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A B S T R A C T

Recent studies have successfully demonstrated a high-flux GeV-scale gamma-ray spectrometer using energy 
spectra of electron–positron pairs generated in a high-Z converter. In a confined space of a meter, resolving GeV- 
scale pair particles using a permanent magnet is challenging owing to its relatively weak magnetic field strength 
of around 1 T. In this study, we present a compact low-background GeV-scale electron–positron pair spec-
trometer design, utilizing permanent magnets and imaging plates, and its experimental validation. We investi-
gated the arrangement of magnet blocks using Geant4 simulations to enhance energy resolution over a wide 
spectral range from MeV to GeV. An asymmetrical yoke design was implemented to maximize the bending power 
without obstructing particle trajectories. We utilized and evaluated the pair spectrometer system in pair- 
production experiments using a multi-petawatt laser, successfully detecting GeV-range electron–positron pair 
particles. Additional Geant4 simulations were conducted to validate the spectrometer’s performance. This 
research contributes to the advancement of experimental capabilities in particle physics, especially for gamma- 
ray spectrometers in space-constrained environments.

Introduction

Permanent dipole magnets are widely used in experimental appli-
cations involving charged particle beams. Specifically, they are widely 
used in mass spectroscopy [1–5] and particle physics [6–11] for their 
compact size and relatively low cost compared with electromagnets. In 
laser-plasma experiments where space is often limited, magnetic spec-
trometers are used to analyse charged particles such as laser wakefield 
accelerated electrons. Several research groups have used permanent 
magnets as pair spectrometers to simultaneously obtain the energy 
spectra of electrons and positrons produced via Bethe-Heitler process 
using lasers [12–18].

Recent studies have proposed and demonstrated a high-flux GeV- 
scale gamma-ray spectrometer using the measured energy spectra of 
electron–positron pairs generated from gamma ray and high-Z converter 
interaction [19,20]. In these simulations and experiments, the incident 
gamma rays are converted to pair particles, which are collimated into a 
beam. This beam is deflected through a magnetic field and forms a 

spectral signal at the detector. The energy spectrum of the initial gamma 
ray is obtained by deconvolving the pair-particle spectra using the 
Bethe-Heitler cross-section [19–22]. Cavanagh et al. [20] noted that the 
uncertainty in the gamma-ray spectrum is mainly attributed to the 
measurement of the energy spectra of the electron–positron pairs, 
necessitating a pair spectrometer system with a wide spectral range and 
high resolution for the potential development of an accurate gamma-ray 
spectrometer. However, distinguishing GeV-scale pair particles from the 
remaining gamma rays after the conversion and collimation processes is 
a challenging task when using a permanent magnet in a confined space 
because of its relatively weak magnetic field strength of around 1 T.

In this paper, we present a novel, compact pair spectrometer, spe-
cifically designed for detecting GeV range electron–positron pairs, using 
a permanent dipole magnet and imaging plates (IPs), as well as its 
experimental validation. Monte Carlo simulations using Geant4 were 
performed during the design process to estimate pair particle trajectories 
and detector signal distributions, ensuring that particles with specific 
energies are detected at desired locations. Additionally, we utilized 
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Geant4 to simulate pair-production experiments using the spectrometer, 
which involved the bremsstrahlung and Bethe-Heitler processes occur-
ring in high-Z targets. We compare the simulation results with the 
experimental data to confirm the validity of our spectrometer design.

Fig. 1 depicts our pair spectrometer schematic, including two lead 
collimators, a permanent dipole magnet, and two imaging plates. They 
are aligned so that the optical axis passes through the center of every 
component and aperture. A two-collimator setup is known to be suitable 
for minimizing the background on the detectors when measuring GeV- 
scale electron–positron pairs [19]. The first collimator is a 20-cm thick 
lead block with a 2-cm diameter hole. The second collimator consists of 
a lead cylinder with a 4-cm-diameter hole, coated with 1-cm-thick 
stainless steel, resulting in an effective inner diameter of 2 cm. The 
purposes of the stainless-steel coating were to assist in the collimation of 
radiation with lead and to avoid direct exposure to lead. The two col-
limators accept pair particles with a divergence angle of less than 
16 mrad coming from the center of the converter back surface. The 
collimators were surrounded by at least 40 cm of lead shielding to 
protect the spectrometer, though this shielding is omitted from Fig. 1 to 
simplify the illustration. To detect the pair particles after passing 
through the 40-cm, 0.75 T magnet, a 20-cm-long, 4.5-cm-wide IP (Fuji- 
BAS-MS) is installed 1 cm away from the magnet exit for the detection of 
pair particles with energies above 200 MeV. Another 40-cm-long, 4.5- 
cm-wide IP (Fuji-BAS-MS) is placed 47 cm away from the magnet to 
measure particles with kinetic energies exceeding 300 MeV, providing a 

better separation from the gamma rays. Among every spectrometer 
component, the permanent magnet was specifically designed to reduce 
the background noise and to detect a wide spectral range from MeV to 
GeV.

Magnet design for a compact low-background pair spectrometer

For the design of a spectrometer magnet, it is important to consider 
the trade-offs between widening the magnet gap for background 
reduction and the corresponding decrease of the magnetic field strength 
in the gap. The gap between the north and the south poles must be 
sufficiently large enough to accommodate high-energy pair particles, as 
these particles can generate significant background on the spectrometer 
through secondary radiations when they strike the frame of the magnet. 
In our setup illustrated in Fig. 1, we used two lead collimators with a 2- 
cm-diameter aperture to select electrons, positrons, and gamma photons 
with a divergence angle of less than 16 mrad. In order to reduce the 
secondary radiations from the frame, the spectrometer has a magnet gap 
of 4 cm. (See Supplementary Fig. S1 to see the quantitative analysis of 
the background noise reduction for different magnet gaps.) To 
compensate for the decrease of the magnetic field strength due to the 
wide gap, a high-grade magnet, NdFeB-N52, was chosen as the magnetic 
flux source.

As typical pair-particle beams converted from gamma-ray beams 
have their inherent divergence [23], the average divergence angle of 

Fig. 1. Schematic of the pair spectrometer arrangement in the experiment. The pair spectrometer consists of two collimators, a permanent dipole magnet, and 
imaging plates. The first collimator is a 20-cm thick lead block with a 2-cm diameter hole. The second collimator is a 15-cm-thick lead cylinder with a 4-cm diameter 
hole coated with a 1-cm-thick layer of stainless steel (which results in an effective inner diameter of 2 cm). 10-cm-wide and 40-cm long magnetic dipoles are designed 
to have a 4-cm gap between the two poles. The 0.75 T magnet assembly has an asymmetrical yoke structure to maximize the detection energy range. The inset depicts 
the direction of the magnetic field and the resulting paths of electrons, positrons, and gamma rays. The near and far IPs are installed 1 cm and 47 cm behind the 
magnet, respectively, to detect the GeV-scale pair particles.
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electron–positron pairs is inversely proportional to the Lorentz factor of 
each particle [16]. Consequently, pair-particle yields after collimation 
are often insufficient for long-range detection (See Supplementary 
Fig. S2 for the correlations between energy and angle, and Supple-
mentary Fig. S3 for the fraction of positrons passing through the colli-
mators as a function of energy). Hence, we aimed to distinguish GeV- 
scale pair particles from the unconverted gamma rays within a meter. 
Fig. 2(a) and 2(b) depict calculated trajectories of electrons with various 
kinetic energies when passing a uniform magnetic field area with 
different magnet arrangements. Both cases consist of two pairs of mag-
net blocks (10 cm × 20 cm) with a uniform magnetic flux density of 0.75 
T, but with different arrangements: (a) a square and (b) a long rectangle. 
For simplicity, we assumed an ideal pencil beam along the propagation 
axis for trajectory calculations.

The upper limit of the detection energy range depends on whether 
the energetic charged particles can be separated from the remaining 
gamma rays. Thus, the deflection angle must be sufficiently large for the 
particles to be distinguished from the outermost collimated gamma rays 
at the detection plane. The black and red curves in Fig. 2(c) show the 
deflection angles of electrons after passing through a magnet in a square 
and a long rectangle shape, respectively. For the particles with energy 
higher than 365 MeV, the deflection angles after passing through a 10 
cm × 40 cm magnet (red curve) are roughly twice the magnitude of 
those resulting from a 20 cm × 20 cm magnet (black curve). This is 
consistent with Fig. 2(a) and 2(b), where the path length in the magnetic 
field nearly doubles for particles with kinetic energy exceeding 365 
MeV. The lower limit of the detection range is determined to be the 
energy of the particle that deflects 180◦ after passing the magnet. The 

Fig. 2. Comparison of particle trajectories between different dipole magnet arrangements. Calculated trajectories of electrons with various kinetic energies when 
using (a) square (20 cm × 2 0 cm) and (b) rectangular arrangements (10 cm × 4 0 cm) of two pairs of magnet blocks (10 cm × 2 0 cm), assuming a uniform 
magnetic field of 0.75 T. The red dashed lines indicate trajectories passing the corner of the magnet. (c) Deflection angle as functions of kinetic energy. Black and red 
curves indicate the deflection angle of electrons after passing a uniform magnetic field of 0.75 T in square and rectangular shapes, respectively. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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particle trajectory passes the corner of the magnet at the entrance part, 
which corresponds to 11 MeV and 5 MeV as described in red dashed lines 
in Fig. 2(a) and 2(b), respectively. A wide detection range from MeV to 
GeV level can be achieved by designing the permanent magnet longer in 
the beam propagation direction. The detection of GeV-scale pair parti-
cles is discussed further in detail with Fig. 4(b).

A practical issue in constructing this long magnet is the arrangement 
of yokes or a ferromagnetic frame without interfering with the trajec-
tories of the particles. The function of a yoke is to provide the return path 
for magnetic flux and to secure stability of the system. Therefore, a 
certain cross-sectional area of the yoke is required for structural stability 
and high flux density [24,25]. Instead of blocking the entire side part of 
the magnet with a yoke as in conventional C-shaped and H-shaped 
magnets, we chose a yoke design of four posts at every corner of the 
magnet for a broad detection energy range. Fig. 3(a) shows the right half 
of a symmetrical yoke design with four 7 cm × 6 cm yokes at every 

corner. While this is a stable yoke design with a symmetrical field dis-
tribution, two of its yokes at the exit block pair particles with energy 
ranging from 140 to 500 MeV, as illustrated by the red lines in Fig. 3(a). 
The improved yoke design is asymmetrical, as shown in Fig. 3(b). The 
two yokes at the exit were placed 13 cm away from the central axis and 
thinned by 4 cm, while the yokes at the entrance got 4 cm thicker, 
maintaining the same total cross-sectional area. This unique yoke design 
permits pair particles above 5.2 MeV to be detected without encoun-
tering any obstructions. Even particles approaching the region marked 
by the red curves can be detected by strategically placing IPs within the 
ample space between the yokes and the magnetic field region.

We conducted a comparative analysis of the yoke positions in each 
magnet using Geant4 simulations (Geant4-10.7.1, PhysicsList: 
QGSP_BERT_HP), wherein electron–positron pair particles were directed 
toward the magnets. Fig. 3(c) and 3(d) show the simulated pair-particle 
signals when measured right behind the yokes at the exit of the magnet 

Fig. 3. Blocked energy range and secondary radiations in two different yoke designs. (a) Typical symmetric design with yokes at all four corners. The red curves 
indicate that electrons with energies ranging from 140 MeV to 500 MeV are blocked by one of the yokes. (b) The asymmetric version that blocks particles with a 
narrower energy range of 96 MeV to 165 MeV, as shown with red curves. Geant4-simulated spatial distribution of PSL values measured right behind the yokes at the 
exit of the magnet in (c) symmetrical and (d) asymmetrical yoke structures. (e) PSL distribution measured without the effect of yokes. The input beam is electro-
n–positron pair particles with a constant spectrum from 5 MeV to 1 GeV collimated by a 2-cm-diameter aperture with a 16 mrad acceptance angle. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in the symmetrical and asymmetrical design, respectively. The input 
beam used in the simulation was electron–positron pair particles with a 
constant spectrum from 5 MeV to 1 GeV collimated by a 2-cm-diameter 
aperture with a 16-mrad acceptance angle. Fig. 3(e) depicts the expected 
spatial distribution of the input beam without the interaction with the 
yokes. In Fig. 3(c), scattered particles are distinctly visible near x = ±55 
mm, corresponding to the positions of 400–500 MeV pair particles. This 
indicates that the yokes close to the trajectories of high-energy particles 
significantly influence the adjacent parts of the spectrum, contributing a 
considerable amount of secondary radiations (see Supplementary 
Fig. S4). The asymmetrical yoke design, as in Fig. 3(b), on the other 
hand, can reduce a significant amount of background while maintaining 
structural stability and magnetic flux density. For simplicity, the cal-
culations and simulations in Fig. 3 were conducted using a uniform 
magnetic field and an ideal pencil-like pair particle beam along the 
propagation axis.

Experiments using the pair spectrometer

Adopting the extended magnet configuration and the asymmetrical 
yoke design, a permanent dipole magnet assembly was manufactured for 

a uniform magnetic flux density of 0.75 T at the center. Fig. 4(a) illus-
trates the distribution of magnetic flux density measured on a plane 
centered between the two magnetic pole units, using a three- 
dimensional colormap surface and projection. The surface has a 
camelback-like shape in the middle because each magnetic pole unit is 
the assembly of two 10 cm × 20 cm NdFeB-N52 blocks. The magnetic 
field distribution exhibits a modest degree of asymmetry because of the 
asymmetric yoke structure, but the overall distribution seems almost 
symmetrical. The average value of the magnetic flux density over the 
entire area of 10 cm × 40 cm is 0.59 T, with a standard deviation of 0.13 
T. The central region of 2 cm × 40 cm ( − 10 mm ≤ x ≤ 10 mm) has an 
average magnetic flux density of 0.70 ±0.08 T. In the subsequent sim-
ulations, we used three layers of magnetic field volumes using 2D field 
distributions measured on three planes: the middle plane as described in 
Fig. 4(a), along with two additional planes that were 1 cm above and 
below the middle plane.

We examined the location of the IP for the detection of GeV-range 
pair particles. IP is a film-type radiation detector that can detect elec-
trons, positrons, and gamma rays. The fluence can be calculated using 
photostimulated luminescence (PSL) data obtained from the scanning 
process after the detection. Based on the measured magnetic field in 

Fig. 4. Measured magnetic field and expected position of the pair-particle signals on the detector. (a) The magnetic field distribution using a 3D colormap surface 
and projection within a 10 cm × 40 cm region, measured on a plane centered between the two magnetic pole units. (b) Expected pair-particle position as a function of 
particle energy at the plane 50 cm away from the magnet. The position is expressed as the distance from the edge of the gamma-ray signal to examine the overlap 
between the pair particle and the gamma ray. The red line corresponds to the ideal pencil beam, whereas the shaded area corresponds to the collimated beam with a 
divergence less than 16 mrad. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4(a) and the expected parameters of the collimated beam, we 
simulated the spatial distribution of the signal on the IP installed 50 cm 
away from the magnet. Given that we employ a gamma ray beam as the 
initial source for the pair-particle beam, it is crucial to determine the 
spatial detection range of the remaining gamma rays after the conver-
sion at the IP to differentiate the pair-particle signals from the gamma- 
ray signals. Assuming a perfect shielding from our collimator setup, the 
edge of the gamma-ray signal at the IP is positioned 1.23 cm away from 
the center of the IP. We simulated the distance between the particle 
signal and the gamma-ray edge on the detection plane to determine the 
spectrometer’s resolution to resolve high-energy particles. The 
maximum resolvable energy was approximately 2 GeV at 50 cm away, as 
shown in Fig. 4(b). The thick red line represents where the ideal pencil- 
like pair particle beam arrives after passing through the magnet. The 
shaded area corresponds to the signal from the pair particle beam with a 
divergence angle that falls within the acceptance angle (16 mrad) of our 
collimator setup. (See Supplementary Figs. S5 and S6 to find ΔE for a 
1 mrad beam divergence and ΔEmin corresponding to a single IP pixel, 
respectively.) Using the compact spectrometer with the 40-cm-long 
magnet and the IP installed 50 cm away, GeV-scale pair particles can 
be separated from the remaining gamma rays.

Using our spectrometer system, pair production experiments 
[26,27] were carried out with a multi-petawatt laser at the Center for 
Relativistic Laser Science (CoReLS) [28]. The experimental configura-
tion comprised two distinct parts. In the initial stage, a Laser Wakefield 
Acceleration (LWFA) was used to generate a high-energy electron beam 
[29]. This beam was subsequently directed onto a 4-mm thick lead plate 
and emitted bremsstrahlung gamma rays [26]. A 1.3 T magnet was used 
to deflect the charged particles to the sides, including those generated in 
the plate and the initial electrons that penetrated the plate. Only the 
bremsstrahlung gamma rays exited the vacuum chamber through a thin 
Mylar window. The purpose of the second part was to induce the pro-
duction of electron–positron pairs through the irradiation of a 6-mm- 
thick lead converter using the high-energy gamma rays created in the 
first part. The pair production stage was placed in the air since the 
system is known to be insusceptible to the interaction of the pairs with 
air [19]. (See Supplementary Fig. S7 to see the effect of air on the beam 
divergence).

The resulting electron–positron pair particles and unconverted 
gamma rays went into the pair spectrometer system described in Fig. 1, 

and the pair particles were measured using the near and far IPs, as 
shown in Fig. 5(a) and 5(c). To eliminate the loss of PSL caused by 
ambient background lights, a 50-μm-thick black aluminum foil was used 
to encase each IP. The near and far IPs were scanned together for about 
10 min after the acquisition of five consecutive measurements. The PSL 
data were calculated, taking the fading effects of the IP into account 
[30,31]. We conducted Geant4 simulations applying the experimental 
setup, the measured magnetic field, and the energy spectrum of the 
input LWFA electron beam as described in Figs. 1, 4(a), and 6(a), 
respectively, to verify the performance of the pair spectrometer. Fig. 5
(b) and 5(d) are Geant4-simulated PSL signals from the gamma rays and 
pair particles measured in the near and far IPs, respectively [32,33]. 
Separation of above-GeV pair-particle signals from the gamma-ray sig-
nals can be seen in Fig. 5(c) and 5(d).

Fig. 6(a) shows 6-shot-averaged LWFA electron beam spectrum 
measured using a 1.3 T magnet and Lanex screens inside the vacuum. 
The total charge above 320 MeV was 950 pC, with a local spectral peak 
at ~2.2 GeV. The spectrum was used in the simulations as the initial 
input beam for the bremsstrahlung gamma rays. Fig. 6(b) depicts the 
experimentally measured positron and electron spectra in red and blue 
lines, respectively. Only the spectra above 500 MeV were plotted 
because some particles with large divergence started to go out of the 
vertical limit of the far IP, reducing the signal below 500 MeV. Fig. 6(c) 
and 6(d) show the experimental and simulated particle spectra in black 
and red lines, respectively, where 6(c) is for positrons and 6(d) is for 
electrons (See Supplementary Fig. S3 for the expected energy spectrum 
of positrons at the rear surface). The measured magnetic field in Fig. 4(a) 
was applied in the simulations. The simulated results are in good 
agreement with the experimental data, validating that the pair spec-
trometer system successfully detected GeV-range electron–positron pair 
particles.

Conclusion

We presented an experimental measurement of pair particles using a 
compact, low-background pair spectrometer capable of detecting GeV- 
scale electron–positron pairs. We have significantly reduced the sec-
ondary radiations from the magnet frame by adopting a 4-cm magnet 
gap. Compared with a 2-cm gap, the signal-to-noise ratio improved by 
300 times. (See Supplementary Fig. S1.) We have further reduced the 

Fig. 5. Experimental gamma-ray and pair-particle signals measured on (a) the near IP and (c) the far IP. Geant4-simulated gamma-ray and pair-particle signals 
measured on (b) the near IP and (d) the far IP. In both cases, the near and far IPs are installed 1 cm and 47 cm away from the magnet, respectively.
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background noise by applying an asymmetrical yoke design. (See Sup-
plementary Fig. S4 for details.) The challenges associated with weak 
magnetic field strength, due to an increased gap between the magnetic 
poles, were addressed by utilizing high-grade NdFeB-N52 magnets and 
extending the magnet blocks along the beam propagation direction. A 
unique asymmetrical yoke design further improved particle detection 
abilities without obstructing the high-energy pair-particle trajectories. 
In the pair-production experiments with a multi-petawatt laser at CoR-
eLS, the spectrometer system successfully detected GeV-range electro-
n–positron pair particles. The close agreement between the Geant4 
simulations and the measured electron and positron spectra validated 
the performance of the spectrometer. This spectrometer configuration 
can significantly enhance experimental capabilities for gamma-ray 
spectrometry and pair particle detection, particularly in space- 
constrained environments, paving the way for more efficient and pre-
cise studies in laboratory astrophysics and in high-energy particle 
physics.
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