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a b s t r a c t

Improvement in injection beam quality at the Japan Proton Accelerator Research Complex 3-GeV rapid
cycle synchrotron is to mitigate beam loss at the injection section. We developed a charge-exchange type
scraper system with a thin carbon foil to collimate the beam halo in the injection beam line of the
synchrotron. The key issue to realize the scraper is a reduction of the beam loss induced by the multiple-
scattering effect of charge-exchange foil placed at the scraper head. In order to determine the adequate
foil thickness, a charge-exchange efficiency of a carbon foil and particle-tracking simulation study of the
collimated beam have been performed assuming a realistic halo at the scraper section. Using the results
of this study, we chose the thickness of a 520 μg=cm2 as the scraper foils to mitigate radiation dose
around the L3BT scraper section. A charge-exchange scraper system that prevents the emission of
radioactive fragments of the carbon foil was build. The system was put into operation to prove its
effectiveness in eliminating the beam halo. From the result of a preliminary beam experiments, we
confirmed that the installed scrapers eliminate a transverse beam tail or halo. After two days of operation
with beam collimation, the radiation dose level around the scraper section was a tolerable one for the
hands-on maintenance.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Japan Proton Accelerator Research Complex (J-PARC) is a
high-intensity proton accelerator facility aiming to realize a beam
power of 1 MW to enable full use of pulsed spallation neutrons [1–3].
The accelerator complex comprises a Linac, a 3-GeV Rapid Cycle
Synchrotron (RCS), and a 50-GeV synchrotron Main Ring (MR). A
negative hydrogen ion (H�) beam from the Linac is injected into the
RCS by stripping two electrons from the H� ion using a charge
stripper foil placed at the RCS injection point. The accelerated 3-GeV
beam is simultaneously delivered to the muon and neutron pro-
duction targets in the Material and Life Science Experimental Facility
(MLF) as well as to the MR. In the 2013 summer–autumn period, the
injection beam energy was increased to 400 MeV with the upgrade
of the Linac [4]. On the target, the RCS ring aims to generate a high-
power proton beam of 1 MW at a repetition rate of 25 Hz.

In a high power proton accelerator similar to the one at J-PARC,
even a small fraction of the beam loss from a beam halo contribute
a serious radio-activation. Using knowledge obtained from past
high-intensity accelerator operations, we should be able to sup-
press the average beam loss to an order of 1 W/m, which is the
widely accepted empirical limit for the hands-on maintenance.
However, when operating a high intensity proton accelerator
similar to that at the J-PARC, controlling beam loss at such a low
level is quit difficult. One of the conceivable sources of the
uncontrolled beam loss is the halo formation of the high-intensity
beam. The beam halo is a low density beam skirt formed around a
dense beam core as a consequence of space charge effects [5]. To
manage the radiation dose from beam loss by such a beam halo, a
typical strategy is to localize the beam loss in a restricted area.
Accordingly, there are several types of beam collimators in each of
the accelerator and beam transport lines to minimize and localize
the beam loss [6].

In the RCS, radio-activation around the injection section is
particularly serious. To provide a high-intensity beam for routine
user programs, it is necessary to improve the quality of the
injection beam from the Linac. The key issue for evaluating the
high-intensity beam quality is the disposal of the beam halo. The
Linac – 3 GeV RCS Beam Transport Line (L3BT) where is between
the Linac and the RCS was designed to install a transverse scraper
system to eliminate an injection beam tail or halo [7,8]. Thus, we
developed a new beam halo scraper system with optimized scra-
per heads for mitigation of radiation around the scraper system at
the L3BT. This system is advantageous especially when the beam
loss at the ring injection is a primary factor in limiting the
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attainable beam power for the J-PARC accelerators, as is often
the case.

This paper is organized as follows. The basic concepts of the
L3BT halo scraper are described in Section 2. After discussing the
optimization of the scraper heads for the charge-exchange type
scraper, the hardware details of the developed scraper system at
the L3BT are shown in Section 3. A preliminary beam study results
for the new scraper system is presented in Section 4. A summary is
given in Section 5.
Fig. 2. Beta functions and dispersion function of the L3BT line.
2. Overview of the transverse H� beam scraper system at the
L3BT

For the halo collimation system in the high-intensity accel-
erator, the classical collimation system, which absorbs halo parti-
cles, is usually applied. In this system, sufficient radiation shielding
is required for the collimator section of the accelerator to protect
the personnel from the radiation exposure. In the J-PARC, to enable
charge-exchange injection into the RCS ring, a negative hydrogen
ion beam is accelerated along the injector Linac. Thus, separation
between the halo particles and the beam core by the charge-
exchange is possible in the L3BT before injection. In this scheme,
the halo particles are charge-exchanged to protons by a thin foil
collimator in the beam line. The charge-exchanged protons are
then separated from the main H� beam using a bending magnet
and are delivered to a shielded beam dump. This system, known as
the L3BT scraper system, has the following advantages:

(1) In principle, there is no radiation shielding around the
scraper section when the amount of the large-angle scattered
particle by the scrapers is negligibly small, because of the
localization of the beam loss away from the main beam line.

(2) A large current beam halo can be collimated unless it exceeds
the beam dump capability.

(3) This scheme requires less cooling of the scraper head.

The transverse scraper system is located in the middle section
of the L3BT [9–11]. Fig. 1 shows a schematic layout of the L3BT in
the J-PARC Linac. The L3BT comprises of the straight section, the
first arc section, the scraper section, the second arc section, and an
injector line. Detailed descriptions of the L3BT line can be referred
Fig. 1. A schematic view of the L3BT of the J-PARC. The L3BT is a Linac 3-GeV beam trans
scraper devices are located at the bottom of the 1st arc section (SCR1-8).
to in other litterateurs [12–14]. The sequence of focusing magnets
at the scraper section is alternating (FODO) lattice of focusing and
defocusing quadrupole magnets (QM53-QM60) separated by a
drift space. The L3BT scraper system consists of eight independent
scrapers (SCR1-8). Each scraper is made by the thin carbon foil
placed at a fixed interval in the scraper section. The interval
lengths of each scrapers are approximately 8 m. In order to elim-
inate halo particles around the beam core effectively in the
transverse phase space, the phase advance without space charge
force between neighbouring horizontal (vertical) scrapers is set to
45°. Each of the scraper has two independently movable rods on
which a charge-exchange foil is placed perpendicular to the
beam line.

The design beta functions and dispersion function of the L3BT
are shown in Fig. 2. Horizontal and vertical beta functions appear
periodically in the scraper section. The dispersion function of the
scraper section is zero, because the first arc section comprises an
achromatic arc lattice. The tail or halo portion of the beam is
charge-exchanged from a negative hydrogen ion to a proton using
the scraper heads with charge-exchange foil in each scraper. After
port line with a total length of approximately 190 m. The H� charge-exchange type
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the beam halo collimation, the phase space distributions of the
injection beam are deformed into an octagonal shape in both the
horizontal and vertical planes. These charge-exchanged protons
are led to a shielded dump named the 100° dump, where is
approximately 40 m downstream of the scraper section (Fig. 1).
The capacity of the 100° dump is 2 kW. In contrast, the deformed
beam core (negative hydrogen ions) is injected into the RCS. To
enable the transport of the charge exchange protons with tolerable
beam losses, a large aperture radius of the beam duct is secured in
this section. The aperture radius of vacuum duct around the
scraper section is determined to be 60 mm on the basis of a pre-
liminary simulation study with STRUCT [15]. Thus, in principle, if
there are not so much large-angle scattered particles, radiation
contamination is not extensive around the scraper section.

The beam collimation system in the beam line is not uncom-
mon [16], but this scraper system utilizing charge-exchange
method in the L3BT is the first collimation system actually built.
Fig. 3. The calculated Hþ , H� and H0 charge fractions used in (Eqs. (1) and 3) are
shown by the red, blue, and yellow solid lines, respectively. These are calculated for
a 400 MeV beam energy obtained by using energy (1/β2) scaled cross-sections of
the previously measured data at 181 MeV. (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of this paper.)
3. Development of the L3BT scraper system

3.1. Charge exchange efficiency

Carbon foils are widely used for stripping the H� ion beams to
proton ðHþ Þ beams by removing two bound electrons from the H�

ion in the accelerators. The interaction of the H� ion beam with
the foil leads to three production channels: two electrons stripping
leading to the Hþ ions, a single electron stripping leading to
neutral hydrogen ðH0Þ ions, and remaining H� ions. Because of
stochastic processes, it is difficult for the H� beam to be com-
pletely charge-exchanged by a thin foil, the H� and the H0 ion
beams are essentially generated. The stripping efficiency for a
particular foil material is a function of the foil thickness as well as
kinetic energy of the H� ion. The charge-exchange cross-sections
for the reaction are denoted as σ�11, σ�10, and σ01, where σ�11 is
for both stages of two-electron stripping in a single interaction
ðH�-Hþ Þ, σ10 is for a one electron stripping ðH�-H0Þ, and σ01 is
for an rest electron stripping of the H0 ion ðH0-Hþ Þ after σ10.

To obtain the charge stripping efficiency of a 400 MeV injection
H� beam by the carbon foil, we use differential equations for the
three charge fractions of the H� ion and integrate those as follows
[17]:

N� ¼ e�ðσ � 10 þσ � 11Þdx ð1Þ

N0 ¼ σ�10

σ�10þσ�11�σ01
½e�σ01dx �e�ðσ � 10 þσ � 11Þdx � ð2Þ

Nþ ¼ 1�ðN� þN0Þ ð3Þ
where N� is the fractions of negative hydrogen ions (H�), N0 is the
neutral hydrogens (H0) and Nþ is the protons (Hþ) within the beam
passing through the stripper foil, respectively. The parameter dx is the
number of target atoms per cm2. For the H� stripping cross-sections
of a carbon foil, three measurement results exist at 181 MeV,
200 MeV and 800 MeV of the H� ion beam energies [17–19]. The
recent experiment at 181 MeV in the J-PARC clearly determined the
three cross-sections with adequate accuracy.

For achieving a desired stripping efficiency of the scraper foil,
we determined an appropriate foil thickness for a H� ion beam
energy of 400 MeV from the Linac. If the thickness of the charge
exchange foil is thinner than appropriate one, it would increase
the waste beam (particularly H0) and this could be an issue for an
increase in uncontrollable beam loss at the downstream beam line.
However, there is no experimental data on all three charge
exchange cross-sections of 400 MeV H� ions incident on the car-
bon foils. In order to estimate the stripping efficiency at the beam
energy of 400 MeV, we invoke the energy scaling of the cross-
section by using 1/β2 [20], where β is the relativistic factor of the
H� ions. Basing on the past experimental results at 181 MeV [17],
the scaled numerical values of the three charge state cross-
sections at 400 MeV were obtained as follows: σ�11¼0.001
�10�18 cm2, σ�10¼0.924 �10�18 cm2, σ01¼0.373 �10�18 cm2.

Substituting these cross-sections into (Eqs. (1)–3), charge-
exchange fractions of 400 MeV H� ion in the carbon foil were cal-
culated, as shown in Fig. 3. From these results, to guarantee a charge-
exchange efficiency of over 99.99%, thickness of the carbon foil is
required to be more than 490 μg=cm2 for a 400 MeV H� ions.

3.2. Tracking simulation for a multiple-scattering effect

An essential feature of the charge-exchange type scraper is a
low level radio-activation of the accelerator instruments around
the scraper section. However, if a large-angle scattering effect by
the thin charge-exchange foil is not negligible, scattered particle
can be a source of the beam loss causing radio activation around
the downstream of the scrapers. To estimate the radiation of the
scraper section by the foil scattering, the orbit of the scattered
particles should be demonstrated by a numerical simulation,
preliminary. The simulation code for the charge-exchange scraper
is required to have the following functions, tracking of a multi-
species comprising negative hydrogen ions and protons, and
modelling of multiple-scattering processes at the scraper foil. In
that case, we focus on the large angle scattering of the collimated
beam, for which space charge effects of the beam are less impor-
tant. Because large-angle scattered particles move away from the
beam core quickly, they are affected less by the space charge force.

In the ordinary numerical tracking codes, the scattering effect of
any materials is often modelled with a random number generator
with a specific probability distribution function [21,22]. In these
modellings, the probability function of the multiple-scattering is
determined by fitting the data obtained with a Monte-Carlo simu-
lation of a multiple-scattering process. However, this fitting proce-
dure lead to an underestimation of the rare events such as the large-
angle scattering, which is the focus of our attention. Therefore, in
order to realize a more rigorous estimation of beam losses associated
with the beam collimation, it is of substantial importance to directly
calculate the multiple-scattering in a tracking code [11]. This
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combination of particle tracking and interactions with any matters
has been realized in the code G4beamline [23]. The G4beamline is a
particle tracking simulation program based on Geant4 [24], which is
a toolkit for the Monte Carlo simulation of particles passing through
and interacting with the matter. As shown below, we have per-
formed a particle tracking simulation study with the G4beamline on
the transverse scraper in the L3BT.

In the G4beamline application, the multiple Coulomb scattering
and the energy loss fluctuation with a carbon foil is modelled for the
proton beam. However, the charge-exchange processes for H� ions
inside a carbon stripper foil are not modelled in the G4beamline. We
were modified slightly the G4beamline to implement a charge-
exchange process. The charge-exchange efficiency is assumed to be
100% in the modified G4beamline. The electrons bounded to an inci-
dent negative hydrogen ion are assumed to be removed immediately
after colliding the foil surface without any effect on the scattering
process.

In the L3BT, the kinetic energy of the H� ion beam is 400 MeV, the
design peak current is a 50 mA and macro pulse width of the beam is
500 μs. The initial horizontal, vertical, and longitudinal emittances are
0:34 πmmmrad;0:34 πmmmrad, and 0:36 πMeV deg in unnorma-
lized rms (root mean square), respectively. It is difficult to predict the
particle distribution form of the accelerated H� beam with halo for-
mation. Therefore, the initial transverse distribution of the H� beam
was generated from a combination of two different distribution forms.
One of the distribution forms is a Gaussian distribution which repre-
sents the core part of the beam. The other is a halo part, which takes
the form of a uniform distribution in the phase space. The emittance
(100%) of the halo part is 7 times as large as the rms emittance of the
beam core. The ratio of the halo particle number is 2% of the beam
core, and the total particle number in the simulation is 2 � 106 par-
ticles. Start point of particle tracking in the simulation is 9.5 m
upstream from the 1st scraper. Initial twiss parameters of the beam
are matched with focusing lattice of the scraper section. Thus, beam
envelope in the scraper section is periodic as shown in Fig. 2.

Fig. 4 shows the tracking simulation results of the G4beamline. The
halo part of the transported H� beam (blue þ) is collimated by thin
carbon foils (green line). The typical orbits of the protons charge-
exchanged by 500 μg=cm2 thickness carbon foil are shown as
orange � and that scraped by 22:65 mg=cm2 thickness foil is repre-
sented by the red dots. The ratio of the collimated particles is about
1.5% of the total H� beam. From Fig. 4, it can be seen that the orbits of
Fig. 4. Tracking simulation results of the vertical particle orbits created with the
G4beamline. The blue þ represents H� ion particles; the orange one is protons
scraped by 500 μg=cm2 thickness of carbon foil; and the red one is scraped protons
collimated by 22:56 mg=cm2 thickness of carbon foil. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of
this paper.)
the collimated particles have a very large amplitude compared with
the particles that were not collimated. This behaviour is caused by a
certain transverse mismatch, which is unavoidable at the charge-
exchange. This mismatch arises because H� focusing field of a quad-
rupole magnet defocuses charge-exchanged protons, and the mis-
match lead to a large amplitude oscillation of the charge-exchanged
protons.

From the simulation results, the orbital amplitude of the col-
limated proton beam depends on the foil thickness. If the orbital
amplitude of the collimated particle is larger than the duct radius
(60 mm), the particle is lost in this simulation. However, most of
particles which was charge-exchanged by 22.65 mg/cm2 thickness
foils survived still in the scraper section. Source of the
uncontrollable beam loss is a rare large-scattering effect in the foil
rather than mismatch effect. An estimation of the beam loss
around the scraper section is shown in Fig. 5. In this beam loss
simulation, the thickness of the scraper foils were assumed to be
22:65 mg=cm2, and beam losses of up to 0.5 W/m were observed.
In the case of 500 μg=cm2 thickness, there is no beam loss in the
G4beamline simulation.

3.3. Fabrication of the H- scraper system with the thin charge
exchange foil

In order to mitigate radiation dose around the L3BT
scraper section, the thickness of the charge-exchange foil should
be as thin as possible within the limits of the tolerable charge-
exchange efficiency. From results of this study on the scraper foil
thickness, we chose 520 μg=cm2 as a foil thickness for the L3BT
halo scraper. The charge-exchange efficiency of the 520 μg=cm2

thickness carbon foil is over 99.99%, and the radiation dose around
the scraper section can be minimized by the tracking simulation
results. Fig. 6 shows the developed scraper head with the thin
Fig. 5. A typical beam loss profile along the scraper section from simulation results.
The thickness of the scraper foil is 22:65 mg=cm2.

Fig. 6. A picture of the scraper head with the thin carbon (HBC) foil. The HBC foil is
mounted by the metal foil folder.



Fig. 8. A picture of the vertical beam halo scraper installed in the L3BT.
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charge stripping foil. The scraper foil is a thick Hybrid-type Boron-
doped Carbon (HBC) foil, which was developed by the Sugai group
in the High Energy Accelerator Research Organization (KEK) [25].
The stripping foils used for the scrapers are double-layered HBC
foils to reduce the risk of pin holes. The total thickness of the
charge-stripping foil is 520 μg=cm2, which is the same one as that
of the second and third charge exchange carbon foils used for the
RCS injection [26]. The charge-exchange efficiency of the HBC foil
is over 99.99% similar to the carbon foil: a value sufficient in use
for the halo scraper. The thickness of each foil was measured by
various methods as such as weighting, alpha-ray gauge, Ruther-
ford Back-scattering Spectroscopy (RBS), and Scanning Electron
Microscopy (SEM). The RBS and SEM measurements were con-
ducted at the Takasaki Ion Accelerators of the Japan Atomic Energy
Agency (JAEA) for Advanced Radiation Application (TIARA) in
Japan [27]. A purity test of the foil material was also conducted,
and any significant unexpected elements other than carbon one
was not observed. The thicknesses of the foils as measured using
four different methods were consistent, resulting in a maximum
foil thickness error of less than 6% even in the worst case.

It should be noted that such thin foils are easily broken by a
mishandling or an abrupt vacuum purge. If broken pieces of irra-
diated foils are splattered from inside of the vacuum chamber,
those pieces invite a risk of environmental radiation contamina-
tion in the L3BT tunnel. Because of above reasons, some method of
preventing the scatter of radioactive fragments of the carbon foil is
required for the scraper system. A schematic view of the scraper
chamber with a scattering control shutter mechanism is shown in
Fig. 7. If the thin carbon foil is broken, both gate valves are closed,
and the fragments of the carbon foil are taken away from the L3BT
with the vacuum chamber. This vacuum chamber for halo scrapers
has a slow purging and evacuation system for a precise control of
gas flow. The life time of the scraper foil is assumed to be over 80
years from experience with charge-exchange carbon foils for RCS
injection, and we estimate that the HBC foil will thus stand up a
long time of use. In the 2012 summer period, we developed a new
vertical scraper system with a thin carbon (HBC) foil scraper, and
installed it a most of the downstream vertical scraper (scraper-7)
[28]. From the results of the test study for the new vertical scraper,
we had a promising result for the scraper system with thin foils.
On the basis of these results, we had fabricated and installed all of
the transverse beam scrapers in the L3BT (Fig. 8).
Fig. 7. A schematic view of the vertical scraper chamber for the thin carbon
stripping foils.
4. Preliminary beam study of the scraper system

4.1. Experimental results on the beam halo scraping

To demonstrate performance of the scraper system, we carried
out beam study of the scrapers using a 400 MeV H� injection
beam for the RCS. At the scraper section, the wire scanner monitor
(WSM) adjacent to the halo scrapers is used for a beam envelope
measurement in the beam matching operation. Before the scraper
position setting and beam injection to the RCS, the beam envelope
matched to the optics of the scraper section by adjusting the
upstream quadrupole magnets. Fig. 9 shows the transverse beam
profiles which were measured by the WSM53 in the
scraper section. The WSM53 is placed near the first vertical scra-
per (Fig. 1 : SCR1). In this figure the injection beam for the RCS had
much beam tail and a large halo portion at the scraper section.
These halo parts of the injection beam are a source of beam losses
and it cause radiation contamination in the RCS [29].

To eliminate the beam halo parts, we have to set adequate
positions for the scraper-edge. However the scraper foils are so
thin that, it is difficult to improve the precision of the foil edge
position in advance. All the scrapers are thus accommodated by
Fig. 9. The transverse beam profile at the WSM in the L3BT scraper section. The red
dots are the measurement results from the WSM and the blue lines are Gaussian
fitting results. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)
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the WSM in its vicinity for position tuning of the scraper-edge. We
did a search for the ideal position of the scraper-edge by com-
paring the WSM measurements and the collimated beam current
ratio. The ratio of the collimated beam current with scraper
scanning was obtained using a conventional current transformer
(CT). The CT is positioned around downstream from the bending
magnet with a separate collimated proton beam from the H�

beam core (Fig. 1).
The collimated beam profile measured by the WSM, which is

placed downstream from the scraper section is shown in Fig. 10.
The edge positions of all the scrapers were set at approximately 4σ
or 5σ of the beam core from the beam centre. The parameter σ is a
standard deviation of a fitted Gaussian distribution (Fig. 9). From
Fig. 10, it can be seen that only the halo parts of the injection beam
were obviously eliminated by the scrapers, and we confirmed that
the scraper system eliminates a transverse beam tail or halo,
correctly.
Fig. 10. The scraped beam profile in the vertical direction. The red lines are vertical
beam profiles without setting scrapers; the green lines are the beam profiles with
the scrapers set with an edge position equal to 5σ of the beam core and the blue
lines are beam profiles with 4σ scraper edge positions. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of
this paper.)

Fig. 11. A figure of the radiation dose around the scraper section after 2 days user oper
quadrupole magnets.
4.2. Radiation dose measurement around the scraper section

After two days of user operation with beam collimation, we
measured the radiation dose around the scraper section. The
scraper edge positions were 5σ of the beam core. The injection
beam power was approximately 33.9 kW, which is 30% of the
designed full beam power, and the collimated beam ratio was 1.1%
at that time. The radiation dose level in the scraper section is
within the limits of the tolerable one for the hands-on main-
tenance (Fig. 11). But it was higher than expected radiation dose.
From Fig. 11, radio-activation became higher further downstream
of the scraper section. Because the betatron amplitude is relatively
large around the quadrupole magnets, high radio-activation was
observed here. Moreover, a locally high radiation dose at the
scraper was observed.

We speculate that the collimated particles are scattered by the
foil folders of the scraper heads and that the scattered particles
caused unexpected radio-activation around the scraper section.
More detailed numerical simulations are aimed at understanding
the collimated particle behaviour in the scraper section and a
better optimized scraper head will be developed.
5. Summary

In the J-PARC RCS, a transverse beam halo scraping system for
the injection beam is required to reduce activation in the RCS and
to increase the output beam power. To avoid radio-activation
around the injection section of the J-PARC RCS, a charge-
exchange-type halo scraper system with a thin carbon foil was
developed. The charge-exchange efficiency was calculated for a
carbon foil with a 400 MeV H� ion beam. A particle-tracking
simulation study with the G4beamline has been performed for the
scraper system, assuming a realistic halo at the scraper section.
Simulation results predicts that a foil thickness of 500 μg=cm2 for
the scraper can suppress the uncontrolled beam loss below the
tolerable limit of the radiation dose in the L3BT. On the basis of the
results of the above study, we chose the thickness of a 520 μg=cm2

as the scraper foils. To prevent scattering of radioactive fragment
of the scraper foil if the carbon foil is broken, a charge-exchange
scraper system with shutter proof was fabricated and installed in
the L3BT. From the result of a performance study for the installed
scrapers, we confirmed that the new scrapers eliminate a trans-
verse beam tail or halo. After two days of operation with beam
ation. The localized radio-activation was observed at the installed scrapers and the
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scraping, the residual dose around the installed scrapers was
measured. The radiation dose level was tolerable for the hands-on
maintenance, but it was still higher than expected. We are con-
ducting more detailed numerical simulation to understand the
collimated particle behaviour in the scraper section, and to further
optimize the scraper head design.
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