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foil lifetime in high-intensity accelerators
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(Received 22 August 2019; accepted 6 July 2020; published 4 August 2020)

We have established and also implemented a nondestructive online monitoring system for measuring
the stripper foil degradation, such as foil thinning and pinhole outbreak, for the first time during beam
operation in a high-intensity proton accelerator. We aimed to achieve a realistic and longer lifetime of a
stripper foil by ensuring proper uses and determining its end of usefulness without any failure. A stripper
foil is used for negative hydrogen (H−) stripping to proton (p) for multiturn charge-exchange injection in
high-intensity proton accelerators. A longer foil lifetime is expected, while foil failure during operation
should be avoided, as it reduces the accelerator availability and also has serious issues for regular
accelerator maintenance. A proper use of the foil should also be ensured to minimize the replacement of the
foil magazine, as it involves unhealthy radiation exposure to the workers. We have measured the partially
stripped H0 and unstripped H− charge fractions of the injection H− beam out of the stripper foil to
understand details of foil degradation, such as foil thinning and pinhole formation due to high-intensity
beam irradiation, which are believed to be foil breaking signals. We used two independent beam monitoring
devices and precisely measured both H0 and unstripped H− charge fractions by each monitor. As a result,
we obtained a detail of foil degradation during operation to determine a realistic end of its usefulness by
successfully achieving a record of nearly 2 yr of operation with a single foil without any failures. The
detailed measurement result of the foil degradation also gives strong feedback for producing stronger and
durable stripper foils. The present research was done by using simple and ordinary beam diagnostic devices
including a nondestructive one, which can be easily applied to overcome the stripper foil issues in any
similar existing and next-generation further higher-intensity accelerators.

DOI: 10.1103/PhysRevAccelBeams.23.082801

I. INTRODUCTION

The multiturn charge-exchange injection (CEI) of neg-
ative hydrogen (H−) is an effective way to increase the
proton (p) beam intensity in synchrotrons or storage rings
[1–4]. Thin stripper foils usually made of carbon are used
to strip two electrons from the H− to inject p into a cir-
cular accelerator. The CEI allows stacking many turns of
injection without linear growth in beam emittance because

of injecting in a different charge state, and it provides the
opportunity of unlimited multiturn injection until stacking
particles exceed the ring acceptance. However, a short
lifetime and unexpected failures of stripper foil due to high-
intensity beam irradiation are serious issues not only to
ensure stable and reliable operation of the accelerators, but
also for regular maintenance of the accelerator and the foil
device as well [5,6]. To avoid unexpected failures, a foil is
frequently and routinely replaced by a new one, but the foil
magazine which contains only a few foils will then run out
soon at high-intensity machines. Quantitative foil degra-
dation and a realistic lifetime of the foil are thus never
known. In addition, frequent replacement of the foil
magazine should be avoided, because the replacement
procedure involves unhealthy and high radiation exposure
to the worker [7]. As a result, a realistic and longer foil
lifetime should be ensured by proper uses to minimize the
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foil changes during operation in order to ensure a foil
magazine replacement only during a long accelerator
maintenance period. A foil breaking mechanism by meas-
uring quantitative foil degradations during beam irradiation
to know a realistic lifetime as well as feedback to the R&D
of durable foil production are essential not only for the
existing accelerators running at around 1 MW beam power
and considering potential upgrades, but also for next-
generation multimegawatt proton accelerators [8–10].
Because of high-intensity beam irradiation and the corre-
sponding overheat, foil degradation occurs, which appears
as deformation, curling, and wrinkling. An overaccumu-
lation of radiation-induced stress, atomic displacement, and
microstructural defects result in a foil rupture. The evolu-
tion properties of such molecular and structural changes in
a foil strongly depend on temperature rise in a foil, which
results in foil thinning and pinhole outbreak before a foil
breaks [11]. Numerical estimation of the foil lifetime is
difficult as many parameters are involved, which often
largely underestimates a lifetime and strongly suggests for
measuring foil thinning during beam irradiation [12]. On
the other hand, a microstructural change in a foil is also
extremely difficult or even impossible to measure during
beam irradiation with CEI. A precise measurement of the
detailed progression of stripper foil degradation, such as
foil thinning and information on the pinhole outbreak
during beam irradiation, is thus a superior way for
determining a realistic end of usefulness of a foil to ensure
proper uses without any failure for achieving a longer foil
lifetime and also for strong feedback to the next-generation
durable foil production.
The present research has been carried out at the 3-GeV

rapid cycling synchrotron (RCS) of Japan Proton
Accelerator Research Complex (J-PARC) [1], where the
CEI of H− at 400 MeV energy by using a thin stripper foil
has been adopted. Figure 1 shows a schematic view of the
RCS. The H− CEI system is located at the first straight
section, where the injection H− beam is stripped to p by
using a thin stripper foil and injected in the RCS. The p are
accelerated up to 3 GeV before being simultaneously
delivered to the Material and Life Science Experimental
Facility (MLF) and the main ring (MR) at a repetition rate
of 25 Hz. The beam sharing ratio between MLF and MR is
93.5%:6.5% or 96.9%:3.1%, depending on the MR oper-
ation cycle. The design beam power of the RCS is 1 MW
and corresponds to 8.33 × 1013 p per pulse, but at present it
is 0.5 MWand nearly 0.75 MW-equivalent to the MLF and
MR, respectively [13].
We have established precise measurement methods and

also implemented a nondestructive online monitoring
system for stripper foil degradation to ensure proper uses
of the foil by determining its realistic end of usefulness as
well as to achieve a longer foil lifetime without any failures.
Our aim is also to understand a foil breaking mechanism by
measuring details of foil degradation, such as foil thinning

and pinhole outbreak information due to continuous high-
intensity beam irradiation until a foil reaches its end of life.
We used two independent but ordinary beam monitoring
devices, and details of their characteristics were reported
earlier [14,15]. The monitors have been in service for
measuring and monitoring stripper foil degradation during
RCS operation for more than 10 yr, and there has been no
record of any foil failure so far. We have achieved a record
of nearly 2 yr of operation with a single foil and success-
fully determined a realistic end of usefulness to replace it
with a new one without failure. The present measurement
and online monitoring of foil degradation during beam
operation itself and, moreover, the understanding of the
detailed progression of foil degradation are all conducted
for the first time in any accelerators which run with the CEI
stripping foil. The detail of foil behaviors achieved in the
present research also gives strong feedback for producing
stronger stripper foil with less degradation for the near
future RCS operation with a beam power of 1 MW and
beyond.

II. THE RCS H− CHARGE-EXCHANGE
INJECTION SYSTEM AND THE ROLES

OF STRIPPER FOILS

Figure 2 shows a schematic view of the RCS injection
system to briefly introduce the CEI method, the stripper
foils, and their roles. The CEI at 400 MeV H− beam energy
is performed for 0.5 ms (307 turns) via merging H− and
circulating p beam orbits in the middle of four dipole
magnets (SB1–4), where the first stripper foil is installed.
The thickness of the first foil is 333 μg=cm2 to strip 99.7%
of H− to p by removing its both electrons. The p are
injected into the RCS and accelerated up to 3 GeV.
The remaining 0.3% of the H− are mainly the partially

FIG. 1. A schematic view of the 3-GeV RCS at J-PARC. The
400 MeV injection H− beam from the linac is stripped to p by the
primary stripper foil installed at the middle of charge-exchange
injection section. The p are injected into the RCS, accelerated up
to 3 GeV, and simultaneously delivered to the MLF and MR.
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(single electron) stripped by the first foil. They are
called neutral hydrogen H0, while the unstripped H− are
ideally negligibly small (1.995 × 10−5%) [15]. The H0 and
unstripped H− are called waste beams. Those are further
stripped to p by two thicker (500 μg=cm2) downstream
foils, named second and third foils, respectively, and
directed to the injection beam dump (IDUMP).
The role of the first stripper foil is very significant, as it

takes all the injection H− beam, while each circulating p also
hits the foil many times during multiturn injection. Figure 3
shows simulated circulating beam distributions on the first
foil for the MLF (black) andMR (red) at the end of injection.
The foil sizes in the horizontal and vertical directions are
typically 110 and 20 mm, respectively. To reduce circulating
p hitting on the first foil, the injection H− is placed as close
as possible to the edge of the foil. The H− beam center is set
at 9 mm from the foil edge in the horizontal direction, while
it is at the center in the vertical direction. In addition,
transverse painting (TP) at injection is also performed by
sweeping the circulating beam away from the foil [16,17].
As a result, the circulating beam goes through large betatron
oscillations to reduce the foil hit significantly. However, due
to a relatively smaller TP area for the MR, the sweeping rate
is slower, and, thus, the circulating p slowly moves away
from the foil as compared to a large TP area for the MLF.
The average foil hits of each injected beam is nearly one
order of magnitude higher of 65 for the MR pulses as
compared to only 7 for the MLF ones. However, RCS duty
for the MR is only 6.5% at best, and the average foil traversal
is then estimated to be about 11. The cumulative charge via
the first foil for 1 day operation at the designed 1 MW beam
power is estimated to be 317 C, which is only less than 0.1 C
in total for both secondary foils.
Figure 4 shows the power distributions in the foil

estimated from simulated particle hit distributions for
the MLF (top) and MR (bottom) with 4.2 × 1013 and
6.25 × 1013 particles per pulse (ppp), respectively, as in
the present operation. The ppp for the MR is only 1.5 times

higher than MLF, but, due to an order of magnitude higher
average foil traversal of each injected p, the corresponding
power distribution rate is also accordingly higher for the
MR pulses as compared to the MLF pulses. The foil peak
temperature is thus dominated by the MR pulses.
To achieve durable foil lifetime, a new type of stripper

foil named hybrid-type boron-doped carbon (HBC) foil,
which was developed at KEK, is used in the RCS [18].
The foil is produced by an arc evaporation process, called
the controlled dc arc-discharge method. The cathode and
the anode are boron-doped carbide (B4C) and pure graphite
rods, respectively. The HBC foil typically with a carbon
and boron ratio of 80∶20 is used for the RCS operation. To
reduce the pinholes, two foils of half thickness than the
required one are sandwiched together and supported by SiC
(silicon carbide) fibers of 7 μm diameter. The HBC foil is
believed to have high robustness to withstand high-
intensity beam irradiation. The foil lifetime might depend

FIG. 2. A schematic view of the RCS injection area, location of
stripper foils, and their roles. 99.7% of the H− is stripped to p by
the first foil and injected into the RCS. The partially stripped H0

and unstripped H− are further stripped to p by the second and
third foils, respectively, and directed to the IDUMP.
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on initial crystal lattice structure, and their destruction with
beam irradiation is believed to be strong in the HBC foils.
Nevertheless, the foil degradation and the lifetime are
reported to vary significantly depending on the foil types
and their thickness as well [11]. However, not only were
those measurements done with completely different con-
ditions than realistic CEI in high-intensity accelerators, but
also the experimental durability was short and was not
online. An online measurement of the foil degradation and
detailed progression of the foil degradation process during
beam operation are thus highly essential.

III. BRIEF INTRODUCTION OF THE
PRESENT MONITORS

In order to obtain detailed degradation of the first stripper
foil, we measured both partially stripped H0 and unstripped
H− waste beam charge fractions by using two independent
monitors, namely, a current transformer (CT) and a multi-
wire profile monitor (MWPM) placed near the IDUMP as
shown in Fig. 2. The CT is also used for online monitoring
of the foil degradation. As both partially stripped H0 and
unstripped H− fractions are ideally very small and practi-
cally hard to measure in an ordinary way, we utilized a fast
Fourier transformation (FFT) analysis of the raw signal
taken by the CT to identify even a small fraction of the
beam corresponding to the chopping frequency of the
injection H− beam, while the integrated beam profile yields
measured by the MWPM were used for that purpose.
Figure 5 shows a schematic drawing of the CT configu-

ration for its general purpose and also the data taking logic
for the present purpose. The CT is originally used for the
personal protection system (PPS) interlock system with
two-stage amplifications of the original signal. More details
on the CT can be found in our earlier article [14]. For our
present purpose, we fed the amplified and buffered signal
into an oscilloscope, which is controlled by an operation
interface (OPI). The main parameters of the oscilloscope
are controlled online by the OPI. The time domain data for
many shots are averaged before the FFT analysis is applied
to sufficiently to minimize the random noises. Usually, an

average of 1024 injections is done, which takes 41 s for one
data point as the RCS repetition rate is 25 Hz. The linearity
of the CT was measured and found to be good [14].
Figure 6 shows the geometrical parameters and the

drawing of the MWPM wire configuration, which is
installed in a rectangular Ti chamber for low activation
[19]. Relatively thicker Ti wires of 1 mm width and 10 μm
thickness are used to increase the secondary electron
emission yields induced from the proton beam intercepted
by the wires. There are 15 wires with 20 mm pitch and 48
wires with 4.3 mm pitch tilted at 17.7° in the u and v planes,
respectively. The beam profiles in the u and v planes can be
thus simultaneously measured. The MWPM is scanned in
the horizontal direction for 100 shots at 0.2 mm step for a
total of 20 mm scan through the beam. The beam-induced
charge signals are transported by using shielded twisted pair
cables for amplification by using a preamplifier located in
the basement subtunnel around 40 m far from the wire
sensor. The amplified signals are transferred to the charge
integrators for integrating a 500 μs period starting at the end
of beam injection (macropulse) and sequentially multiplexed
(MPX) with 10 μs intervals. The MPX output signals are
transferred to a digitizer called the wave endless recorder
located at the ground floor and recorded as waveform data.
The waveform data are imported by an application software
program to reconstruct the beam profile in the u and v planes,
which are then transformed to the horizontal and vertical
directions by using matrix transformation taking into
account the wire inclination [20,21].
The horizontal beam profiles of the unstripped H− and

the partially stripped H0 at the MWPM are separated by
about 80 mm from each other. The H− and H0 yields are
obtained by integrating each horizontal beam profile. For
each setting, data are usually taken three times, from which
the statistical mean value and the errors are obtained for
further analysis. Background data with no beam trigger are
also taken and subtracted from the data taken with the beam
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FIG. 5. A schematic drawing of the CT configuration and data
taking logic. A two-stage amplified buffered signal was fed to an
oscilloscope and controlled through an OPI.

FIG. 6. The geometrical parameters and the drawing of the
MWPM wire configuration at the u and v planes for simulta-
neously measuring the horizontal and vertical beam profiles,
respectively.

P. K. SAHA et al. PHYS. REV. ACCEL. BEAMS 23, 082801 (2020)

082801-4



to eliminate the noise in the beam profile. The linearity of
the MWPM was also extensively studied and was found to
be good [15]. However, due to a comparatively lower beam
intensity used to avoid any breaking of the MWPM wires
because of overheating, the statistical measurement error of
the MWPM is larger than that of CT measurements.

IV. MEASUREMENT PRINCIPLE

In order to quantitatively and precisely measure foil
degradation during beam operation, we have established

new techniques by using ordinary beam monitoring devi-
ces. Our new technique is to measure both partially stripped
H0 and the unstripped H− beams at the beam transport of
injection beam dump (IDUMP). Once the H0 and H−

fractions are known, the p fraction injected into the RCS
can be automatically calculated. The stripping efficiency
and the foil thickness can be then estimated by using the
measured cross sections [15].
Figure 7 shows the measurement procedure used in the

present study. The unstripped H− and the partially stripped
H0 waste beam yields together are measured online by the
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FIG. 7. RCS operation modes used in the present study for quantitative measurement of stripper foil degradation. In the circulating
mode (a), the waste beams in total are measured online by the CT during RCS operation. For detailed studies of stripper foil degradation,
the H− and H0 yields are separately and independently measured by both CTand the MWPM in the single-pass extraction mode (b). The
H− and H0 beam profiles are simultaneously measured by the MWPM as they are separated by about 80 mm from each other. However,
the measurement by the CT needs two steps. First, the H− and H0 are measured together, and then the third foil is removed to measure
only the H0 yield, from which the H− yield is obtained. The H− and the H0 yields measured in mode b are divided by the injection beam
yield measured in the injection beam dump mode (c) to obtain each charge fraction. Similarly, the total charge fraction during beam
operation mode a is also obtained. The injection beam upstream of the first foil is also always taken together by using an SCT to take into
any fluctuation of the injection beam.
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CT during RCS operation in the upper mode (a) called the
circulating mode. To obtain any change of the foil thickness
and pinhole outbreak information, detailed measurements
are done at scheduled accelerator tuning and beam physics
study days. In this case, the H− and H0 yields are separately
and independently measured by both CTand the MWPM in
the single-pass extraction mode (b). In this mode, the
injected p are transported to an extraction beam dump after
circulating only one-third of the RCS circumference. The
H− and H0 yields are simultaneously obtained by meas-
uring both beam profiles as they are separated by 80 mm
from each other with no overlaps. This is for the CT
obtained as follows. After measuring H− and H0 yields
together, the third foil is removed to measure only the H0.
In this case, any unstripped H− is not stripped to p by the
third foil and deflected to the opposite direction by the
defocusing quadruple magnet (QDL) and lost a few meters
downstream of the QDL. A subtraction of the H0 yield from
the H− and H0 yields measured together gives only the H−

yield. Finally, the injection H− beam yield itself is also
separately measured by both MWPM and the CT in the
injection beam dump mode (c). In this mode, the first foil
removed from the beam line and, thus, all H− are stripped to
p by the third foil and transported to the IDUMP. As in this
case all injection H− are transported to the IDUMP, the
beam intensity for the MWPM measurement is reduced
to nearly 1=100 (by reducing the number of intermediate
pulses) to avoid any breaking of the MWPM wires.
The H− and H0 yields measured in mode b are divided
by the injection beam yield to obtain the charge fractions.
The charge fractions are thus separately obtained by the
MWPM and CT measurements. In a similar way, the total
charge fraction (H− and H0 together) during beam oper-
ation mode (a) is also obtained by the CT. For any
measurements, the injection beam current upstream of
the first foil is also always taken by using a slow current
transformer (SCT) together with the present CT to take into
account any fluctuation and/or change of the injection beam
current.
However, one of the biggest difficulties is that one has to

measure only small fractions of the waste beams at the
IDUMP by overcoming huge noises from many types of
devices at the injection area. Our technique to completely
overcome such a difficulty is as follows: The injection H−

macropulse from the linac is chopped, matching with the
RCS revolution frequency (harmonic number h ¼ 2) to
capture into two rf buckets in the RCS. The chopped
injected pulses are called intermediate pulses, which have a
frequency of 1.2285 MHz. Figure 8 shows a schematic
view of the micropulse structure (top) of the H− beam and
their intermediate pulse structure (bottom) matched with
the RCS rf period for injection into the RCS. The frequency
of the intermediate pulse is 1.2285 MHz. To measure the
partially stripped H0 and the unstripped H− beams by the
CT, we applied an FFT analysis on the time domain data to

obtain a signal corresponding to the known frequency of
the intermediate pulses.
Figure 9 shows the time domain signal of the waste beam

(unstripped H− and partially stripped H0) taken in the
single-pass extraction mode by the CT at the IDUMP for a
typical injection period of 0.3 ms at present. The data with a
beam and without a beam (background) shown by the red
and black are very identical, and it is very hard to extract the
real information. However, an FFT analysis of the time
domain data with a beam gives clear signals corresponding
to the chopping frequency of 1.2285 MHz and rf higher
multiples as shown in Fig. 10. There is no such signal for
the data without a beam. An expanded view of the FFT
spectra near the fundamental frequency region is also
shown in the inset.
The data shown in Figs. 9 and 10 were taken for the first

beam irradiation on the present HBC foil used for a longer
beam operation. For the analysis, we have subtracted the
time domain no beam data from that with beam data before
applying the FFT. The FFT amplitude corresponding to the
fundamental frequency was used for the analysis. The
waste beam yield in this case included both H− and H0

components, and to get them separately the H0 fraction
itself was measured by removing the third foil. The H−

yield was obtained by subtracting the H0 yield from the
total yield (H− and H0). The unstripped H− and the partially
stripped H0 charge fractions were obtained by dividing
each FFT amplitude by that of total injection H− measured
in the injection beam dump mode. The above detailed
measurements by using the CT were usually done on the
scheduled accelerator tuning and beam physics study days,
while the CTwas always used for measuring the H− and the
H0 charge fractions together online in the beam operation
mode called the circulating mode.
The unstripped H− and partially stripped H0 fractions

at the first beam irradiation of the present HBC foil
were obtained to be ð0.0263� 0.0013Þ% and ð0.3240�
0.008Þ%, respectively. The p fraction injected into the
RCS was calculated to be ð99.676� 0.0093Þ%. The foil

FIG. 8. Schematic view of the H− intermediate pulse structure
in each 0.5 ms injection macropulse as injected into the RCS. The
intermediate pulses have a frequency of 1.2285 MHz.
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thickness based on the H0 charge fraction was calculated
to be 329.1� 1.6 μg=cm2, which was very close to the
designed and expected thickness of 333 μg=cm2.
The measurement errors were obtained by the fluctuation

of the FFT amplitude from the data taken several times for
each setting. The fluctuation of the injection beam mea-
sured by an SCT upstream of the foil (see Fig. 7) was also
taken into account in the analysis. However, the fluctuation
of the injection beam was as small as 0.1% and was
estimated to have no significant effect for the measured
charge fractions and the corresponding foil thickness. The
effect of the supporting SiC fibers used for the foil
mounting, which could be a systematic error, was also

experimentally determined. A frame of only SiC fibers with
the same wire configuration as used for a foil mounting was
installed. A difference of injection H− yields at the IDUMP
in the injection beam dump mode was measured with and
without the SiC fiber frame. The injection H− stripped by
the supporting SiC fibers used for mounting the first
stripper foil was measured to be 1%, and the corresponding
foil thickness error was estimated to be only 0.5 μg=cm2.
We have also checked the stripping efficiencies of the
second and third foils from time to time by scanning their
positions for �15 mm from their usual positions. In this
case, the stripping efficiency of H0 and H− by the second
and third foil, respectively, was measured. It is worth
mentioning that the injection beam position on the first foil
is usually adjusted within �0.1 mm as compared to the
designed position. The beam positions on the secondary
foils are thus adjusted almost within similar values. The
position dependence stripping efficiencies of the second
and third foils at the lowest during the present study were
measured to be 99.95% and 99.97%, respectively. The
position dependence efficiencies of the secondary foils on
the measured charge fractions and the corresponding foil
thickness were also thus estimated to be negligibly small.
In addition to the CT, we also performed the same

measurement by using the MWPM. The MWPM can
simultaneously measure both H− and H0 waste beam
profiles, as they are nearly 80 mm separated from each
other in the horizontal direction. Figure 11 shows the
horizontal waste beam profiles measured by the MWPM in
the single-pass extraction mode for the present HBC foil at
the first beam irradiation. The horizontal and vertical axes
are the wire position and the signal in volts (V), respec-
tively. Similar to the CT, the injection H− yield itself was
also measured in the injection beam dump mode. However,
unlike the CT, only a few intermediate pulses were chosen
in this case to avoid any breaking of the MWPM wires.
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The unstripped H− and the partially stripped H0 yields
measured in the single-pass extraction mode are normalized
by the injection H− yield and the number of intermediate
pulses measured in the injection beam dump mode to
obtain the H− and H0 charge fractions.
The unstripped H− and the partially stripped H0 fractions

from the MWPM data were obtained to be ð0.0342�
0.009Þ% and ð0.3294� 0.028Þ%, respectively. The p
fraction injected into the RCS was then calculated to be
ð99.6706� 0.037Þ%. The foil thickness was estimated
to be 328.1� 5.2 μg=cm2, which was consistent with
the CT result. However, as MWPM intercepts the beam
and is not a nondestructive-type device, it is used only for
detail measurement on the scheduled accelerator tuning and
beam physics study days.

V. ONLINE MONITORING AND MEASUREMENT
RESULTS OF FOIL THINNING AND PINHOLE

FORMATION DURING OPERATION

In this section, online measurement results of foil
degradation by using the CT and the detailed measurement
results by using both CT and the MWPM on the scheduled
accelerator beam tuning and beam physics study days are
given first. The foil thinning and pinhole information
estimated from the detailed measurements are given in
the later part of this section.
Figure 12 (top) shows the total (H− and H0) waste beam

fraction (gray) measured online by the CT as a function of
the date. The individual and detail measurements results
obtained by the MWPM and CT are also given together as
shown by the blue and red solid circles, respectively. The
measurement errors of the CT are comparatively smaller
than MWPM measurements and are within the size of the
symbols. The cumulative charge via the foil by taking into
account an average foil hit of 11 for each injected particle is
also shown by the black solid line with respect to the right
vertical axis, which reached as high as more than 35000 C
at the end. If calculated for the designed 1 MW operation
(8.33 × 1013 proton per pulse), the present total charge via
foil corresponds to nearly 20 wk operation by considering
scheduled maintenance time (11%) and typical downtime
of the accelerators (10%), and it is one order higher than
estimated only 2 wk per foil at the design stage. However, it
can be noticed that the degradation at the later cycles with
higher beam intensity, especially due to operation with
1 MW beam power for about an 1 h, was very fast and
significant. It is worth mentioning that any fluctuation or
change of the injection beam current was taken into
consideration in the analysis, measuring it always by using
an SCT upstream of the injection point (see Fig. 7). The
transverse and longitudinal injection beam parameters
including injection beam orbit at the beam transport and
the beam position at the first foil were also routinely
checked and adjusted if needed almost every week after the
accelerator maintenance work.

Figure 13 shows photographs of the foil taken during
beam irradiation until it reached its end of life. A pro-
gression of physical deformation, such as curling and
wrinkling due to accumulated beam irradiation stress,
shows a qualitative degradation of the foil. However, it
is difficult to determine the foil lifetime by looking at only
physical deformation, as the foil looked widely deformed
even at early stages. Because of cumulative charge via the
foil and fast beam intensity ramp up at later cycles, the foil
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corresponding estimated effective foil thickness obtained from
the detail measurements are shown in the figure at the bottom.

P. K. SAHA et al. PHYS. REV. ACCEL. BEAMS 23, 082801 (2020)

082801-8



temperature increased and the degradation also grew faster,
especially during 1 MW beam power operation. The waste
beam reached the highest as measured to be nearly 1% at
the end of 1 MW operation. Although the foil visually
looked almost not changed before and after 1 MW oper-
ation, such a rapid degradation includes both foil thinning
and pinhole outbreaking, which might be the foil breaking
signal [11]. Since no beam was available after 1 MW
operation due to accelerator maintenance, the detail mea-
surements of this foil were done 3 months later in October,
2018. The waste beam fraction measured by the CT and
MWPM was ð0.950� 0.020Þ% and ð0.974� 0.063Þ%,
respectively, which were nearly 3 times higher than
expected in an ideal case.
The detailed measurement results of the foil degradation

obtained by both monitors are shown at the bottom in
Fig. 12. The partially stripped H0 and the unstripped H−

fractions are plotted by the solid and empty circles,
respectively, while the gray colors are MWPM measure-
ments and light-blue colors are the CT measurements. As

the cross section of unstripped H− fraction is negligibly
small (∼10−5% for a foil of ∼300 μg=cm2), the foil
thickness mainly depends on the H0 fraction. The effective
foil thicknesses estimated for each measurement are plotted
with respect to the vertical axis in the right. The foil
thickness significantly decreases at the beginning, but, as
deformation continues such as a wrinkle or curling, the
thickness slightly increases and remains almost stable until
again a rapid thinning occurs due to the beam power ramp
up at later cycles, especially during 1MWoperation. At this
stage, not only a foil thinning but also a significant increase
of the unstripped H− is also highly noticeable. The H0

fraction measured by the CT and MWPM was ð0.5609�
0.015Þ% and ð0.5535� 0.05Þ%, respectively, which was
nearly 2 times higher than the initial value. The effective
foil thickness was measured to be reduced to 300 μg=cm2

from its initial thickness of 330 μg=cm2. Moreover, the
unstripped H− was as high as ð0.3844� 0.015Þ% and
ð0.4203� 0.031Þ% as measured by the CT and MWPM,
respectively, which was 16 times higher than its initial
value and 4 orders of magnitude than the ideal value of
∼10−5%: It is worth mentioning that the excessive H−

measured around the middle period were due to insufficient
tuning of the injection beam, which is more understandable
by the MWPM data as presented below.
Figure 14 shows the vertical profiles of the unstripped

H− and partially stripped H0 charge fractions of the waste
beams measured by the MWPM for some particular dates
including the initial and final ones. A change of the
effective foil thickness as was shown at the bottom in
Fig. 12 clearly corresponds to a change of the H0 fraction,
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FIG. 13. Photographs of the stripper foil taken during beam
irradiation. A qualitative progression of the foil degradation was
observed as accumulated charge was increased. The foil started to
deform around the injection beam center first, then the curling
was quite visible after one year operation, and it grew faster at the
end of 2 yr operation.
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while an increase of the H− fraction due to a pinhole
outbreak in the foil and its deformation and curling can also
be seen. The excessive H− in the middle period (end of
2017 to beginning of 2018) as shown in the bottom in
Fig. 12 was due to insufficient tuning of the H− injection
beam in the linac. The transverse beam profile, especially
the vertical one, was much broader with higher beam halos
than expected, causing the H− beam missing from the
bottom (B) and top (T) at the foil can be clearly seen by the
profile measured December 10, 2017 (blue). The transverse
beam profile monitors used for H− beam matching at the
last section of linac were broken. The beam matching at the
downstream beam transport including the RCS injection
point thus could not be tuned well. As a result, a significant
amount of H− missed the foil vertically, causing an increase
of the unstripped H− waste beam fraction at the IDUMP.
The monitors were later fixed, and after fine beam tuning,
the missing H− fraction was thus well reduced to a usual
lower level. However, a significant increase of the H− at the
end (red) was due to a rapid foil degradation because of
high-intensity operation. There was almost no H− missing
the foil vertically, but peaked at the center position (C),
meaning that the unstripped H− missed the foil at the
injection beam hitting position due to a pinhole outbreak
and also slightly from the right edge (R) due to continuous
foil deformation and curling (see Fig. 13). However, it can
be noticed from the foil photographs that the foil defor-
mation and the curling before and after 1 MWoperation did
not drastically changed. The injection H− beam profile and
the position on the foil were also well tuned as required. As
a result, the missing H− in this case from any foil edges due
to a wider beam profile (as was in the middle period) or
beam position change were thus significantly smaller than
those missed from the injection beam hitting position
(C) due to pinhole outbreak.
We have also regularly measured the foil degradation at a

position far from the injection and circulating beam hitting
position to confirm that no foil degradation occurs without
any beam irradiation on the foil.
Figure 15 (top) shows the injection beam positioning

on the foil, which was set at 59 mm far from the foil edge
as compared to the usual 9 mm during operation. The
injection beam orbit was kept unchanged as in the usual
operation, but the foil position was further moved 50 mm.
The waste beam orbit to the IDUMP was also thus kept the
same. The partially stripped H0 and the unstripped H−

fractions were obtained by the detail measurements in the
single-pass extraction mode and the injection beam dump
modes. The measurement results are shown in the bottom in
Fig. 15. Unlike the foil degradation shown in Fig. 12, the
H0 fraction measured by both MWPM and the CT were
obtained to be almost no change over the whole period as
shown by the gray and light-blue solid circles, respectively.
The corresponding effective foil thicknesses estimated from
the MWPM and CT measurements were also almost no

change as shown by the blue and red circles, respectively.
The unstripped H− missing the foil vertically at the middle
period was consistent with the measurements at the usual
position (see Fig. 12), as those were due to a wider vertical
profile of the injection H− beam. Otherwise, there was not
any significant missing H− in the later period until the end
and also thus indicates no formation of any pinholes at a
position ideally with no beam irradiation on the foil.
The present measurement results show that a rapid

foil degradation, especially at high-intensity operation,
occurred due to both foil thinning and pinhole outbreak.
Here we briefly discuss the considerable underlying mech-
anisms of the stripper foil degradation caused by the high-
intensity beam irradiation during CEI as obtained for the
present HBC foil. In a CEI process, the injection H− and a
greater part of the circulating protons pass through the thin
foil, a thickness of about 1 μm. At that time, the irradiating
high-energy particles induce various effects on the foil such
as atomic collision, thermal effects, chemical reaction, and
nuclear transmutation. Therefore, a stripper foil undergoes
a various progression of physical damage (such as foil
deformation, effective thickness change, and pinhole out-
break) before its breaking or complete failure. The foil
thickness in the beginning was rapidly decreased due to the
knockout of weakly bonding atoms in the foil because
of atomic collision between the stripper foil and the
high-energy beam-induced movement of atoms in the foil.
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The foil thinning rate and its continuation are thus highly
related to the amount of deposited weakly bonding atoms
associated mainly with foil production conditions and the
underlying process. However, this rapid thinning was
mitigated quickly, and, next, an amorphous-to-polycrystal
transition process was dominant for the foil degradation.
The HBC foil has an amorphous carbon structure, and it
also has a smaller density of 1.1 g=cm3 [11]. In the HBC
foil, the material was changed from amorphous carbon to a
polycrystalline structure graphite due to the beam irradi-
ation as obtained from the microstructural observation by
using a transmission electron microscope [11]. Earlier
research of the graphite subjected to irradiation in nuclear
reactors showed that the interstitial atoms knocked on by
the neutrons form a pair with each other, furthermore,
growing into the interstitial dislocation loop [22]. The
crystallization caused a density increase and the volumetric
contraction at the irradiation area by the injection beam.
The volumetric contraction generated a tensile stress in the
foil, and the peripheral parts were attracted to the irradiated
area. As a result, the effective foil thickness was increased
for a period, and the foil was macroscopically deformed,
but the increment of the foil thickness was stopped through
moderately changing the structure in the foil. Next, the foil
thickness gradually decreased due to pyrolysis gasification.
The thermal effects due to the ionization and electronic
excitation not only accelerate the foil deformation and the
pinhole outbreak but also play an important role of foil
thinning. Recently, there has been significant progress on
the foil temperature measurement at the Spallation Neutron
Source, where a foil peak temperature at 1.3 MW beam
power was reported to be 1628 K [23]. It is at J-PARC for
1 MW beam power estimated to be nearly 1300 K, which is
well below the carbon sublimation at around 2100 K at a
pressure of 10−5 Pa [24]. Meanwhile, at 500 kW oper-
ation, the thermal radiation in visible light from the
radiation spot on the stripper foil was hardly observed,
which suggests that the foil temperature was further lower
and below 1000 K. Thus, the carbons in the foil were not
taken off due to sublimation. However, pyrolysis gas-
ification by the chemical reaction process can occur at a
lower temperature than its sublimation point. The compo-
sition analysis by using Rutherford backscattering spec-
trometry and elastic recoil detection showed that the HBC
foil contains many hydrogen and oxygen impurities inside
[18,25]. These impurities are not water absorbing on the
foil but form hydrocarbon groups of hydroxyl to terminate
the dangling bond of the amorphous carbon clusters. The
impurity atoms bonded to the carbon are decomposed
and changed into carbon monoxide, carbon dioxide, and
various hydrocarbon molecules at 700–1100 K. At high-
intensity operation, the foil heated up to an elevated
temperature by beam irradiation, and the carbon-based
gasses were then released from the foil. This gasification
process by vacuum pyrolysis is a primary cause of foil

thinning, and reduction of the effective foil thickness
occurred and slowly continued for a long term.
During 2 yr user operation, the foil temperature did not

rise to the sublimation point; therefore, drastic foil thinning
and foil flaking off did not occur. However, radiation
damage due to the displacement of atoms was continually
accumulated, and pinholes were gradually generated, as
well as foil curving was observed. The amorphous-to-
polycrystal transition is also another principle reason for
pinhole outbreaks in the foil. For example, multivacancies
form into the agglomerates and grow into the void, and
finally huge voids make pinholes in the foil. The other one
is that a tiny crack is generated at the boundaries of
nanocrystal structures and grows into the crevices during
the beam irradiation. The pinhole is made by the huge
crevices reaching the foil surface. If the foil would have
been further used for user operation, an excessive pinhole
outbreak might occur, finally making a huge hole at the
injection beam irradiated area. Once pinholes outbreak, the
missing H− soon dominates over the H0 as was the case for
the present foil at 1 MW beam power operation. Even
though the foil itself did not break, but due to such a rapid
and severe foil degradation, the foil reached its end of
usefulness because of excessive waste beams at the
IDUMP, and it might be a foil breaking signal [11]. The
foil was then replaced with a new one for the next
operation. The present measurement and online monitoring
for the details of stripper foil degradations, such as foil
thinning, and information on the pinhole outbreak made it
possible to keep the foil in service for a record of nearly 2 yr
and also successfully determine a realistic foil lifetime by
ensuring proper uses with avoiding any failures during
operation.

VI. SUMMARY

The multiturn charge-exchange injection of H− by using
a solid stripper foil is an established method utilized for
achieving a high-intensity proton beam in almost all
accelerators worldwide. However, a short lifetime and foil
failures during beam operation are two serious issues not
only in existing accelerators with a beam power of around
1 MW, but also for considering next-generation multi-
megawatt proton accelerators. Irrespective of the beam
intensity, a stripper foil is usually frequently replaced to
avoid any failure during beam operation. The realistic
lifetime of the foil is then unknown, where frequent
replacement of the foil magazine involves unhealthy
radiation exposures to the workers. To ensure proper uses
of a stripper foil by successfully determining its realistic
end of usefulness and also to achieve a longer lifetime, we
have established precise methods and also implemented an
online monitoring system for measuring details of foil
degradation, such as foil thinning and pinhole outbreak
caused by high-intensity beam irradiation during operation
at the 3-GeV RCS of J-PARC. This is because a foil
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undergoes various degradations due to instantaneous and
accumulated beam irradiation and results in foil failure. The
realistic lifetime of the foil should be studied during beam
operation in a realistic condition. We used two independent
beam diagnostic devices and precisely measured quantita-
tive foil thinning as well as pinhole outbreak information.
We have not only achieved a record of nearly 2 yr of
operation with a single foil but also successfully deter-
mined its end of life without any breaking. The present
online monitoring of the stripper foil degradation as well as
the detailed measurement of the progression of foil deg-
radation during beam operation is the first time ever it has
been done anywhere.
The present research also gives strong feedback to the

R&D of stronger stripper foil production at J-PARC [26].
Many parameters in the foil production, such as the ratio of
boron and carbon in the HBC foil, arc discharge voltage
and discharge time to change the lattice structure, and
balance between large and small grains in the foil as well as
annealing procedures of the produced foil are systemati-
cally varied. The present system is used to measure foil
degradation in detail for different types of foil to obtain
better parameters and the process to employ for superior
foil production. Through this way, a new generation of
HBC foil is being produced to withstand less degradation at
1 MW beam power and also for near future 1.5 MW beam
power operation in the RCS. While a short lifetime of the
stripper foil including foil failure during beam operation is
considered as a serious issue not only for the present proton
accelerators with around 1 MW beam power but also for
designing the next-generation multimegawatt accelerators,
the present work successfully demonstrates that one can
ensure proper uses of a foil by precisely measuring a detail
of foil degradation not only to determine a realistic end
of life but also for achieving a longer foil lifetime without
any failure. The measurement systems are very simple and
ordinary, while the CT is a completely nondestructive
device and, thus, easily applicable in any accelerators
not only for the present particular purpose but also for
any high-precision measurements.
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