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Abstract

We have established an advanced and sophisticated uses

of a current transformer and a multi-wire profile monitor

for accurate measuring as well as online monitoring of the

waste beam so as to know the stripper foil degradation dur-

ing user operation of the J-PARC 3-GeV RCS. A more than

99.7% of the H− beam coming from the Linac is stripped

to a proton beam by using an HBC stripper foil of 200

µg/cm2 placed in the RCS injection area. The remaining

0.3% is called the waste beam and is transported to the in-

jected beam dump. Foil degradation such as, foil thinning

and pinhole formation are believed to be the signs of a foil

breaking. A sudden foil breaking is not only decreases ac-

celerator availability but also raises maintenance issues. A

proper monitoring system of the foil is thus important in

order to avoid any such issues by replacing the foil with

a new one in the scheduled maintenance day. The sensi-

tivity of the present method has already been proved to be

very good and is capable of monitoring a change of the

foil thickness as low as 1% or even less. A single foil was

used for a continuous last 7 months operation of the RCS

with an extracted beam power of 300 kW (18 kW injected

beam). The integrated total irradiated particles (injected

H− itself) were 8 ×1021 but there was no any degradation

of the foil so far. Surprisingly an increase of the foil thick-

ness of about 10% was observed.

INTRODUCTION

The 3-GeV Rapid Cycling Synchrotron (RCS) of the

Japan Proton Accelerator Research Complex (J-PARC) is a

high power proton machine designed for a beam power of 1

MW [1]. The injected beam energy is 181 MeV at present

but it will be upgraded to the designed 400 MeV in 2013.

The extracted beam energy is 3 GeV and is simultaneously

delivered to the downstream muon and neutron production

targets in the Material and Life Science Facility (MLF) as

well to the Main Ring (MR) at a repetition rate of 25 Hz.

RCS beam power for the user operation has already been

exceeded 300 KW and further more of exceeding 500 kW

has also been demonstrated in recent beam studies [2, 3].

In order to increase circulating beam intensity, RCS

uses conventional multi-turn H− charge-exchange injec-

tion technique during the injection period of 0.5 ms [4].

A more than 99.7% of the incoming H− beam from the

∗E-mail address: saha.pranab@j-parc.jp

Linac is stripped to a proton beam by using an HBC (Hy-

brid type Boron doped Carbon) foil of 200 µg/cm2 placed

in the injection area. It is the primary stripper foil and also

called the 1st foil. The stripping efficiency is calculated by

using the measured cross sections at 200 MeV on Carbon

targets [5] and applying energy scaling of the cross section

by 1/β2, where β is relativistic factor of the H− ion [6]. The

remaining 0.3% of the beam is called waste beam and ide-

ally it is with partially stripped (single electron detachment

at the 1st foil) becomes neutral (un-charged) and is called

H0 beam, where the un-stripped H− are expected to be neg-

ligibly small. The H0 and H− (if any) are further stripped

to proton beams by the secondary stripper foils named 2nd

and 3rd foils, respectively and transported to the injection

beam dump. The secondary foils are relatively thicker (500

µg/cm2) and thus stripping efficiencies are calculated to be

almost 100% (99.9999%).

Similar to any other high intensity machine, stripper foil

lifetime is one of the big issue also in RCS. A foil breaking

might be a resultant factors of many reasons involved dur-

ing beam irradiation. Such as, a very high temperature rise

of both instant and average, thermal buckling, shrinkage

due to mechanical stress, carbon buildup and foil degrada-

tion [7, 8]. Due to the multi-turn injection, not only the

injected beam but circulating beam also hit the primary foil

nearly 20 times in average during injection period. How-

ever, the injected beam size is relatively smaller as com-

pared to the circulating beam and always hit in the same

position of the foil. The injected beam then might have a

bigger influence on the foil breaking. An accurate measure-

ment of each component of the waste beams (H0 and H−)

can thus give information on the foil degradation process.

The injection beam dump of the RCS has a capacity of

only 4 kW. A complete breaking is thus not always a life-

time of the foil for high power operation as foil degradation

only a little causes a significant increase waste beam so as

to increase the head load on the dump. A sudden foil fail-

ure certainly reduces accelerator availability and also raises

maintenance issues. A proper monitoring system of the foil

is thus important in order to avoid any such issues by re-

placing the foil with a new one in the scheduled mainte-

nance day. The beam power of the RCS will be increased

gradually, and the behavior of foil lifetime and foil degra-

dation curve could be very useful data in order to learn

more about the foil breaking mechanism.
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PRESENT TECHNIQUE AND VALIDITY

In the efforts of measuring such a little fraction of the

waste beam (0.3%) and moreover for monitoring a even a

little change of the waste beam fraction, recently we have

established two precise and independent ways which em-

ploys rather simple principle and methods by using already

placed a current transformer named H0CT and a Multi-

Wire Profile Monitor (MWPM) named MWPM7 placed

near the injection dump. Figure 1 shows an expanded

view of the RCS injection area, locations of H0CT and

MWPM7 together with setup of the stripper foils for the

operation/study modes of the RCS. The waste beam is mea-

sured in any of the circulating mode (a) or single-pass ex-

traction mode (b), where all three foils are placed in right

positions. However, in order to get fraction of the waste

beam, injected beam itself was measured in the injection

beam dump mode (c). In this case, the 1st foil is removed

from the beam line and thus incoming H− beam is stripped

to proton beam at the 3rd foil and transported to the dump.

As a result, a ratio of the beam signal measured in the for-

mer mode (a) or (b) to the later mode (c) gives the waste

beam fraction. The measurement with H0CT and MWPM7

is done separately. Injected beam also measured by an SCT

(Slow Current Transformer) placed few meter upstream of

the 1st foil in order to take into account the fluctuation of

the injected beam during the measurement.
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Figure 1: Close view of the RCS injection area and location

of the H0CT and MWPM7. A ratio of the beam signal

measured by mode (a) or (b) to that of mode (c) gives the

waste beam fraction.

H0CT

The time domain signal of the H0CT is collected by an

oscilloscope and a Fourier transform is done. As a result,

picking up amplitude of the power spectrum corresponding

to the frequency of the intermediate pulse, which depends

on the RCS RF frequency gives the beam signal [9].
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Figure 2: Time domain signals of the H0CT with beam

(red) and with no beam (blue) are quite identical and is

hard to extract the real information of the waste beam.
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Figure 3: Fourier transform of the H0CT time domain data

clearly shows the beam signal. The difference of the waste

beam signal (red) from the no beam (blue) can be clearly

seen in the expanded view (bottom). The spectrum shown

in gray color is taken in the injection beam dump mode.

Figure 2 shows time domain signal of the H0CT with

beam and with no beam for an average of 64 shots mea-

sured in the mode (b). The peak current of the H− beam

was 15 mA. The injected particles for a macro pulse length

of maximum of 0.5 ms with a chopper beam-on duty factor

of 56% (600 ns) was 2.5×1013. Even though the time do-

main signal with beam and with no beam are very identical

and thus hard to extract the real beam signal. However, as

shown the power spectrum in Fig. 3 (middle), Fourier trans-

form of the time domain signal on the other hand clearly

identifies the beam signal (red) corresponding to the chop-

ping frequency (h=2). In contrast to the no beam data, the

signal corresponds to the expected fundamental frequency

of 0.940 MHz and successive higher order harmonics at rf

multiples are clearly seen with beam. The data for taken

in the injection beam dump mode (gray) is also shown for

confirmation. The signal that corresponds to the fundamen-

tal frequency was used for the analysis, which is shown as

an expanded view in the bottom. Nearly an order higher

signal of the waste beam as compared to the no beam can

easily be seen. The waste beam in this case was only the

H0 component as 3rd foil was kept out from the beam line.
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A ratio of the peak height of the waste beam (red) to that

of all beam (gray) for the fundamental frequency gives the

H0 fraction and is obtained to be 0.33±0.02%. The un-

stripped H− component determined by the cross section for

a foil thickness of around 200 µg/cm2 should be negligibly

small (10−7) and is thus considered to be zero. The H+

component can easily be known. Eventually, thickness of

the present primary HBC foil is calculated to be 191±1.8

µg/cm2. The vertical size of the primary stripper foil was

20 mm and there was thus a considerable amount of the

H−, missing 1st foil. By inserting the 3rd foil in right posi-

tion, the total waste beam was measured to be 0.55±0.03%.

MWPM7

The MWPM7 is a scan type beam profile monitor. The

beam profile is usually measured by 100 shots injected with

1 Hz, where MWPM7 moves by 0.2 mm/s and thus each

wire moves a total of 20 mm [10]. By using MWPM7

we can simultaneously measure both H0 and H− (if any)

components, where center of the two profiles are sepa-

rated by about 70 mm. In order to get each fraction, the

integrated individual profile measured by the mode (a) or

(b) is normalized by the yield measured in the injection

beam dump mode (c). Figure 4 shows the horizontal waste

beam profile (red) measured by mode (b), together with

injected beam profile (black) measured by mode (c). As

also mentioned earlier, the missing H− measured in the

former mode was due to vertically 20 mm size of the 1st

foil. The H0 and H− are obtained to be 0.32±0.01% and

0.22±0.01%, respectively. Consequently, thickness of the

primary stripper foil is calculated to be 192±1.5 µg/cm2,

which is consistent with H0CT data.
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Figure 4: H0 and H− (if any) components of the waste

beam can be measured simultaneously by the MWPM7.

TREND OF THE FOIL THICKNESS

H0CT is used as real online monitor for measuring the

waste beam as a whole, while MWPM7 together with

H0CT is used in the RCS beam studies in order to know de-

tail information of the foil degradation (any change of foil

thickness and/or pinhole information) by precisely measur-

ing the H0 and H− fraction, respectively. MWPM7 can

measure H0 and H− fractions simultaneous, but by remov-

ing 3rd foil in any of the two modes (a) or (b) (see Fig. 1)

we can measure only H0 component even by the H0CT.
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Figure 5: A continuous reduction of the H0 yield during

7 months operation is measured by both H0CT and the

MWPM7 reflecting an increase of the foil thickness. There

was significant amount missing H− due to 20 mm vertical

size of the primary stripper foil as demonstrated at the top.

Figure 5 shows (middle) a clear variation of the H0 yield

measured by the H0CT almost one months interval during

last 7 months operation. The corresponding MWPM7 data

including H− yield are shown at the bottom. A demonstra-

tion of the injected beam positioning on the primary foil is

also shown on the top.

Figure 6 (top) shows individual H0 and H− fractions and

and their sum measured a total of 13 times during 7 months

operation. The integrated injected beam particles are also

plotted as shown by the black curve. The extracted beam

power of the RCS was 300 kW. That means, the injected

beam power was 18 kW corresponding to 2.5×1013 ppp

(particles per pulse). The total integrated injected particles

were measured to be 8.0×1021. However, due to the multi-

turn injection, each circulating proton hit the foil as much

as nearly 20 times in average and thus integrated particles

hit the foil is estimated to be nearly 1×1023 in total. The

measurement by two independent monitors are found to be

consistent each other, where a significant decrease of the

H0 fraction as a function of the integrated injected beam

has been observed. The H− fraction was measured to be

change randomly as it was the missing H− beam at the pri-

mary stripper foil. A little change of the injected beam tra-

jectory or injected beam profile can cause a change of the

missing as H− amount, especially in the vertical direction

as the foil size in the vertical direction was 20 mm. The

total amount on the other hand was with less fluctuation

and was about nearly 0.5% in average. By using measured
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H0 fraction and considering the real H− fraction is negligi-

bly small (as it should be ∼10−7 for a foil of around 200

µg/cm2 [5, 6]), the H+ fraction and thus the corresponding

foil thickness is calculated as shown in Fig. 6 (bottom).
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Figure 6: Individual H0 and H− waste beam fractions and

their sum for 13 measurements during 7 months operation.

The integrated injected beam is shown by the black curve.

The corresponding foil thickness is shown in the bottom.
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Figure 7: Online trend of the H0CT for the waste beam

fraction is found to be similar to that measured several

times as shown in Fig. 6 and was about 0.5% in average.

Figure 7 shows an online trend of the H0CT signal and

the corresponding waste beam fraction. The waste beam

fraction was 0.5% in average and the overall trend was

found to be similar to that measured several times during

beam studies (see Fig 6). The H0CT in such a way plays

an important role for online monitoring of the waste beam

and stripper foil performance during RCS operation.

Previously we observed a slight increase of the foil thick-

ness measured for a relatively shorter period as well as for

a less beam power as compared to the present data [11].

The present data shows an increase of the foil thickness

as much as 10% from it initial value. Such a behavior of

the foil is interesting but for clear understanding of the real

phenomenon we need more data and especially, similar re-

peated measurements. There might have several reasons

such as, so-called carbon buildup, foil shrinkage and foil

deformation are involved. For the present beam power, ex-

pected foil peak temperature may not be so high (∼650 K)

and thus so-called carbon buildup might be the most con-

siderable reason [7]. Foil shrinkage as well as foil defor-

mation might also contributed in the process.

SUMMARY

Advanced uses of a current transformer and a multi-wire

profile monitor made it possible for measuring even a small

fraction of the waste beam with good accuracy. Online

monitoring of the waste beam and recognizing any change

of the foil thickness during RCS operation has also been

demonstrated. Foil has a certain lifetime and usually life-

time goes shorter with higher beam power, but a foil might

have degradation such as foil thinning and pinhole forma-

tion before complete breaking. As foil degradation could

be a signal of a foil breaking, such a present online monitor-

ing system would be very useful in order to know a proper

replacement timing as well to avoid any sudden foil failure

during operation. It may also provide useful information

for deep understanding of the foil breaking mechanism.
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