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Charge-neutral, GeV-scale electron-positron pair
beams produced using bremsstrahlung
gamma rays
Youhwan Noh1,2,4, Jaehyun Song1,2,4, Mohammad Mirzaie 2,3, Calin Ioan Hojbota 2, Hyeong-il Kim1,2,

Seongmin Lee1,2, Junho Won1,2, Hoon Song1,2, Chiwan Song1,2, Chang-Mo Ryu2, Chang Hee Nam 1,2 &

Woosuk Bang 1,2✉

Matter-antimatter plasmas, such as electron-positron pair plasmas, are frequently observed

in various astrophysical phenomena. In laboratory settings, electron-positron pairs have often

been generated using high-Z converters irradiated by either direct laser pulses or laser-driven

electron beams. Here we generate charge-neutral electron-positron beams with energies in

the GeV range, utilizing bremsstrahlung gamma rays. Specifically, intense high-energy

gamma rays produced electron-positron pair particles in a lead converter via the Bethe-

Heitler process. The produced pair beams exhibited neutrality across all converter thick-

nesses throughout the energy spectrum spanning from 10MeV to 1.8 GeV. Pairs with

energies surpassing 1 GeV constituted up to 26% of the total kinetic energy within the

spectrum. The experimental results were in good agreement with our Geant4 Monte Carlo

simulations. These GeV-scale neutral pair particle beams have potential applications for

understanding energetic astrophysical phenomena and high-energy particle physics.
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E lectron-positron pair plasmas exhibit distinct characteristics
owing to the equal mass of two oppositely charged
particles1–4. These properties include a reduced charge

separation and decreased electrostatic potential fluctuations1,
which affect the growth and damping of nonlinear plasma
instabilities2,4. Because these plasmas are composed of two light-
pair particles, they are commonly found in the vicinity of ener-
getic astrophysical objects5, such as neutron stars5,6, quasars7,8,
black holes9,10, and supernova explosions5,11. In particular,
gamma-ray bursts have been shown to involve electron-positron
plasmas as a source2,12–17. Thus, creating electron-positron
plasmas on a laboratory scale is essential for a clear under-
standing of various astrophysical phenomena.

In recent studies, several groups have employed high-power
lasers to produce positrons and investigate pair plasma dynamics
and laboratory astrophysics2,3,12,18–27. Two distinct methods have
been developed to produce electron-positron pairs using
lasers2,3,12,18–28. In some experiments, intense laser pulses are
focused directly onto a high-Z solid converter to heat electrons
above 1 MeV3,19,20,26. When the resulting hot electrons collide
with the atomic nuclei in the converter, they generate electron-
positron pairs through the Trident or Bethe-Heitler processes20.
In the Trident process, an electron-positron pair is created
through the immediate decay of a virtual photon originating from
an energetic electron in the nuclear field. On the other hand, the
Bethe-Heitler process produces a pair through the conversion of a
bremsstrahlung photon emitted from an electron in the nuclear
field.

The method described above entails the direct interaction
between a laser and a solid target, causing a significant transfer of
laser energy to electrons, typically 10–50%20,29. Numerous initial
hot electrons can generate a substantial number20,21 of electron-
positron pairs on the order of 1010–1012. However, the initial hot
electrons exhibit a wide angular spread22 and a low temperature
of several MeV, producing low-density and low-energy-pair
particles20.

In other experiments, electron-positron pairs are produced in
two steps. First, laser pulses are focused on an underdense gas
target to accelerate electrons to relativistic energies via the laser
wakefield acceleration (LWFA) process30–34. Then, these high-
energy electron beams enter a high-Z converter to generate
electron-positron pairs2,12,23–25,27,28. Electron beams accelerated
by the LWFA have a small divergence angle of less than several
mrad and high energy, ranging from several hundred MeV to
8 GeV30–33, and are suitable for producing high-density and
high-energy pair particles. However, compared with direct laser-
solid interactions, the energy conversion efficiency from the
incident laser pulse energy to electron-positron pairs is relatively
low20, generating fewer pair particles2 on the order of 107.

In both approaches, the resulting beam escaping from the
converter consists mainly of electrons because pair production is
initiated by numerous energetic electrons that could still pass
through the converter. The low ratio of positrons to electrons in
the composite beam poses a significant challenge in satisfying
charge neutrality, making it difficult to classify the beam as a pair
plasma. Several strategies have been implemented in recent
experiments to overcome this limitation, such as using a thick
converter2,12 or magnetic collimation3. However, adopting a thick
converter causes some issues such as high divergence of the pair
beam and reduced kinetic energy of the pair particles. The
magnetic collimation technique is only efficient within a narrow
energy range. For example, the applicable energy range was
±2MeV, centered around 13MeV in a previous study3.

Here we report on the successful generation of charge-neutral
GeV electron-positron beams using a multi-PW laser. In our

experiments, strong bremsstrahlung gamma rays from a lead
target irradiated by LWFA electrons were selected to enter a lead
converter. This method can be a promising approach for
obtaining a charge-neutral pair particle beam, regardless of the
converter thickness or pair particle energy. When photons with
energies greater than 10MeV pass through a high-Z material, pair
production starts to predominate over other interaction processes
between photons and atoms. In Bethe-Heitler processes, electron-
positron pairs are created with a nearly symmetrical energy
distribution35, and the stopping powers of the two particles are
almost identical36, resulting in similar changes in their energy
spectra over a wide range of converter thicknesses.

Results and Discussion
LWFA electron beams. Figure 1 shows the LWFA electron
energy spectra obtained using a 1.3 T magnet. A raw data image
of the Lanex3 screen used for electron energy measurements is
shown in Fig. 1a. Figure 1b depicts six different energy spectra
(pink lines) of the incident LWFA electrons and their average
spectrum (black line) obtained using both Lanex2 and Lanex3.
The energy spectra of the input electron beam on Lanex screens
were measured without the bremsstrahlung target prior to the
pair production experiments since the bremsstrahlung target
distorts the energy spectra of the input electron beam. We used
Lanex2 data to measure the electron energy spectra from 320 to
750MeV and Lanex3 data to obtain the energy spectra above
750MeV. Most electron beams exhibited a local energy peak at
approximately 2 GeV and an average divergence angle of
1.4 mrad. The total charge of the input electron beam above
320MeV was 950 ± 320 pC on average, and the high energy
electrons above 1 GeV accounted for 175 ± 99 pC in Fig. 1b. This
corresponds to an average incident electron beam energy of more
than 700 mJ, with GeV electrons carrying approximately 250 mJ
of the total energy (see Supplementary Table 1 for details).

Imaging plate from the experiment. Figure 2 shows five-shot
accumulated photostimulated luminescence (PSL) images for the
3 mm converter. The dashed white lines in the image mark
the region where the divergence half-angle from the center of the
converter is within the collimator’s acceptance angle of 8 mrad.
Figure 2a, b show PSL images on the imaging plate (IP) installed
on the electron and positron sides of the magnet, respectively.
Figure 2c, d depict oppositely charged particles on either side of
the near IP and far IP. The PSL images recorded in Fig. 2c, d
agree very well with the predicted magnetic deflections of elec-
trons and positrons within the spectrometer. By having two IPs
on the front surfaces, we verified that the PSL images in Fig. 2c, d
indeed originated from electrons and positrons not from noise or
background artifacts.

The PSL values within the region delineated by the dashed
white line for each column were summed to reconstruct the
energy spectra of the electron-positron pairs. The sum of PSL in
each column, divided by the PSL response, yields the number of
particles. The corresponding energy can be calculated from the
position of the column. The PSL response to electron and gamma
radiation has been determined in previous studies37,38. The
calibrated PSL response of electrons can be used for positrons as
well because the deposited energies from electrons and positrons
in the IP are nearly the same (within 2%)12,24,36.

Imaging plate from the Geant4 simulation. Geant4 simulations
were performed to compare with the experimental results39. The
energy spectrum and divergence angle obtained by the Lanex
screens were used as the initial electron beam parameters in the
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simulations, and the number of initial electrons was set to 10
million, with the direction of the beam fixed at the center of the
bremsstrahlung converter. Geant4 simulations were performed
for each lead-converter (in air) thickness, including lead colli-
mators and spectrometer structures in air.

Figure 3 illustrates the calculated PSL images obtained from
our Geant4 simulations using a 3-mm-thick lead converter.
Geant4 simulations recorded the energy, position, and momen-
tum vectors of three types of radiation (electrons, positrons, and
gamma rays) passing through the planes in which the IPs were
installed. The PSL values recorded in each 1 mm × 1mm pixel
were calculated using the known PSL response, which varied
according to the radiation energy and incidence angle37,38,40.
Figures 3a, d, and g show the PSL images generated from all
radiations along with the contributions of electrons and positrons
originating from the lead converter. We calculated the projected
trajectories of the pair particles based on the recorded position
and momentum vectors at the collimator exit to isolate pair
particles originating from the converter.

In Figs. 3b, c, e, f, h, and i, we obtained the noise PSL for each
column and row by subtracting the PSL generated by pair
particles produced within the converter from the total PSL. The
background noise of electrons closely matched that of positrons at
the front IPs within 7%. At the side IP, the background noise of
electrons was found to be larger than that of positrons by about
15%. The noise distribution exhibits position dependence along
the x-axis, which is the direction in which the magnetic field
bends the particle trajectory. However, this position dependence
was relatively weak on the y-axis. The noise of the experimental
data was subtracted according to the trends we found in the
simulations (see Supplementary Fig. 1 for details).

Analysis of produced electrons and positrons. The energy range
was divided into three parts, and each energy spectrum was
calculated from different IPs. Energy spectra ranging from 10 to
280MeV were obtained using the side IPs. The near IP was used
for particles with energies above 280MeV and below 1 GeV.
When using the near IP for particles with energies greater than
1 GeV, it was difficult to distinguish the pair particle signals from
the central gamma rays. To obtain the energy spectra of the high-
energy part, we used a far IP installed 40 cm after the near IP.
This additional IP enhanced the spectral resolution for kinetic
energies above 1 GeV.

Figure 4a, b show the measured energy spectra of electrons and
positrons, respectively. The top image in Fig. 4a shows the
combined image of all three IP measurements for the electrons.
The PSL images from the side IP, near IP, and far IP were stitched
together to create a single combined PSL image, from which the
measured energy spectrum of electrons was obtained, as shown
on the bottom plot. The predicted energy spectrum from
Geant4 simulations is also shown on the same plot for
comparison. The number of measured electrons and positrons
in the energy range from 10MeV to 1.8 GeV is 1:9+0:6

-0:7 × 106 and
2:0+0:7

-0:8 × 106, respectively, which confirms the generation of
charge-neutral pair particles in our experiment (see Supplemen-
tary Figs. 2–4 for similar analysis using other converter
thicknesses).

In Fig. 4a, b, the measured energy spectra of both electrons and
positrons peak at approximately 100MeV. Around 6% of the
total electrons and positrons have kinetic energies larger than
1 GeV. Remarkably, we find that these particles with kinetic
energies above 1 GeV account for about 20% (= 49 μJ) of the

(a)

(b)

Gamma ray
e-

Fig. 1 Measured energy spectra of initial electron beams. a Raw image of Lanex3 screen showing the electron energy spectrum obtained without the
bremsstrahlung target. A dim spot on the left-hand side indicates the gamma rays emitted from the electrons passing through the aluminum foil installed to
block the transmitted laser beam after the LWFA. b Measured electron energy spectra for six shots are shown along with their average spectrum. The pink
lines show single-shot energy spectra. The black line shows the average electron energy spectrum. The energy spectra for energy regions above and below
750MeV were calculated using the data of Lanex3 and Lanex2, respectively. The inset shows the spectra above 1.5 GeV.
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total kinetic energy (= 251 μJ) of the pair particles. When using a
6-mm lead converter, 9% of the total particles are above-GeV
electrons and positrons, carrying 26% of the total kinetic energy
(see Supplementary Fig. 5 for details). This is a relatively large
fraction compared with the incident electron beam with energy
higher than 1 GeV, as shown in Fig. 1. This is explained by the
energy dependence of the divergence angle of the pair particles:
The divergence angle is known to be inversely proportional to the
Lorentz factor of the particle22,24. Consequently, high-energy pair
particles have small divergence angles, and many of them are
detected at the IPs. This behavior was also observed in the Geant4
simulations.

The measured energy spectra from the experiment were
compared with those obtained from the PSL images in the
Geant4 simulations in Fig. 4a, b. Both energy spectra peaked at
around 100MeV, and the number of generated pair particles
decreased gradually with increasing energy. Since the number of
initial electrons in the simulations was fixed at 10 million, we
multiplied the energy spectra obtained from the simulations by a
scaling factor in order to match the total number of pair particles
obtained from both experiments and simulations.

Figure 5 shows the average energy spectra of electrons and
positrons obtained over five consecutive shots for different lead
converter thicknesses: (a) 3 mm, (b) 6 mm, (c) 9 mm, and (d)
15 mm. The experiments were conducted under similar condi-
tions for each converter thickness. To account for the fluctuations
in the LWFA electron beam quality, we normalized the generated
pair particle numbers based on the relative amount of input
gamma rays measured from the LYSO detector with respect to the
3 mm converter case.

Note that the energy spectrum shifts towards the lower energy
region for thicker converters. This can be understood as a result

of the increased probabilities of energy loss and cascade processes
when the generated pair particles traverse the remaining part of
the converter2. Intriguingly, the energy spectra of electrons and
positrons are found to be nearly identical for all converter
thicknesses, which suggest charge neutrality at every energy
interval. The charge neutrality, which represents the number ratio
of positrons in the electron-positron beam, is also plotted in
Fig. 5. The charge neutralities for energies exceeding 1 GeV
exhibit relatively larger fluctuations, which can be attributed to
the limited number of high-energy particles detected by the far
IPs. This results in larger errors during the noise subtraction
process for each column. Despite this limitation, the pair particle
beams produced in the converter exhibit charge neutrality across
all converter thicknesses for every energy interval in the entire
energy spectrum from 10MeV to 1.8 GeV.

By integrating the energy spectra shown in Fig. 5a–d, we
computed the electron and positron yields at each converter
thickness. Figure 6a, b show the electron and positron yields as
functions of the converter thicknesses obtained from the Geant4
simulations (red triangles) and experiments (hollow black circles).
In Fig. 6a, b, the red triangles represent the simulation results
multiplied by a common scaling factor to match the total number
of pair particles measured from experiments using four different
lead converters. There are some deviations between the measured
and simulated pair particle yields in Fig. 6a, b. We speculate that
this is caused by the fluctuations in the incident LWFA electron
beams, as illustrated in Fig. 1. Our measurements are consistent
with the simulation results, within experimental uncertainties.
Figure 6c represents the charge neutrality for different converter
thicknesses, which demonstrates that the pair particles generated
using energetic gamma rays are charge neutral regardless of the
converter thickness.

e-e+

e-e+

e- side

e+ side

(a)

(b)

(c)

(d)

Fig. 2 Five-shot-accumulated PSL images for a 3 mm lead converter. a Electrons were detected on the side IP. b Positrons were detected on the other side
IP. c The far IP recorded electrons, positrons, and gamma rays. Above-GeV electrons and positrons are clearly visible on the far IP. d The near IP detected
electrons, positrons, and gamma rays with a lower energy resolution. The effective data region permitted by the collimators is indicated by horizontal white
dashed lines in the figures.

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-024-01527-7

4 COMMUNICATIONS PHYSICS |            (2024) 7:44 | https://doi.org/10.1038/s42005-024-01527-7 | www.nature.com/commsphys

www.nature.com/commsphys


(a)

(b) (c)

(d)

(e) (f)

(g)

(h) (i)

Fig. 3 Calculated PSL images using Geant4 simulations for a 3-mm-thick lead converter. a Calculated PSL image of the electron-side IP (top). Noise-
subtracted PSL image (bottom). b Row-summed PSL of the electron-side IP. c Column-summed PSL of the electron-side IP. d Calculated PSL image of far
IP (top). Noise-subtracted PSL image (bottom). e Row-summed PSL of the far IP. f Column-summed PSL of the far IP. g Calculated PSL image of near IP (left).
Noise-subtracted PSL image (right). h Row-summed PSL of the near IP. i Column-summed PSL of the near IP. The two images of each subplot of (a), (d), and
(g) show the PSL image generated by all radiations and generated only by pair particles produced within the lead converter, respectively. The summation of the
near and far IP was performed only in the region corresponding to the electrons, the right side of the white dashed lines on the PSL image.
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We performed additional analysis of Geant4 simulations to
estimate the number density of the pair particle beams. We
calculated the spatial distributions of pair particles, and estimated
the particle density at 1 cm after the converter and at the exit of
the second collimator. Since pair particles passing through the
2 cm diameter collimator hole were detected in our experiments,
we defined a cylindrical volume of a 2 cm diameter at these two
locations. The longitudinal length of the cylinder was set to
50 μm, which contained ~50% of the particles passing through
the hole at the collimator exit.

In our experiments, we have produced 3:9+1:3
-1:5 × 106 pair

particles per shot using a 3-mm thick lead converter. For this
converter thickness, Geant4 predicted that 57% of the detected
pair particles would be within the cylindrical volume at the
second collimator exit, resulting in a number density of
1.4 × 108 cm�3. Geant4 calculations estimated that the number
density near the converter (= 1.4 × 109 cm�3) was approximately
ten times higher than that at the collimator exit.

In a previous study that used energetic electrons as the seed
beam for pair production, the optimum converter thickness

(a)

(b) 

Side IP Near IP Far IP

Side Near Far

Side IP Near IP Far IP

Side
Near Far

Fig. 4 Comparison between experiments and Geant4 simulations for the 3 mm lead converter. Noise-subtracted experimental IP PSL images for the
3 mm lead converter and reconstructed energy spectra for (a) electrons and (b) positrons. The horizontal dashed white lines in the IP PSL images represent
the effective data regions permitted by the collimators. The energy spectra obtained from noise-subtracted IPs in the experiments (black lines) for the
average of five consecutive shots are plotted with the energy spectra obtained from noise-subtracted PSL images in the Geant4 simulations (red lines),
which were scaled to match the experimental results. The energy resolution of the simulation is 10MeV. The energy spectra were calculated using the side
IP (10–280MeV), near IP (280MeV to 1.0 GeV), and far IP (1.0–1.8 GeV).
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varied depending on the desired conditions of the pair beam2. A
relatively thick converter was required to achieve charge
neutrality close to 0.5. However, the energy loss and divergence
increased for the thick converter, resulting in a reduced kinetic
energy and large divergence of the generated pair particle beam.
The optimum converter thicknesses for maximum energy,
maximum yield, and charge neutrality of 0.5 were found to be
1, 2, and 5 radiation lengths, respectively2. In comparison, our
experiments confirmed that if high-energy gamma rays are
employed as seeds, GeV-scale charge-neutral pair beams could be
achieved even with a thin converter.

Conclusions
We successfully generated charge-neutral electron-positron pair
beams using high-energy bremsstrahlung gamma rays with a
multi-PW laser and a lead converter of different thicknesses (3, 6,
9, and 15 mm). Our experimental results showed that the number
of pair particles tend to decrease as the lead converter became
thicker, with a maximum value at 6 mm. Their energy spectra
showed a peak energy of approximately 100MeV, and particles
with kinetic energies above 1 GeV carried up to 26% of the total
kinetic energy for a 6 mm converter.

We generated pair-particle beams consisting of almost equal
numbers of electrons and positrons with energies above 1 GeV
using energetic gamma rays. These charge-neutral GeV electron-

positron beams could be achieved even with a thin converter.
This is a unique feature compared with the conventional method
that uses a single target for both bremsstrahlung and pair par-
duction. While the resulting particle density was relatively low
(1.4×109 cm-3) because of the additional conversion and filtering
steps required to select pure gamma rays, this method represents
an important step forward in the generation of high-energy
neutral pair plasmas required for investigating astrophysical
phenomena at the laboratory scale.

Methods
Pair production from gamma rays. We conducted pair pro-
duction experiments using a multi-PW laser41 at the Center for
Relativistic Laser Science (CoReLS). The experimental setup
consisted of two sections. The first section included an LWFA
setup that generates a multi-GeV electron beam, which
was directed into a 4-mm-thick lead target to produce strong
bremsstrahlung gamma rays. The second section was designed to
generate electron-positron pairs by irradiating a lead converter
with the high-energy gamma rays generated in the first section.

An experimental schematic of the gamma-ray generation is
shown in Fig. 7a. An f/43 spherical mirror with a focal length of
12 m focused the laser beam into a 5-cm-long gas cell containing
helium gas doped with 3% neon at a backing pressure of 1.5 bar,
corresponding to an electron density of 7 × 1017 cm-3. The focal

(a) (b) 

(c) (d)

Fig. 5 Energy spectra and charge neutralities of pair particle beams. Measured electron (black triangles) and positron (red circles) energy spectra,
averaged over five consecutive shots, for the converter thickness of (a) 3 mm, (b) 6mm, (c) 9mm, and (d) 15mm. Energy spectra of pair particles in (b–d)
were normalized to the relative amount of input gamma rays on the converter with respect to the 3mm converter case. The blue circles show charge
neutrality in a 20MeV energy interval for each plot. The error bars indicate the standard deviation of twenty charge neutralities with 1MeV resolution (see
Supplementary Fig. 6 for charge neutralities with 1 MeV resolution).
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spot size was 47 μm (FWHM), which contained an energy of
14.6 J with a pulse duration of 25 fs, where the corresponding
laser intensity was ∼3.0 × 1019W cm-2. The electrons in the gas
cell were accelerated up to energies of several GeV by relying on
the LWFA in the nonlinear regime, while the gas mixture was
chosen to facilitate electron injection into the wakefield through
an ionization injection scheme42–44.

Three phosphor screens (Lanex) imaged onto the CCDs were
used to characterize the properties of the relativistic electron
beams. Lanex1 was placed at the magnet entrance to measure the
pointing angle and divergence of the accelerated electrons.
Lanex2 and Lanex3 were installed after a 1.3 T magnet to obtain
the energy spectra of the accelerated electrons considering the
pointing angle obtained from the Lanex1 screen.

The 4-mm-thick lead target was positioned behind Lanex1 to
produce intense high-energy bremsstrahlung photons. The initial
electron beams that passed through the lead target and the
charged particles that were generated within the lead target were
deflected by a 1.3 T magnet (see Supplementary Fig. 7 for
particles generated wihtin the lead target). Consequently, only
gamma rays exited the vacuum chamber through a Mylar window
with a thickness of 200 μm. Outside the window, a 5-mm-thick

Lutetium-yttrium oxyorthosilicate (LYSO), or a gamma-ray
scintillation crystal45, was installed to measure the pointing of
the transmitted gamma rays.

Figure 7b illustrates the experimental schematic of electron-
positron pair production from strong gamma rays. The converter
for producing electrons and positrons was placed 1.4 m from the
Mylar window in the air. Lead plates of different thicknesses were
used as converters (d= 3, 6, 9, and 15 mm). Within the lead
converter, high-energy photons interact with atomic nuclei to
produce electron-positron pairs via the Bethe-Heitler process.

Pair spectrometer. The two collimators accepted particles with a
divergence half-angle of less than 8 mrad from the center of the back
surface of the converter (see Supplementary Fig. 8 for details). The
first collimator was fabricated by drilling a hole with a diameter of
2 cm through a block of pure lead. The second collimator also had a
2 cm diameter hole, which was constructed using a lead cylinder with
a 4 cm diameter hole coated with a 1-cm-thick layer of stainless steel.
A two-collimator setup was shown to be desirable for the measure-
ment of electron-positron pairs generated in the GeV regime,
minimizing the noise on the detectors46.

(a) (b) 

(c)

Fig. 6 Pair particle yields vs. converter thicknesses. a Measured electron and (b) positron yields (hollow black circles) are plotted for different converter
thicknesses. The total particle yields were normalized to the relative amount of input gamma rays on the converter with respect to the 3mm converter
case. The error bars were calculated from the variation of noise PSL in the vertical axis, discontinuities in the energy spectrum at around 280MeV, and the
standard deviations of the total pixel value of the LYSO image in the corresponding area of the converter on the LYSO. Geant4 simulation results (solid red
triangles) were scaled to match the total particle number of the experimental results at four different thicknesses of lead converters. c Measured charge
neutrality is shown as a function of the converter thickness varying from 3 to 15 mm. The error bars indicate the standard deviation of charge neutrality in
1 MeV resolution. Geant4 simulation results (solid red triangles) are also shown for 1 to 15 mm converter thicknesses.

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-024-01527-7

8 COMMUNICATIONS PHYSICS |            (2024) 7:44 | https://doi.org/10.1038/s42005-024-01527-7 | www.nature.com/commsphys

www.nature.com/commsphys


The pair spectrometer consisted of a 0.75 T permanent dipole
magnet with a 4 cm gap and a set of four IPs. IPs can detect
electrons and positrons, and particle fluence can be calculated
from PSL images. Two 40-cm-long side IPs were installed on both
sides of the magnet, and electrons and positrons with kinetic
energies ranging from 10 to 280MeV were detected. A 20-cm-
long IP (near IP) was placed at the exit of the magnet to measure
electrons and positrons with kinetic energies above 280MeV.
Furthermore, another 40-cm-long IP (far IP) after the near IP
measured particles with kinetic energies above 1 GeV. We used
Fuji BAS-MS IPs, and each IP was wrapped with a 50-μm-thick
black aluminum foil to prevent the loss of PSL induced by
ambient lights. The entire set of IPs was scanned together for
10–15 min after accumulating five consecutive laser shots at each
lead converter thickness. The PSL results were calculated with
fading effects taken into account47,48.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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