.4 - 0.6
= 02-04
= 00-02
m-02-00

25°Qe

4500°

45000

45000

4500

00

Figure 6-13: Wake field effect on waveform. Feed forward system is off
and peak beam current is changed.
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Conventional BSMs used in the other facilities hao¢ measured such high beam
currents. This is the world first measurement o thake field which gives us

important lessons for the measurement errors ardkratanding the slowdown

mechanism of the beam acceleration.

The measured longitudinal bunch width was not umfoand this would affect the

RMS bunch width calculation. Therefore, we pickgdthe last half of the pulse to

neglect the feed forward delay. Then the RMS witkhe is the average through the
last half of the pulse.

6.3.2 Effect of Off-Centering Beam

When the peak beam current is increasing, thettange will be exposed to a higher
peak beam current and the thermal stress will becmuarious. Then the
misalignment with the beam axis should be evaluatecectly.

Several measurements were conducted for differemtzdntal wire positions
scanning from -2 mm to +2 mm in steps of 0.5 mmskaswvn in Fig. 6-14. Here the
positive position means the wire is inserted tortgbt position of the detector in Fig.
6-1, so that the position is nearer to the collor&iand the electron multiplier than
the optimum position. To control the thermal stre#s evaluated the data taken at an
off-center beam with those taken at an on-centambd& he minimum phase spread
can be seen at —1.0 mm where the maximum signaldetected by the electron
multiplier and the Gaussian fitting is shown to erestimate the actual RMS bunch
length [11].

4.8
3 g
ﬁ 4.6 /
< 44
5 42 ‘\ //
L e

-3 -2 -1 0 1 2
position [mm]

L¥'S)

Figure 6-14: RMS phase spread at different horizontal wire positions.

This tendency agrees with the front-end bunch lewngthe 3-MeV beam measured
at Linac4 at CERN [12]. The absolute bunch lengtlthe 3-MeV beam is quite
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larger than that above 191 MeV beam in J-PARC. Jigeal-level shift with wire
position is considered to be caused by the shiivais position.

Because the BSM is a type of wire scanning deutee,possibility of using it as a
horizontal profile monitor is incidentally discusisg 2], because the signal level is a
function of the wire position. However, the measueat results include functional
errors. We usually defined the wire position of theam center by the beam loss
signal taken at the downstream beam loss moniigr @6 in 6.1.4). In focus of the
optimum wire position (0 mm in Fig. 6-14), phaseesivas proportionally dependent
on the position shift, the dependence was apprdei;na% of RMS phase width per
0.1 mm, therefore the wire shift should be within0.5 mm and corresponding
phase error width was estimated to be withif®.5” in phase. In the discussion of
the electrical field in Fig. 6-5, static field iptimized to focus the electron trajectory
on the collimeters. When the target wire is hortatip shifted, the focusing point is
shifted. This shift is considered to be the cadgbephase shift.

6.3.3 Linac Beam Dynamics Study

For a study on space-charge driven transversetlatigal coupling resonance, we
measured the longitudinal emittance with BSMs. Tresults are expected to
contribute to the design of the beam operationedrpaters for the energy upgraded
linac. The high intensity linac design follows tkquipartitioning (EP) condition.
That means a strict control of the transverse anditudinal tune ratios throughout
the linac is considered to be important. To enspace-charge driven emittance
exchange between the longitudinal and transveesgeplshould be minimized as the
tune ratio diagram indicates (Hofmann’'s stabilityads). By the development of
BSMs, we can conduct an experimental study on dipéc t[13], namely we can
monitor both the transverse and longitudinal emdéasimultaneously for the first
time.

When the J-PARC project started its design, thexeevenough evidences that an EP
conditioned lattice offers a natural solution famitance conservation at such
high-intensity hadron accelerators, owing to tr@enpering works by I. Hofmann, R.
A. Jameson et al, [14] and the data based on eqm=s from SNS. Fortunately
J-PARC linac could find its EP solution as the tiasedesign without sacrificing the
hardware efficiency. It also has the applicabildy a wide range of off-EP condition.
Then it is offering opportunities not only for irstegating the basic beam physics
principles but also for further optimizations oétmachine operation.
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When the horizontal, the vertical and the longmadiitemperature stand fdk, Ty
andT,, normally we can assumig=Ty. As shown in Fig. 6-15, it is possible, within
the hardware capability, we can set the DTL, thdISBnd the ACS in a wide range
of T,/T,. The temperature ratio of horizontal and longinadli(T,/T,) is also the ratio
of oscillation energies in transverse and longitatiplane, which is defined as,

Tx _ T2k% _ €xkx (6-3)
T,  r2kZ  e;k;
z zZ"“Z z™z

Here r stands for the beam RMS envelopethe RMS emittance. Focusing is
represented by the wave numbefwith current) andk, (O-current). For instance,
settings to the left in the Fig. 6-15 means lesmdverse focusing or more
longitudinal focusing and vice versa. The EP coodigenerate biggest stable area
for the beam propagation.

Kkt / ktO

abueyoxa jo ajel yymodn

0.5 1

T
Figure 6-15: Hoffman's stability chart for J-PARC linac with an
emittance ratio €, / & =1.2 [17].

Four different working points have been tried wigmperature ratios of 1.0, 0.9, 0.7
and 0.5 as in Fig. 6-15. To avoid any uncertaintynf matching into the DTL, only
the SDTL section has been modified for each tes¢,clay adjusting the quadrupole
gradients such that the beam stays on the resandmuseenhancing the effect. The
front-end and the DTL settings are kept constantafb measurements. The beam
current was set at 15 mA which was the operatihgeva he design current is 30 mA
for the first phase of the project and 50 mA affter energy upgrade.

The experimental procedure follows several stepst the quadrupole settings in the
SDTL section are changed such that the workingtpsibrought to the desired value.
Transverse matching is then achieved at the DTLASDdnsition with an array of
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wire scanner monitors (WSMs) and quadrupoles. N&&Ms are used to measure
the transverse emittance at the ACS entrance.l¥iainch shape monitors (BSMs)
are used ahe ACS entrance to evaluate the longitudinal emdé. This procedure is
repeated for each of the working points. Detailshef SDTL-ACS section are given
in Fig. 6-16 (same as Fig. 2-7 in chapter 2). Grai of four quadrupoles in
DTL-SDTL transition are varied and the beam size migasured with four
periodically located wire WSMs. Matching involvasetuse of an envelope over
several quadrupole tuning iterations until the RiM&m widths are equal.

By knowing the phase advance between the scanmenstance and Twiss
parameters can be obtained by a parameter fitbagne to the measured RMS beam
widths. For this, a 3D envelope model of the maghiised during operation and
developed in Open XAL is being employed [15, 16].

The longitudinal emittance measurement is alsoopexd at the SDTL-ACS
transition, using one of the three BSMs. The symwcbus phase of tank SDTL15 is
set to bunching mode (-90and the RMS phase width is measured at the B&Ms
function of the tank amplitude. The resulting bganofiles measured for the J-PARC
linac with BSM can be seen in Fig. 6-11 and 6-hwang the bunch length for the
entire pulse duration. The emittance and Twiss rpatars at SDTL15 were then
calculated by doing a 3-parameter scan to fit teasured beam widths.

|I SDTL16 | MEBT2 |

Buncher1 Buncher2 B%M

o q“] q“u ol

. ACSO1 , ACS02 , ACS03 , ACS04 , ACS05 , ACS06 |

| I I | I | 1
WSM BSM WSM BSM WSM WSM

'$'+'+'+!+F 'Jv' " "
Figure 6-16: Beam monitor layout around SDTL16. The positions
of the WSMs and the BSMs are indicated with arrows.

Instead, the fitting was done by particle trackumgjng IMPACT simulation and
assuming a Gaussian distribution at SDTL15 [16]riiigy BSM calibration, a full
scan was performed in which the RMS beam width maasured as a function of
SDTL15 tank amplitude and then compared with sitha performed with
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IMPACT and TraceWin. The results for BSM#1 whichivae further used for the
measurement of emittance can be seen in Fig. 6hktera good agreement between
the simulation and the measurement can be observed.

The emittance evolution throughout the linac fa thur cases can be summarized in
Table 6-1. The graphical representation seen in &ifj7 shows some emittance
exchange for casé=0.9 k; / k; = 1) and much stronger f@=0.5 k; / k; = 2), while
casesl=1.0 andT=0.7 show no exchange. It is also interesting te mtloat there is a
strong longitudinal emittance growth between thé ehthe SDTL and the location
of BSMs. This is caused by the absence of longiaidiocusing in this section and is
the reason for needing multiparticle tracking tbneate the emittance.

Table 6-1: Simulated emittance evolution vs. position in the chart
(Fig. 6-15) for the four working points tested [17].

DTL Output DTL Output .
T /T, [Ttmm.mrad] [Ttmm.mrad] Emittance Growth [%)]
& & & & & &
1.0 0.229 0.260 0.237 0.261 3.1 0.4
0.9 0.229 0.260 0.243 0.249 5.7 -4.1
0.7 0.229 0.260 0.237 0.260 3.2 0.2
0.5 0.229 0.260 0.266 0.243 15.6 -6.7
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Figure 6-17: Simulated emittance growth in the linac
for the four working points tested.
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As explained above, the transverse emittance isuned at the SDTL output using a
set of WSMs at the beginning of the ACS sectiorpid@® horizontal and vertical
beam profiles can be seen in Fig. 6-18. The lodgial emittance is estimated using
RMS beam phase lengths measured with BSM#1.
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The results are summzed in Table -2 where the measured emittance values &
end of the SDTL are present
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Figure 6-18: Measured transverse beam profiles in the ACS section.
The horizontal axis is the measured width (mm) while the vertical is the
logarithmic beam density (arb.).
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A clear increase in transverse emittance coupleéld avidecrease of longitudinal one
has been observed for the case 0.5. This is tke dkperimental observation of
emittance exchange in a linac driven by khé k; = 2 resonance and also the first
emittance exchange measurement in a proton lindt emittance ratios close to 1.
Additionally, unexpected halo has been measuratsversely as indicated by the
long tails in Fig. 6-18(d). Some exchanges have aken measured for case 0.7,
which is unexpected as it has not been predictetenigally or by theory.

Table 6-2: Measured J-PARC linac emittance values
for the four working points tested [17].

DTL Output
T/ T, [rtmm.mrad]
& &
1.0 0.216 0.269
0.9 0.229 0.233
0.7 0.253 0.223
0.5 0.293 0.161

While the first experimental evidence for emittaesehange dt, / ki = 2 in a proton
linac in the world with emittance ratios close taslcertainly encouraging for the
establishment by EP tuning, however questions ithain and efforts are being
made to quantify the measurement limitations anig funderstand the results. The
unexpected emittance exchange se€r=at7 was also observed. A strong contender
for a possible explanation currently being invesiggl is transverse mismatch
observed at the SDTL input. In addition, the medrarled to emittance exchange is
detailed by the initial mismatch recently [17].

6.3.4 Proposal of Beam Width Tuning Based on thengitadinal-Transverse
Coupling

We proposed another tuning method. As we have dondancy of the BSMs in

J-PARC linac, if one of them is missing by a monttouble, we need to consider the
new way to tune the longitudinal RMS beam size.réfaounted all BSMs to make
vacuum improvement and BSM were tested and comgiioOne BSM was installed
in front of ACS0O1 as shown in Fig 6-19. We can meashe longitudinal pulse

width using SDTL16, buncher 1, and buncher 2. Thwldude scan curve was
obtained as shown in Fig. 6-20. As the discussatnove, EP condition should be far
from the resonance region to avoid transverse-tadgial emittance exchange.
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We proposed a tuning method using amplitude scarecand the Twiss parameters
obtained by transverse profiles [11, 18]. In thethnd, we use the following
formula.

Fesv= &[(1+LK)*Bs-2L(1+LK) as+L2 )] (6-4)
Where, & is emittanceL is drift length,as, G, & are Twiss parameters at BSM
position, andk is longitudinal focusing force. We substitutetssy andk which are
obtained from Fig. 6-19. These free parameterg,ofrs, s, were obtained by
iterated calculation angs by 3D-PIC simulation. These parameters were adated
the buncher and quadrupole settings, and the batam loss measurements, and
finally proper settings for minimum beam loss diimra were determined.

We have a plan to develop the BSM for the front-ékslthere is no enough space to
install a number of BSMs, we will install only oB&M and use this method.

SDTL16 Buncherl Buncher?2 ACSO01 ACS02
BSM i i
27m
8.4m 8.5m
Figure 6-19: One BSM installation layout after SDTL16 with their distance.
55
rnan : FTLLILIL SDTL ] {)

5.0 —8—Buncher |

= -

g

B35
3.0
i s
2.0 ' : ’ ‘
1000 2000 3000 4000 5000 6000 7000

Amplitude
Figure 6-20: Amplitude scan curve by SDTL16 and Buncher 1.

6.4 Summary
BSMs were successfully developed for J-PARC limracallaboration with INR. The
target phase resolution was less thar? ar@l vertical stepping accuracy was less than
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0.1 mm. BSMs were installed between the quadrugolelets and the BSM body was
close to the quadrupole magnet, therefore we cereid the influence of the
guad-magnetic fields for the operational settinfjse effect of magnetic shield was
evaluated to reduce the magnetic field in the BSMvall as to suppress the accelerated
beam size. Also we evaluated the effect of the magishield to the accelerated beam
size is 1.5% which is sufficiently small to oper#ite quadrupole magnets properly [9].
We overcame the vacuum problems accompanied byingtallation of BSMs and
achieved the super-high vacuum level during the B&Mration. A vacuum system
with on-line baking scheme was proposed to opd&tgs without significant vacuum
degradation [19].

In the first commissioning, we confirmed the phaseuracy is less than 0.53°. A
consistency check of the results using an upwarcelaation cavity confirmed
agreements of tendencies and absolute phase waltipared with the simulated
estimations. The effect of wake field generatedthy charged particle beam was
evaluated as a function of beam current. Lessoast ldeom the wake field effect
evaluation was utilized to estimate the measurerserars and the beam slowdown
effect. We showed the RMS phase spread at différ@rmmtontal wire positions is caused
by the mechanical structure and it should be mirahiby accurate wire position.

The high intensity linac design follows the equtpieoming (EP) condition. Beam
dynamical experiments were conducted by measuhegldngitudinal bunch length
with BSMs to make Hofmann'’s stability charts whiodicated a region of space-charge
driven transverse-longitudinal coupling resonaridee results supported this chart and
the condition to avoid the resonant region wasreded in the operational settings.
BSM measurements will have obvious advantages afsareng longitudinal emittance,
while the accuracy of both the transverse and tadgial emittance measurement was
verified. This method brings the discussion backht choice of a working point (EQ
set-point or not) and the use of stability chamtinac design. What this experiment has
highlighted is the need to understand the limitegiof these design-tools. While these
charts are useful guidelines, they cannot substdwgystematic analysis of the influence
of mismatch, initial particle distribution, beamn& spread, resonances, errors, etc.,
supported by thorough self-consistent multi-pagtmbmputer simulations.

The implications for future linac designs are clé&ith this experiment, there is now
sufficient experimental as well as theoretical ewice to support the avoidance of the k
/ ki =1 and k/ k. = 2 stop-bands. From the analysis shown in theptr, it is clear that
the design procedure based on the EQ criterion doesiecessarily equate with the
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absence of emittance growth and halo developmerd. dlso clear that safe working

points do exist outside EQ.

In this chapter, we showed that we could conduetlbam dynamical study by the
BSMs by which we could monitor both the transveassd the longitudinal emittance

simultaneously. In addition, we proposed a nhewtgrsicheme based on the longitudinal
monitoring by the BSM and numerical simulations.
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Chapter 7

Beam L oss M onitor

One of the important issues for the developmenhigh-current and high-brilliance
accelerators is to understand the beam dynamice@udby the high power density of
the beam. A misaligned beam leads to destroy owilgeactivate the accelerator
components. This fact makes the beam loss moridvj system one of the essential
diagnostic tools for the beam tuning, the operatemd the interlock system for the
machine protection. It should suppress the loss atolevel which ensures
hands-on-maintenance of accelerator componentagishutdown and it should shut
out the radiation outside the accelerator shieldilg found that the hands-on limit is
corresponding approximately to 1 W/m beam lossénX-PARC linac.

Regular losses might occur continuously duringrthning and they correspond to the
transport efficiency of the beam in the accelerdttany factors are important for the
design of an appropriate BLM system. In particulagommon requirement for BLMs
in high power accelerator is the large dynamic earlg addition, we need radiation
resistance, linearity, signal response, and mdre [1

Different types of BLMs are used sometimes at Hraeslocation to extend the dynamic
range and to accommodate other requirements oimeitoring. Usually sensitive
BLMs are located to measure small losses and &gssitve ones are to cover the high
loss rates or to cover different time scales.

We placed ionization chamber BLMs (hereafter wd tda#m as “gas proportional
BLM”) composed of gas container filled with Ar a@D, for the entire beam line in the
J-PARC linac because of broad energy sensitivitgevdynamic range, fast response,
and ease of the maintenance. The time responséhisw us that is fast enough to
detect the abnormal beam loss and to operate tBdock system. However the gas
proportional BLMs also have sensitivity to the X+fsom RF acceleration cavities that
becomes a background while the BLM measuremergatticular, they are difficult to
detect the beam loss in the low energy region dfelecator, because the gas
proportional BLMs are less sensitive to low eneXyyay which is generated by the
beam loss in low energy part of linac.

After the gigantic earthquake occurred on March 2011, the activation level
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remarkably increased at the surface of DTL1 caaityvhich the beam energy is less
than 20 MeV. Although we thought the misaligned rbearbit to be a dominant
candidate of the activation, we had a difficultymeasure the beam loss at this part by
the ion chamber-type BLM.

Scintillator based BLMs were developed to cover ¢ias proportional BLMs at the
lower energy part of the linac. Also we proposetwa beam-orbit tuning method using
the new scintillator based BLMs which provides gigant signals at the low energy
part of the linac.

7.1 Gas Proportional BLM

A gas proportional BLM in its simplest form consisif two parallel metallic electrodes
(anode and cathode) separated by a gap and aedppHs voltage of some hundreds to
thousands of volts. The gap is usually fed withixeoh gas (Ar-CQ).

As an example, we show an argon type gas propattiBbM in Fig. 7-1. A high
voltage and a small gap width are preferred toeaha wide dynamic range as well as
to achieve a faster response time of the ionizatitamber [2]. We achieved electron
collection times of less than [is, even in large chambers, by an appropriate
arrangement of the electrodes.

An Ar-CO, gas proportional BLM which is presently produced Toshiba Electron
Tubes & Devices Co., Ltd., was developed for thehmree protection and the tuning of
misaligned beam orbit, for reasons of high sengitiand fast rise time [3]. It was
reported that has an internal gas amplificatiof sf1d at 2 kV, a dynamic range of 3.0
and a fast rise time of 100 ns [4].

Length: 600mm Gas: Ar+CO,
Diameter: 50.8 mm |
Gas pressure: 1 atm — ‘ / Anode Wire
BNC ”' | SHV
i1 ")
= | I 3 M }! ===
| ' ;i =
=
Gas Proportional BLM, EG876 - 500 Anode Pt Wire, 50um
Toshiba Electron Tubes & Devices Co. Ltd., (Gas: Al""COz)

Figure 7-1: Structure of ion chamber (Ar and CO: filled).

The BLM system configuration is shown in Fig. 7€&nsidering the sensitivity and the
linearity, we supplied a maximum voltage to obtsirfficient output signal. The signal
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is amplified and transferred to a signal processimit. We applied a computer
controlled threshold voltage to the comparator,civtalerts to the interlock system. To
observe the beam loss behavior, we observed tla betam loss using a signal
integrator. This provided the integrated beam Ims®ls of macro pulses at each
position. In the J-PARC linac, we obtained the bédass distribution using a series of
BLMs, which is a very important matter for the decator tuning.

High Voltage Supply
< Control
Threshold
Pre-Amplifier
1 l > > Alarm
S 3 W ! Raw signal
! - Comparator
| : —> > ADC
ey 3 5 Integrated
:;cl’tw Pass | Integral Circuit signal for
et Signal Processing Unit tuning

Intermediate | .
Accelerator Tunnel &€——> Tynne| <€<——> Electronics Racks on Ground Floor

Figure 7-2: System configuration of the beam loss detection using
ionization chamber BLM with interlock system.

7.2 Scintillation Detector s

A combination of a scintillator and a photomultgsl{PMT) achieves very fast response
(a few nano second) and high sensitivity of beass ltetection [5, 6]. While the plastic
scintillator has a life due to radiation damageuélly the transmission decreases to 1/e
with 0.01 to 1 MGy dose), it has advantages; lessifive to low energy X-ray and can
be modulated in nearly all shapes and sizes.

Also the adjustable gain of the PMT can increage dyjnamic range of this type of
BLM. We used photo-multipliers (Hamamatsu H3164-Mih a maximum gain of 1.1
x 10, at wavelength of 420 nm, and a rise time of 0s8(Fig. 7-3). The plastic
scintillator we used is Saint-Gobain BC-408 [7] ethiemits a fluorescence with rise
time of 0.9 ns and peak wavelength of 425 nm wheliches with the photomultiplier.
The BLM using plastic scintillation (hereafter wallcit scintillation BLM) system
configuration is shown in Fig. 7-4. High voltage svearefully chosen to 700 V by
observing the signal waveforms. If the fast timspanse is the most important issue,
the preamplifier can be removed.
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Photomultiplier Tube

Plastic
Scintillator

1

Scintillation Beam Loss Monitor

d

| suv
|
[ BNC

Plastic Scintillator Photo-multiplier

f f
Shield Film  Thin Film Aluminum Pipe
(Insulation)  (Support, Shield)
Figure 7-3: Fast and sensitive BLM system composed of a PMT in
combination with a plastic scintillator.

High Voltage Supply

< Control
Pre-Amplifier
: > Scope
[ 1 e
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Figure 7-4: System configuration of the beam loss detection using
scintillator BLM.

7.3 Beam L oss M easurement with Gas Proportional BLM

We confirmed that the gas proportional BLMs aresgare to X-rays emitted from the
RF cavities. The left waveform of Fig. 7-5 shows tiesponse from BLM in ACS18
with RF “on” but without the beam. When the beanswan,” the signal waveform
changes to the right waveform.
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7. Beam Loss Monitt

Signal width inFig. 75 was 650us corresponding to the RF gate widWe can
consider the background-rays to be an offset value of the integrated BLihal anc
estimated the actual beam loss from the differéreteeen beam “on” and “off.

Figure 7-5: Beam loss signal acquired at ACS18, where higher bea “
loss can be observed. In the panels, the horizontal axis is 100 ps/div,
and the vertical axis is 5.0 mV/div.

7.4 Beam L oss M easurement with Scintillation BLM

J-PARC linac has three DTL cavities, athe first DTL cavity consists of 75 drift tuk
(DTs) and quadrupol¢in the cavit. All DTs werealigned within 5Cum to the center ¢
the magnetic field

LAY | 38 P -
DT5 DT54 ﬁ 30 -E-;Z:Iz; ;3 A
DT53 _ [e—— A

Figure 7-6: Measureent points of Figure 7-7: Residual radiatibn at
residual radiation. DTL1. Vertical axis is in uSv/h.
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7. Beam Loss Monitor

Residual radiation was not so remarkable on théasarof DTL cavities before the
gigantic earthquake, but after reoperation, rentdykaigh residual radiation was found
(as shown in Figs. 7-6 and 7-7). As the Ar filledsgproportional BLM was less
sensitive to the beam loss around DTL, we chosehanoBLM to support the
investigation of the cause of beam loss.

In order to support the gas proportional BLM, wefmened a beam loss simulation
using the GEANT4 to estimate the loss particle asdlistribution generated by the
scattering between the beam particles and the uasiglas [8]. The region of the
simulation covered from SDTL to L3BT. We considesldRF cavities, the quadrupole
magnets and the beam pipes in totally 250m of b#ansport line as the boundary
conditions. Although the residual gas componenés ansidered to be ,NH, and
hydrocarbon, we assumed that is composed of nitrgge (N) with 10° [Pa] in the
beam pipe.

In this simulation, we assumed4®4 particles traveled from the SDTL section with
initial momentum. 1 particles were mainly generated by the interacbetween H
particles and residual gas. Figure 7-8 shows tiséipo and the scattering frequency. In
the figure, the color indicates the frequency comgavith the assumed particle number.
The particles with imperceptible angles traveledu10 m downstream as shown in
Fig. 7-8, because the neutral hydrogen particlffssgi to the downstream with the
initial momentum.
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Figure 7-8: Position and frequency of the scattering between H° and beam duct.
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After the travel to the downstream, they made silhis in the beam duct and interacted
with the structural materials, and made the otlaeirdns. Scattering occurred frequently
at the low energy part of the linac (50 m), becaoiséhe larger cross section of the
interaction at the low energy region. We confirnieete points where the loss events of
the collision occur are due to the increase ofiinet diameter.

Hadrons are estimated to be produced by the anilisetween Pland the beam duct.
The results are shown in Fig. 7-9. We decided tasuee the gamma-lay based on this
simulation, because the scattered hadrons werempasoed by the gamma-ray.
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Figure 7-9: Generated hadrons by the interaction between
H° and the beam duct.

We tested the scintillation BLMs at the downstreaiSDTL because we could see
remarkable signals with them at high energy pa#d.s&t the scintillation BLM behind
the gas proportional BLM as shown in Fig. 7-10.Weasured the loss particles which

deposit a high energy in the scintillation BLM.
Quadrupole Magnet

SDTL Cavity 1~ I

Beam line

Ar-gas filled
lonization chamber BLM

ScintillatorBLM
Figure 7-10: Installation layout of Ar-gas filled

ionization chamber BLM and scintillator BLM.

-905-



7. Beam Loss Monitor

Figure 7-11 shows the beam loss signals obtairmed the gas proportional counter and
the scintillation BLM. As shown, signals from thasgproportional counter had a RF
pulse width (60Qus), but the width of signal from the scintillati®LM was 200us
which corresponded to the actual beam pulse. Weireat good signal response with
the plastic scintillation BLM, which had almost sensitivity to the background X-ray.

40ns 160ns

600ns

' Proportional

19

Figure 7-12: Signals from a gs

re 7-11: Signals from a gas

Figu

proportional BLM (green) and proportional BLM (blue) and
scintillation BLM (magenta) at scintillation BLM (yellow) at SDTL13.

SDTL13. Time scale is 100 ps/div. The Time scale is 400 ns/div. The beam
beam current signal from SCTis also  current signal from SCT is also shown
shown (yellow). (magenta).

The time resolution of the scintillation BLM wasfftient to measure the beam loss
caused by the chopped pulse as shown in Fig. Width of the scintillation signal by
one event was estimated to be several tens nstimibedelay of the scintillation signal
was almost 160 ns and this delay was corresponttinthe time constant of the
pre-amplifier (in Fig. 7-12). In the test operatiamth plastic scintillation BLM, we
successfully measured clear beam loss signals lantnoise level and employed the
scintillation BLM to measure the beam loss at DTL1.

Sensitivity of the plastic scintillator (BC-408) issually matched to the radiation
generated at the region of high beam energy, howeeeconfirmed that it still has
sensitivity to the beam loss signal in a regionbeém energy less than 5 MeV. We
installed four scintillation BLMs to both horizohtsides of the DTL1 cavity at DT25
and DT55 (Fig. 7-13). In order to confirm the bearhit dependence of the beam loss
signals at DT25 and DT55, we shifted the beam aovlilt a steering magnet located at
upstream of DTL [9].
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Yellow : Beam Current, 2.0 V/div Yellow : Beam Current, 2.0 V/div
Purple : Beam Loss (+x side), 20 mV/div Purple : Beam Loss (+x side), 20 mV/div
Green : Beam Loss (-x side), 20 mV/div Green : Beam Loss (-x side), 20 mV/div
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Figure 7-13(a): Beam loss event before Figure 7-13(b): Beam loss event after
beam orbit tuning. beam orbit tuning.

As the results, we obtained fine waveforms usirg gbintillation BLMs. Waveforms

obtained at DT25 are shown in Figs. 7-13(a) and(®)1 Figure 7-13(a) shows the
waveform obtained before beam orbit correction. rBearbit was corrected with

consistently observing the downstream beam losgur€i 7-13(b) shows the BLM
signals obtained after the beam orbit tuning. Thithe way of the beam orbit tuning
and we could optimize the beam orbit so as to sgxthe beam loss.

As shown, the beam loss was successfully measwratebscintillation BLMs at the

surface of DTL cavity even in the low beam eneggyion.

7.5 Summary

We installed gas proportional BLMs in the J-PARGeline and used them in the
energy-upgraded linac. Although a background Xsigypal was still detected, we could
estimate the amount of beam loss. We tried to csdilation BLMs in the lower
energy region of linac. As the results, we sucediysbbtained clear beam loss signals
with low X-ray background by careful designing aradibration.

A beam orbit correction scheme using the BLMs wataldished at the region where it
is difficult to detect the beam loss due to the lmsam energy. This new scheme using
scintillation BLM is an epochal idea for the acceater tuning. In addition, this BLM
helps in obtaining the loss signal with excelléntet response and high sensitivity, so
that we can understand the time dependence ofth® loss [10].

The newly developed scintillation BLMs played arportant role to mitigate the beam
loss and to modify the misalignment of the beamgpart of the J-PARC linac after the
earthquake.
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8. Beam Monitors for Advanced Beam Study

Chapter 8

Beam Monitorsfor Advanced Beam Study

Beam monitors are usually used to observe the maaitioperational status and tuning,
but the monitors can also provide valuable datathe beam physics study. We
introduced the beam monitors for the first beam m@ssioning where we confirmed
the beam monitor performances and established @BevieV operational parameters.
The beam physical study was conducted for the atialuof important performances of
the acceleration cavities which was already intoedu

8.1 First Beam Commissioning after Energy Upgrade

The first beam commissioning of the new ACS casihad two important missions: (1)
to establish 400-MeV operation and (2) to deternsuigable parameters for high-power
beam operation (i.e., output power of 1 MW). Befat®ining 400-MeV operation, we
had to deal with two other missions for the beammmassioning: (1) to reproduce
181-MeV operation again in the new beam line anyl 12 confirm the proper
functioning of beam monitors destined for tuning tACS cavities [1]. The main
purpose of this commissioning was to check the tfanmg of developed beam
monitors whether they accommodate the requiredfspon.

We confirmed appropriate functioning and alignmeritset of BPMs using the
conventional beam-based calibration (BBC) methodwsh in the section “3.4
Installation Accuracy: Beam Based Calibration”, @efhresulted in an installation offset
of 18.8 um.

The functioning of FCTs was checked while delivgrithe 181-MeV beam to the
straight beam dump. The beam energy was measuthd/arious FCT pairs using the
TOF method, because the beam bunch structure beutdasonably sustained over the
new ACS section. The beam energies measured wWfdraht FCT pairs should agree
within the expected accuracy for the TOF method)sering the deceleration by
exciting idle cavities. In the beam phase measungmee accounted for the phase
offsets from FCT itself and the effect from thersigtransmission line.

After tuning the SDTL cavities, we used the 181-Ma&m to compare various FCT
pairs for the energy measurement. If the calibratibthe offset value was appropriately
adjusted to the 324 MHz reference, the output gneas 181 MeV with errors of 1.0%.
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All data, with only one exception, were obtainedhivi 0.6% error (corresponding
beam energy of 1.0 MeV) by repeated calibratiorss,shown in Fig. 8-1. Most
importantly, the FCT pair can be used for the phstsa because of the good energy
resolution.
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Figure 8-1: Beam energy data obtained by various FCT pairs at
181-MeV operation. S16 means the 16th SDTL cavity, Bun 3 and
Bun 4 are the 1st and the 2nd Buncher cavity in MEBT2.

The proper amplitude and phase of each acceleratiniy of ACS were set by the
phase scan method. In the phase scan method, éine d&@ergy was measured by the
TOF method with a pair of FCTs. The measured enargy simulation results were
consistent. The tuning error was within 1.0% in &mge and 1° in phase. The
measured beam energy at the ACS section afterltheepscan agreed well with the
design energy, with a difference of only 0.6% aver entire ACS section as in Fig. 8-1.
The output energy measured at the last ACS cavay #00.4 MeV, which was only
0.10 % higher than the design value.

We also checked the consistency of data with an@hergy measurement with BPM.
In the L3BT section, we expected that there isléingest dispersion point in the linac.
The magnetic field was adjusted to the calculatdesbased on the measurements for
the suitable beam orbit at 400 MeV. When the beaergy shifted from 400 MeV, the
beam orbit also shifted. The corresponding eneogyracy was approximately 1.0%,
because the positional accuracy of BPM was less @itamm. The measurement of the
beam orbit at the largest dispersion point inditdkat the energy shift was within 0.8%,
which was below the lowest limit of this methodsa®wn in Fig. 8-2.

After 400-MeV beam injection into the RCS, we meaduthe beam energy by the
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closed-orbit distortion method. According to thiasurement, the energy shift was
estimated to be 0.21% with corresponding energy shD.84 MeV and the phase shift

within 1.0
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Figure 8-2: Beam orbit at the largest dispersion point of Linac. Blue dots and
line are the horizontal orbit, and green dots and line are the vertical orbit.
When the beam energy is not ideal, horizontal beam orbit drastically shifted.

8.2 Acceptance Scan of ACS Cavities

The ACS in J-PARC linac is a variation of couplédisture cavity linac with emphasis
on the axial symmetry of the RF field [2]. The REduency of J-PARC ACS is 972
MHz which is a threefold frequency jump from theT8D Because it was the first time
to accelerate the beam by the ACS, we needed tirroothe property and to estimate
the RF tuning accuracy of cavities. That motivatlsdo measure the ACS longitudinal
properties after realization of 400-MeV accelenatio

We calculated the acceptance by a 3D particledin-@ade, IMPACT [3]. In the
simulation, the initial particles were launchedtla ACS entrance distributed over a
sufficiently wide area to cover the entire accepsaim the longitudinal phase space. The
particles were tracked to the ACS exit without édesng space charge effect.

Particles above the energy threshold were chosteaCS exit, and then traced back
their initial positions at the ACS entrance to abtthe longitudinal acceptance. The
blue dotted area in Fig. 8-3 shows the simulatex@atance for ACS. The horizontal
axis in this figure is the beam injection phaseAGS with respect to the design
synchronous phaself). The vertical axis is the difference of injectibeam energy
with respect to the designed energ)e). As seen in Fig.8-3, the acceptance is ranging
from —30 to 60 in 4 and from —2.7 to 2.4 MeV idE, respectively [4].
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The longitudinal beam distribution was evaluatedhst ACS entrance. The particle
simulation was performed from the exit of RFQ te #mtrance of ACS, in which the
output distribution from PARMTEQM [5] was taken tag initial distribution [6]. In the
simulation, we adopted the same integrator and ikegration step width as the
acceptance evaluation. However, we took into accofirthe space charge effect of
beam with 30mA peak current this time. The longitatibeam distribution at the ACS
entrance was superimposed with red dots on thetaroee plot in Fig. 8-3.
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Figure 8-3: Longitudinal acceptance at the ACS entrance (blue points).
Designed beam distribution at the ACS entrance is shown with red points [4].

The experiment was conducted at the peak curret ofA. When the particles are out
of the acceptance, they are not accelerated andostrdatally. If the beam passed
through the L3BT section, the section plays a rofea momentum collimation.
Therefore we choose a beam destination in RCS.Rfh@hase for the ACS cavities
were varied while monitoring the beam transmissind the beam orbit at a place in the
downstream. The injection beam phase shifted bygihg the driving phase of all ACS
cavities at the same time with same intervals.

We measured the beam transmission with slow cutrensformers (SCTs) which were
designed to detect the peak beam current. We aa@tag SCT signals in the MEBT2
section and regarded as the injection beam cutee®CS. Then, we evaluated the
average of two SCTs at L3BT in the downstream atitput beam current. The beam
transmission efficiency was defined as the rattwben these averages.

Figure 8-4 shows the result of the transmissionsmesament. In the measurement, we
scanned the phase of the injection beam fronf +¢®B0 with respect to the nominal
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phase setting. When the transmission declined t%5@e interpreted the beam center
was on the acceptance edge. Then we could estth@atecceptance width in the phase
direction. The experimental result in Fig. 8-4 pates that the acceptance ranges from
-32 t0 60 in A@. As described above, the acceptance range extérated-30 to 60

in the simulation. Therefore, the actual acceptascgightly wider than the designed
value by 2.

Transmission

1 1 1 1 1 1 1 1 1 I L 1 1 ‘ 1 L 1 I L
-40 -20 0 20 40 60 80

Phase A [°]
Figure 8-4: Result for the transmission measurement [4].

We measured longitudinal specifications of newlstatied ACS accelerator, namely the
acceptance width on the phase direction and ouipatn energy dependence on the
injection beam energy. We evaluated the acceptiooethe beam transmission to the
first arc section downstream to be’9R is slightly larger than the design of°9@ince
the acceptance becomes wider as the injection gnmageases as shown in Fig. 8-3, the
wider acceptance could come when the injectionggnarcreases. As conducted the
measurements above, the specification of an aateftecavity can be evaluated at the
point of the beam acceptance range.

As is well known [7], an RF cavity usually has aceptance width from -30which
corresponds to the synchronous phase with negdiiregtion to +60 to the twice
synchronous phase with positive direction. Althoulgé data taken in this study have
small disagreement, the width is consistent wethwihe theory. While tuning of the
acceleration cavities, the acceptance scan rangewee important to minimize tuning
errors in the J-PARC R&D.
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8.3 Summary

We confirmed the functioning of BPMs and beam phasaitors while delivering the
181-MeV beam to the straight beam dump. The acguiEc the beam energy
measurement using new pairs of FCTs was under @t6E81 MeV. That resulted in the
accuracy of less than 2. phase measurement. The beam energy of 400 M/ w
confirmed by two methods of TOF involving the nearpf FCTs and the beam orbit at
the largest dispersion point was detected using 8PM

The longitudinal pulse width of newly installed A@EScelerator was estimated by beam
current transmission measurements with phase swpnmethod. Because this
procedure is for checking the cavity specificatispecial measurement device was not
required for it. This is a kind of unique utilizati of the current monitors and the results
can provide an important information to tune phsesitings of the RF cavity in linac.
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Chapter 9

Summary & Conclusions

9.1 Summary

Modifications of original beam monitors are impottaot only as engineering topics of
accelerators but the key issue also to establistetiergy upgrade operation. Proposals
of the related tuning schemes are also the kegsssu

The series of the studies are summarized below.

We designed stripline-type beam position monit@®NIs) and installed them. We
achieved total accuracy of 0.20 mm for beam pasitimeasurements. The author
achieved center offset of 188n with accuracy of 0.1 mm by the BPMs in beam based
alignment operation after installation.

The design and performances of a slow current foamer (SCT) and a fast current
transformer (FCT) were described. It was pointettbat the required time constant of
SCT was less than 50 ns and the signal droop raseless than 1%$. As the typical
waveform of SCT showed, the rise time was arount@nd it had almost no droop
for concerning pulse duration. Our commissioningtsgy required FCTs which have
the phase accuracy of 8.&nd time resolution of 1 ns. It was shown thaiexad phase
accuracy of the FCT was less than’/0d the time constant was less than 1 ns.

The WSMs developed in J-PARC linac achieved a dymamnge over 1 which
provided a successful measurement of beam halakifiga the beam halo and its
growth are essential to mitigate the beam dynanpiczdlem in high current accelerator.
We showed that the wide dynamic range WSM has ddwip performance and
discussed the mechanism of the wide dynamic raNgenely, this sensitivity was
provided by the direct interaction between the varel electrons which were easily
removed from Hpatrticles. This phenomenon had been only undedstpalitatively,
however the measurement results and the signahasins enabled to explain it
quantitatively.

A new chopper phase tuning method was proposedhwhas provided by the wide
dynamic range WSM. This unprecedented method edalde¢o make accurate tuning
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not only in present operation but in the high pleaam current operation in near future.
We also developed bunch shape monitors (BSMs)hierJtPARC linac. We evaluated
the phase accuracy to be 0.53°, and showed tlsaistsufficient for the commissioning
of the upgraded linac. The high intensity linac igesgenerally follows the
equipartitioning (EP) condition. We made the Hofmanstability charts which
indicated space-charge driven transverse-longidioupling resonance. We measured
evolutions of the longitudinal emittance with th8M8s. The results supported this chart
and we could estimate the operational settingsdalahe resonant region.

By the development of BSMs, an experimental beaysiph study could be conducted,
where, for the first time, both the transverse #mal longitudinal emittance could be
monitored simultaneously. In addition to this, wepnsed another usage of BSMs for
longitudinal tuning in which we use only one BSMiaimulation results. This is based
basically on a transverse tuning method. Howevesret is no preceded example of
application of BSMs adopted to the longitudinalindaehavior in the world.

Gas proportional beam loss monitors (BLMs) had besad in the beam line and they
were also used in the energy-upgraded linac. Wédoestimate the amount of beam
loss with the gas proportional BLMs, however a lggoknd X-ray signal was also
detected. Then we tried to use a scintillation Bidvilower energy region of linac. The
scintillation BLM is usually used to understand beam loss mechanism because of the
fast time response, however, an X-ray backgrourslitiva problem. This difficulty was
successfully overcome by careful design and caldimaAs the results, we successfully
measured clear beam loss signals with a low X-emkground. There was no example
to use the BLMs for orbit tuning at low energy pdrécause the necessity of careful
calibration made difficult to use it for the orhiining.

In the 400-MeV beam commissioning stage, we comdnthe beam monitors
performance. The error of the beam energy measunmenseng new pairs of FCTs was
under 0.6% which resulted in the accuracy of lass 1.0 in phase monitoring. We
confirmed the operation with beam energy of 400 May two methods of TOF
involving the new pair of FCTs and by detecting lieam orbit at the largest dispersion
point using BPMs.

9.2 Conclusion

The studies presented in this thesis were motivededrds the development of beam
monitors for the J-PARC linac as well as establishtrof the tuning schemes for the
high-intensity proton accelerator using developednitors. Along with the beam
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energy upgrade and peak beam current ramp up Edeceach 1 MW output at the
RCS exit, we discussed the accelerator tuningegfyatand the rational beam monitor
layout. Based on them, we clarified requirementghefbeam monitor specification and
developed beam monitors for the new beam line.

In conclusion, we modified the WSM for the highansity beam loading and adopted
WSMs of wide dynamic range and BSMs of fine phaseuecy for the RF cavity
tuning of J-PARC linac. The WSMs provided more aatel matching to suppress
excess beam loss and the BSMs provided amplitudemmguof ACS-type buncher
cavities to sustain the longitudinal stability.

The BSMs have been usually used to compare the Wesdravior with the beam
dynamics simulation in preceded studies, but theye quite a few examples of usage
for the tuning purpose. We used the BSMs and pexptise tuning schemes to take the
beam data in the high intensity beam operation.sWawed that our scheme which
refers to the longitudinal profile provides a newthod for tuning.

These monitoring data will be able to evaluate theing scheme based on
equipartitioning conditioning in high-intensity ajpéon of J-PARC linac. Although we
still need to continue the discussion about thetmsascessful settings, some results
obtained in the recent study suggested that thenapt tuning point is differ from the
equipartitioning condition.

Finally, the author would like to point out that af the data of beam monitors obtained

in this study will be contributory not only for tlevelopment of J-PARC complex but
also the beam physical studies in high-intensitydaocelerators.
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