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Abstract
Stripping injection overcomes the limitations of Liouville’s theorem and is widely
used for beam injection and accumulation in high-intensity synchrotrons. The
interaction between the stripping foil and beam is crucial in the study of strip-
ping injection, particularly in low-energy stripping injection synchrotrons such
as the XiPAF synchrotron. The foil thickness is the main parameter that affects
the properties of the beam after injection. The thin stripping foil is reinforced
with collodion during its installation. However, the collodion on the foil surface
makes it difficult to determine its equivalent thickness, because the mechanical
measurements are not sufficiently reliable or convenient for continuously deter-
mining foil thickness. We propose an online stripping foil thickness measurement
method based on the ionization energy loss effect, which is suitable for any foil
thickness and does not require additional equipment. Experimental studies were
conducted using the XiPAF synchrotron. The limitation of this method was ex-
amined, and the results were verified by comparing the experimentally obtained
beam current accumulation curves with the simulation results. This confirms
the accuracy and reliability of the proposed method for measuring the stripping
foil thickness.
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Stripping injection overcomes the limitations of Liouville’s theorem and is widely
used for beam injection and accumulation in high-intensity synchrotrons. The
interaction between the stripping foil and beam is crucial in the study of strip-
ping injection, particularly in low-energy stripping injection synchrotrons such
as the XiPAF synchrotron. The foil thickness is the main parameter that affects
the properties of the beam after injection. The thin stripping foil is reinforced
with collodion during its installation. However, the collodion on the foil sur-
face makes it difficult to determine its equivalent thickness, because mechanical
measurements are not sufficiently reliable or convenient for continuously deter-
mining foil thickness. We propose an online stripping foil thickness measurement
method based on the ionization energy loss effect, which is suitable for any foil
thickness and does not require additional equipment. Experimental studies were
conducted using the XiPAF synchrotron. The limitation of this method was ex-
amined, and the results were verified by comparing the experimentally obtained
beam current accumulation curves with the simulation results. This confirms
the accuracy and reliability of the proposed method for measuring the stripping
foil thickness.
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Introduction
Stripping injection overcomes the limitations of Liouville’s theorem and is widely
used for beam injection and accumulation in high-intensity hadron synchrotrons
[?] and in some compact synchrotrons [?]. The Xi’an 200 MeV Proton Appli-
cation Facility (XiPAF) is the first facility in China dedicated to simulating
space radiation environments [?]. The facility consists of a 7 MeV linac injector
and a compact 200 MeV synchrotron. A 7 MeV H− beam is stripped into a
proton beam [?], which is accumulated and accelerated to an extraction energy
range of 10–200 MeV. The proton beam is then extracted using a third-order
resonance slow-extraction method. The layout of the synchrotron is shown in
Fig. 1 [Figure 1: see original paper].

The injection system is a crucial element in the design of the XiPAF synchrotron.
The injection system (Fig. 2 [Figure 2: see original paper]) consists of three
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chicane magnets and one stripping foil, all located in the same drift section.
Additionally, two injection bump magnets located in neighboring super-periods
are used for injection painting in the horizontal phase space. The magnetic
field of the chicane magnets remains constant, whereas that of the injection
bump magnets gradually decreases from its maximum value to zero, following
the injection bump orbit curve during the injection painting process.

Owing to the low energy of the injected beam, the thickness of the stripping
foil in the XiPAF synchrotron is designed to be 25 nm, corresponding to a mass
thickness of 5 µg/cm2. This minimizes the impact of multiple scattering and
ionization energy loss on beam quality. Because a stripping foil with such a
small thickness is fragile, it must be strengthened with collodion and mounted
onto the stripping foil holder.

The XiPAF synchrotron beam commissioning began in January 2020 [?, ?, ?],
and after several rounds of iterative optimization, the optimal injection efficiency
achieved was 58%. Simulations performed using the PyORBIT code showed that
an injection efficiency of 77% could be achieved under the same beam current
conditions, which was significantly higher than the experimental measurements
[?, ?]. The experimental results demonstrated that the injection efficiency was
highly sensitive to the average foil hit number per circulating proton. The
average foil hit number was controlled by adjusting the delay of the injection
bump curve during the experiment, as shown in Fig. 3 [Figure 3: see original
paper]. A larger bump-curve delay results in injection of a higher proportion of
the beam into the flat-top section of the bump curve, leading to a higher average
foil hit number for the circulating proton beam. Simulation results showed
an initial rapid increase in injection efficiency with increasing average foil hit
number, followed by a gradual decrease. However, experimental measurements
differed from simulation predictions: the injection efficiency initially increased
rapidly with the average foil hit number, consistent with simulation results,
but then rapidly decreased [?]. The simulation was verified by comparing the
PyORBIT [?, ?] and FLUKA [?] codes for low-energy proton beams; the major
drawback of the original foil tracking algorithm in PyORBIT was the lack of a
long tail in the energy distribution. However, this discrepancy was not primarily
responsible for the disparity between simulation and experimental results. The
inconsistency between the actual and nominal thicknesses of the stripping foil
was the main factor contributing to the low injection efficiency. The actual
equivalent thickness of the stripping foil was much larger than the nominal value
due to the presence of collodion on the foil surface, which was used to reinforce
the foil. The equivalent thickness of the collodion was unknown, making it
challenging to determine the equivalent thickness of the foil.

Previous studies primarily used offline and online measurement methods to de-
termine foil thickness. Offline methods include: (1) using a precision microm-
eter for mechanical measurement [?], (2) measuring the transmittance of nor-
mally incident monochromatic light [?], (3) using the convergent beam electron
diffraction technique [?], (4) using high-energy-resolution alpha spectroscopy
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to detect the energy loss of alpha particles as they pass through the foil [?],
and (5) directly measuring the quality of the stripping foil. However, all these
methods require removal of the foil from the accelerator, which does not al-
low continuous measurement of thickness changes. The online method is based
on stripping-efficiency measurement, as mentioned in the J-PARC study [?];
however, it requires a high-precision current detector and a new beamline for
stripping-efficiency measurement. Therefore, it is only suitable for cases where
the stripping foil is relatively thin. It is inapplicable in cases where the actual
thickness of the XiPAF foil is significantly greater than the nominal thickness,
and the XiPAF cannot accommodate a new beamline to measure the stripping
efficiency.

In this study, we propose a method for measuring the actual equivalent thick-
ness of a stripping foil based on the difference in beam energy before and after
the foil. This method has the advantage of continuously measuring changes
in foil thickness and is suitable for any thickness without requiring any addi-
tional equipment. Experimental measurements using the XiPAF synchrotron
confirmed the reliability of this method. The remainder of this paper is orga-
nized as follows: Section II describes the proposed method for measuring the
equivalent thickness of a stripped foil by measuring the energy loss through
the foil. Section III presents the experimental preparation, including the ex-
perimental scheme and energy measurement methods. Section IV presents the
experimental results from the XiPAF synchrotron and their analyses. In Sec-
tion V, we analyze the limitation and reliability of the proposed method by
comparing the simulated and experimental results. Section VI summarizes the
conclusions of the study.

II. Online Method for Foil Thickness Measurement
The effect of the stripping foil on the beam can be divided into two parts: trans-
verse scattering and longitudinal ionization energy loss. The transverse scatter-
ing effect primarily includes multiple scattering and inelastic scattering, which
increase the beam transverse emittance. The longitudinal ionization energy loss
effect causes particles to lose energy through interactions with electrons outside
the nucleus of the material, which reduces the average energy of the beam in the
synchrotron and increases the rms momentum spread. This ionization energy
loss effect can be used to determine the thickness of the stripping foil.

The online foil thickness measurement method is based on the ionization-energy-
loss effect. Its theoretical basis is the Bethe equation [?, ?], which is given by
Eq. (1), where the mass stopping power ⟨−𝑑𝐸/𝑑𝑥⟩ is related to the atomic
number of the particle 𝑧, atomic number of the material 𝑍, mass number of the
material 𝐴, and particle energy.

⟨−𝑑𝐸
𝑑𝑥 ⟩ = 𝐾𝑧2 𝑍

𝐴 ( 1
2𝑚2𝑒𝑐𝛽2𝛾2

𝑊𝑚𝑎𝑥
𝐼2 − 𝛽2 − 𝛿(𝛽𝛾)

2 )
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𝑊𝑚𝑎𝑥 = 2𝑚2
𝑒𝑐𝛽2𝛾2 1

1 + 2𝛾𝑚𝑒/𝑀 + (𝑚𝑒/𝑀)2

Here, 𝑊𝑚𝑎𝑥 denotes the maximum energy transfer in a single collision; 𝑚𝑒
and 𝑀 are the electron and particle masses, respectively; and 𝐼 is the mean
excitation energy. According to the Thomas–Fermi model, the mean excitation
energy can be approximated as 𝐼 ≈ 10𝑍 [eV] [?]. 𝛿(𝛽𝛾) is the density effect
correction for the ionization energy loss. For low-energy particles, the density
effect can be disregarded.

Because the mass stopping power is related only to the material properties and
beam energy, and the energy loss is considerably smaller than the beam energy
itself, the average beam energy loss ⟨Δ𝐸⟩ is proportional to the thickness of
the medium 𝑑. Theoretically, the actual thickness of the stripping foil can
be obtained by measuring the energy loss after the beam passes through the
stripping foil. However, the particle energy loss of a single foil traversal is small
and can be significantly affected by errors in energy measurement. Because the
beam circulates in the synchrotron and traverses the foil several times, obtaining
the curve of the beam energy loss against the foil hit number 𝑁 is a more reliable
method. The average energy loss when the beam passes through the foil 𝑁 times
is

⟨Δ𝐸⟩ = ⟨−𝑑𝐸
𝑑𝑥 ⟩ × 𝑑 × 𝑁

According to Eq. (3), the average energy loss ⟨Δ𝐸⟩ and average foil hit number
𝑁 exhibit a linear relationship. This process is illustrated in Fig. 4 [Figure 4:
see original paper], where a steeper slope of the line is obtained with larger foil
thickness. This curve can be experimentally measured, and the equivalent foil
thickness 𝑑 can be obtained from the slopes of the measured curves.

This method was verified through simulations. The energy-loss curve simulated
by the PyORBIT code was compared with the theoretical formula, as shown in
Fig. 5 [Figure 5: see original paper]; the blue and red curves are based on the
Bethe equation and PyORBIT simulated results, respectively. The simulation
and theory are consistent, and the deviation originates from the distribution of
the number of beams passing through the foil. Linear fitting of the simulated
results yielded a foil thickness of 51.0 µg/cm2. The relative error of this method
was 2%.

In addition, Eq. (1) indicates that the mass-stopping power is approximately
proportional to 1/𝛽2 at low energies, where 𝛽𝛾 < 1. Therefore, a beam travers-
ing a medium of finite thickness loses more energy as the incident particle energy
decreases. For thick foils, average foil hits of 10 to 20 can significantly change
the beam energy. Higher beam energies or lower foil thicknesses require a higher
average foil hit number, and the online measurement method remains reliable.
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III. Experimental Scheme
A. Limitations of using online method on the XiPAF synchrotron

Measurement of the foil thickness on the XiPAF synchrotron using the online
method has certain limitations that hinder direct measurement of the foil hit
number. First, this method for measuring the equivalent foil thickness is pri-
marily based on the energy loss curve for different foil hit numbers. Assuming
a sufficiently fast decay of the injection bump orbit after a single-turn injection,
it can be inferred that the beam no longer passes through the stripping foil, ex-
cept during the stripping of the negative hydrogen ion beam to a proton beam.
Consequently, the average foil hit number increases linearly with the delay of
the injection bump curve, as shown in Fig. 3 [Figure 3: see original paper].
However, the limited decay rate of the bump magnets makes it impossible to
precisely control the foil hit number. The foil hit number and delay of the
injection bump curve exhibit a nonlinear relationship.

Second, because the average injected beam current of the XiPAF synchrotron is
approximately 0.6 mA, the beam intensity in the ring is insufficient for obtain-
ing signals with a usable signal-to-noise ratio, and the error in the beam energy
measurement is unacceptable. To increase the beam intensity in the ring, parti-
cles must be accumulated for several turns, resulting in different foil hit numbers
for beams injected at different turns. Furthermore, the limited bump decay rate
and transverse betatron motion alter the relative position between the particle
and stripping foil during the circulation of the beam in the ring. Thus, even
particles injected into the ring at the same turn have different foil hit numbers,
making it difficult to obtain the curves shown in Fig. 4 [Figure 4: see original
paper]. Because of the nonzero dispersion function at the injection point, the
dispersion orbits of the beam after passing through the stripping foil differ ac-
cording to the thicknesses. Thus, the subsequent motion and foil hit number
of the particle exhibit varying behaviors. Therefore, the relationship between
the foil hit number and delay of the injection bump curve depends on the foil
thickness.

B. Alternative Scheme for Foil Hit Number Measurement

An alternative scheme was proposed to overcome these problems in the XiPAF
synchrotron. Because the foil hit numbers of the circulating particles were
different, the average foil hit number was used. For experimental operation on
the XiPAF synchrotron, the average foil hit number was controlled by adjusting
the delays of the injection bump curve. Figure 6 [Figure 6: see original paper]
illustrates the relationship between the average foil hit number and delay of the
injection bump curve, when the injection turn and foil thickness are 6 and 50
µg/cm2, respectively. The injection bump curve is shown in Fig. 7 [Figure 7:
see original paper]. The average foil hit number increases with the delay of the
injection bump curve; however, the relationship is not linear. This relationship
was affected by various factors including the shape of the injection bump curve,

chinarxiv.org/items/chinaxiv-202410.00037 Machine Translation

https://chinarxiv.org/items/chinaxiv-202410.00037


phase space coordinates of the injected beam, Twiss parameters of the injected
beam, and thickness of the stripping foil.

In the experiment, ensuring a linear relationship between the average foil hit
number and the delay of the injection bump curve through the selection of
injection parameters was difficult because of the unknown foil thickness. The
relationship between the average foil hit number and delay of the injection
bump curve could only be obtained through simulations. Therefore, in the
experiment, the foil thickness was determined approximately using the delay as
an independent variable. Using the simulated relationship between the two at
a particular foil thickness, the average foil hit number was calculated from the
delay. Linear regression was then applied to the processed data to determine
the final foil thickness. The influence of the relationship between the average
foil hit number and bump delay is discussed in Section V.

The final scheme for the XiPAF synchrotron experiment is as follows. The
injected beam pulse width was set to 5.3 µs, which corresponded to six turns
of injection. The beam energies at the medium-energy transport line (MEBT)
before injection and in the ring after injection were measured for different delays
in the injection bump curve. The equivalent foil thickness was determined by
comparing the measured and simulated curves.

C. Methods for Beam Energy Measurement

The accurate measurement of the equivalent thickness of the stripping foil de-
pends on the accurate measurement of the beam energy before and after injec-
tion. The beam energy before injection was measured using the time-of-flight
(TOF) method [?, ?] with beam position monitors (BPMs) on the MEBT, ow-
ing to its pulsed microstructure. In the XiPAF experiment, the beam energy
measurement precision exceeded 0.1%; the beam energy at the MEBT exit was
stable; and the experimentally measured average incident beam energy was
7.022 MeV. The histogram of the measured beam energy jitter, which was less
than 0.005 MeV, is shown in Fig. 8 [Figure 8: see original paper].

The beam energy after injection was measured using the Schottky signal [?,
?]. The Schottky signal, which can be induced at BPM electrodes, provides a
nondestructive diagnostic method for synchrotrons. For a particle with charge
𝑞 and revolution period 𝑇𝑗 circulating in a synchrotron, the induced current
at a given location in the ring consists of an infinite train of delta functions
separated in time by 𝑇𝑗:

𝐼𝑗(𝑡) = 𝑞𝜔𝑗
∞

∑
𝑙=−∞

𝛿(𝜔𝑗𝑡 + 𝜃𝑗 − 2𝜋𝑙)

which can be expressed as a Fourier series:
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𝐼𝑗(𝑡) = 𝑞
∞

∑
𝑚=−∞

𝑒−𝑖𝑚(𝜔𝑗𝑡+𝜃𝑗)

where 𝜔𝑗 = 2𝜋𝑓𝑗 = 2𝜋/𝑇𝑗 and 𝜃𝑗 is the initial phase of the particle. Considering
that the initial phases and longitudinal motions of all particles are independent,
the induced beam current at a given location is the sum of all 𝑁 particles:

𝐼(𝑡) =
𝑁

∑
𝑗=1

∞
∑

𝑚=−∞
𝜔𝑗𝑒−𝑖𝑚(𝜔𝑗𝑡+𝜃𝑗) =

∞
∑

𝑚=−∞
𝑓𝑗 + 2𝑞

𝑁
∑
𝑗=1

∞
∑
𝑚=1

𝑓𝑗 cos(𝑚𝜔𝑗𝑡 + 𝑚𝜃𝑗)

This is the longitudinal frequency spectrum [?]; it consists of lines at all har-
monics of 𝑓0, which is the reference frequency corresponding to the beam center
energy 𝐸0 of the circulating beam in the synchrotron. Owing to the small fre-
quency deviation or energy deviation of the particles, that is, Δ𝑓𝑗/𝑓0 ≪ 1 and
Δ𝐸𝑗/𝐸0 ≪ 1, the shape of the Schottky longitudinal spectrum at each harmonic
reflects the beam energy distribution. This allows the beam center energy and
energy distribution to be determined.

In the experiment, the injection beam pulse width was set to 5.3 µs. The
measured beam current curve in the ring from the FCT is shown in Fig. 9 [Figure
9: see original paper]. Six steps representing six turns of injection accumulation
are observed. The decrease in beam current after six turns indicates beam loss
in the XiPAF synchrotron.

An RSA5100B series real-time signal analyzer was used for Schottky signal
measurement. The analyzer was connected to a BPM electrode via an amplifier
to acquire the induced beam signal, which provides spectra and spectrograms
of the measured signal. These can be saved for beam energy analysis. The
Schottky signal was measured at harmonic number 𝑚 = 2. Figure 10 [Figure
10: see original paper] shows the Schottky longitudinal spectrum for an injection
bump curve delay of −35 µs. The blue line represents the measured Schottky
spectrum, which is non-Gaussian, asymmetric, and exhibits a tail on the left side
due to the different foil hit numbers for different particles. Because we focused
only on the center energy of the beam in the ring, a Gaussian distribution
was used to fit the Schottky longitudinal spectrum, as indicated by the red
line in Fig. 10 [Figure 10: see original paper]. Based on the measured center
frequency, the corresponding center energy of the beam current was calculated
as 6.989 MeV.

IV. Experimental Results
The Schottky longitudinal spectra were obtained for all injection bump curve
delays. The measured Schottky longitudinal spectrograms for all bump delays
are shown in Fig. 11 [Figure 11: see original paper]. The horizontal coordinate
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represents the frequency; each vertical coordinate corresponds to one Schottky
signal sample; and the colors represent the signal amplitude. Different samples
correspond to different injection bump curve delays, and the delay gradually
increases from top to bottom. The vertical lines in Fig. 11 [Figure 11: see orig-
inal paper] represent the noise frequencies. The peak frequency of the Schottky
spectrum shifts to the left as the injection bump curve delay increases, indicat-
ing an increase in ionization energy loss. The amplitude of the Schottky signal
is proportional to the beam intensity in the ring. As the delay increases, the
beam intensity in the ring initially increases and then decreases.

As previously discussed, the equivalent thickness of the stripping foil in the
experiment can be determined by comparing the beam energy loss curves mea-
sured in the experiment with the simulation results for various foil thicknesses.
The incident beam energy was measured as 7.022 MeV using the BPMs at the
MEBT, and the center energy of the beam in the ring was determined via Gaus-
sian fitting of the Schottky signal. Subsequently, the curves of energy loss versus
injection bump delay were derived from the data, as shown in Fig. 12 [Figure 12:
see original paper]. The colored and black lines represent the simulation and
experimental results, respectively. Measurements were performed for various
foils labeled #4, #5, #14, and #28.

Foils #4 and #5 were pure diamond-like carbon foils with a nominal thickness
of 500 nm, corresponding to a mass thickness of 100 µg/cm2. Foil #4 was used
for 1.5 years, while foil #5 was a new foil. In Fig. 12(a), the energy-loss curve of
foil #4 is close to the red curve, and its thickness is approximately 50 µg/cm2.
After transferring the injection-bump curve delay to the average foil hit number
(Fig. 12(b)), a foil thickness of 52.0 µg/cm2 was calculated by linear fitting. In
addition, the measured thickness of foil #5 was 131.4 µg/cm2. Foil #4 exhibited
significant degradation after being hit by the beam for 1.5 years.

Foils #14 and #28 were new foils with collodion on their surfaces. The nominal
thickness of foil #14 was 5 µg/cm2, whereas the measured mass thickness was
77.5 µg/cm2. The nominal thickness of foil #28 was 7 µg/cm2, whereas the
measured mass thickness was 49.2 µg/cm2. No direct relationship was observed
between the equivalent and nominal thicknesses. The collodion on the foil sur-
face was primarily responsible for the ionization effect of the stripping foil on
the beam.

The beam energy in the synchrotron was measured from the Schottky signal
for all harmonic numbers. The consistency of the measured results at different
harmonic numbers was verified. Figure 13 [Figure 13: see original paper] shows
the differences in the measured curves at different harmonic numbers for foil
#4. The measured curves are almost identical and closely match the simulated
curve of 50 µg/cm2. A slight difference exists between the edges of these two
curves, particularly when the injection bump curve delay is less than 25 µs. This
is attributed to the low signal-to-noise ratio for low beam intensities during
these delays. The foil thickness measured at harmonic number 𝑚 = 3 was
52.0 µg/cm2, and the thickness measured at harmonic number 𝑚 = 2 was 49.2
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µg/cm2. The measurement error was less than 6%.

V. Error Analysis and Comparison with Simulations
In this section, we present the error analysis of the proposed method. For the
normal injection mode of the XiPAF synchrotron, the experimental and simu-
lated beam current accumulation curves were compared to verify the validity of
the stripping foil thickness measured above. The experimental and simulation
results were consistent.

A. Error Analysis

The proposed method of measuring the equivalent foil thickness is based on the
energy loss curve for different foil hit numbers. The foil thickness was deter-
mined from the slope of the linear fit between the energy loss and average foil
hit numbers, as shown in Fig. 5 [Figure 5: see original paper]. However, for
the XiPAF synchrotron, the average foil hit number cannot be directly mea-
sured. Instead, the delay of the injection bump curve was used to control the
average foil hit number. As previously stated, the average foil hit number was
calculated based on the delay in the injection-bump curve, and their relation-
ship was obtained through simulation. The average hit number was calculated
for the particles that could be stored in the synchrotron. Owing to the limited
momentum acceptance, an increase in the bump curve delay resulted in the
loss of particles that had frequently traversed the foil, and these particles were
excluded from the calculation. For a fixed bump curve delay, an increase in foil
thickness lowered the average foil hit number because of the increased energy
loss of the particles each time they traversed the foil and the limited momentum
acceptance. Therefore, the relationship curves between the delay and average
foil hit number differed for different thicknesses.

To establish this relationship, the measured curves were compared with the sim-
ulated curves shown in Fig. 12(a). The simulated curve closest to the measured
curve was selected to obtain the approximate thickness. Based on this thickness,
we established the relationship between the delay and average foil hit number,
and then performed a linear fitting to obtain the final foil thickness.

During this process, errors in the foil hit number and energy loss resulted in
horizontal and vertical shifts, respectively, as shown in Fig. 12(b). The curve
shift in Fig. 12(b) does not affect the foil thickness measurements. However, the
shift in the curve shown in Fig. 12(a) may introduce errors in the approximate
thickness measurements. Therefore, the relationship between the delay in the in-
jection bump curve and average foil hit number may be inaccurate, which could
affect the final foil thickness measurement results. The discrepancy between the
set and actual bump delays was checked, and no errors were found. However,
the error in the energy loss arises from the incident beam energy measurement
and betatron motion-induced Schottky frequency shift. Thus, the curve in Fig.
12(a) shifts vertically, which leads to errors in the foil thickness.
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The curve distance is used to describe the proximity of the two curves in Fig.
12(a), as defined in Eq. (7):

𝐷 =
√√√
⎷

𝑛
∑
𝑗=1

(Δ𝐸𝑗,𝑡ℎ𝑖𝑐𝑘1 − Δ𝐸𝑗,𝑡ℎ𝑖𝑐𝑘2)2, 𝑡𝑖 ≤ 𝑡𝑗 ≤ 𝑡𝑓

where 𝑡𝑗 is the delay of the injection bump curve; and Δ𝐸𝑗,𝑡ℎ𝑖𝑐𝑘1 and Δ𝐸𝑗,𝑡ℎ𝑖𝑐𝑘2
are the energy losses for different thicknesses at each 𝑡𝑗. For the XiPAF exper-
iment, the thickness was relatively large, and 𝑡𝑓 was chosen as 20 µs owing to
momentum acceptance. The distance between the two curves decreases with in-
creasing foil thickness, as shown in Fig. 14 [Figure 14: see original paper]. The
measurement error in the energy loss resulted in a larger error in the foil thick-
ness measurement. Figure 15 [Figure 15: see original paper] shows the effect of
the energy loss error on the foil thickness measurement error for different foil
thicknesses. For foil thicknesses larger than 40 µg/cm2, the measurement error
increases with the foil thickness. For foil thicknesses less than 40 µg/cm2, the
ionization energy loss effect is weak, and the measurement error can be reduced
by increasing the injection bump curve delay, which can result in a measurement
error of less than 5%/keV.

In the XiPAF experiment, the beam energy before injection was measured using
the TOF method; and the measurement precision and energy jitter were less
than 0.1% and 5 keV, respectively. In addition, the dispersion mismatch and
betatron motion at the injection point resulted in an energy shift of 0.7 keV.
We considered the error in the energy loss to be 5.7 keV, and the thickness
measurement error was 21%–32% for foil thicknesses of 50 µg/cm2–120 µg/cm2,
which agreed with the measurement results. The foil thickness measurement
error reduced if the foil thickness was small or the momentum acceptance of the
synchrotron was sufficiently large.

B. Comparison with Simulation Results

The stripping foil thickness is a crucial factor that affects the injection efficiency.
To ensure the accuracy of the foil thickness measurement results, the simulated
beam current accumulation curves were compared with experimental data. The
pulse width of the injection beam for the normal mode of the XiPAF synchrotron
was 40 µs and foil #4 was used. The initial beam distribution used in the
simulations was generated based on the measured results. In the experiment,
the beam current at the MEBT exit varied from a maximum value of 0.6 mA
to a final value of 0.3 mA. The simulation considered varying incident beam
currents. The space-charge effect was negligible for this beam, which had a large
emittance and low intensity, and its influence on the injection efficiency was less
than 1%. For foil thicknesses greater than 10 µg/cm2, the stripping efficiency of
the 7 MeV H− beam was greater than 99.7%; therefore, the stripping efficiency
was considered as 100% in the simulations.
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Figure 16 [Figure 16: see original paper] shows a comparison of the beam cur-
rent accumulation curves when the delay of the injection bump curve is set to
0 µs. The black line represents the experimental beam-current curve, whereas
the colored lines represent the simulated curves for different foil thicknesses.
The measured black curve closely matches the red curve, which represents the
simulation results for a foil thickness of 50 µg/cm2. The experimental and simu-
lated beam accumulation curves are consistent, and the measurement results for
the stripping foil thickness are reliable. If the foil thickness is greater than 50
µg/cm2, the final accumulated beam current is lower than the measured current,
and vice versa.

VI. Conclusion
Stripping injection can overcome the limitations of Liouville’s theorem and is
a widely used beam injection and accumulation method for high-intensity syn-
chrotrons. The interaction between the stripping foil and beam is crucial in the
study of stripping injection, particularly in low-energy synchrotrons such as the
XiPAF. The carbon foil used in the XiPAF synchrotron, which has a nominal
thickness of 5 µg/cm2, is reinforced with collodion to improve its mechanical
properties. This results in a significant difference between the actual and nom-
inal thicknesses. This study proposes a method for measuring the equivalent
thickness of the stripping foil based on its ionization energy loss effect. Exper-
imental studies on the XiPAF synchrotron demonstrated the reliability of this
method.

The thickness of the stripping foil in the XiPAF synchrotron was measured to
be approximately 50 µg/cm2. The beam current accumulation curves obtained
during the injection process were compared with the simulation results. The
comparison confirmed the accuracy of the stripping foil thickness measurement
results and the reliability of the method. The large foil thickness was confirmed
to be the primary factor contributing to low injection efficiency. Further inves-
tigation and optimization are required to improve injection efficiency.
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