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Abstract
A dual-beam platform is developed for all-optical Thomson/Compton scattering, with versatile parameter tuning
capabilities including electron energy, radiation energy, radiation polarization, etc. By integrating this platform with
a 200 TW Ti:sapphire laser system, we demonstrate the generation of inverse Compton scattering X-/gamma-rays with
tunable energies ranging from tens of keV to MeV. The polarization of X-/gamma-rays is manipulated by adjusting
the polarization of the scattering laser. In the near future, by combining this platform with multi-PW laser facilities, our
goal is to explore the transition from nonlinear Thomson scattering to nonlinear Compton scattering, ultimately verifying
theories related to strong-field quantum electrodynamics effects induced by extreme scattering.
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1. Introduction

The investigation of strong-field quantum electrodynam-
ics (SF-QED) processes requires extreme field intensities
approaching the Schwinger limit[1], which cannot be reached
by state-of-the-art laser facilities. However, when a rela-
tivistic electron travels through an existing intense laser
field, the field experienced by the electron in its rest frame
is Lorentz transformed to a level where SF-QED effects
matter. Therefore, relativistic electrons can act as probes to
test these effects. This interaction is known as Thomson
or Compton scattering, depending on whether the process
is elastic or inelastic scattering. During the scattering, col-
limated X-/gamma-rays are generated and can be used as
radiation sources, commonly known as the inverse Compton
scattering (ICS) source. Previously, scattering experiments
were conducted in the laboratories of particle accelerators,
but the remarkable advances in laser wakefield acceleration
(LWFA)[2] have now enabled the study of these experi-
ments under the all-optical setup within high-intensity laser
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laboratories. The principle of the scattering process is shown
in Figure 1.

There are two possible configurations for all-optical scat-
tering experiments. One is a simplified version that involves
only one laser beam. This laser beam first drives a wakefield
accelerator, and then its leftover energy is reflected by a
plasma mirror[3–10] onto electrons, causing head-on scatter-
ing. The other scheme features a layout with two indepen-
dently tunable laser pulses[5,11–18]. Although precise temporal
and spatial synchronization between the two beamlines is
technically difficult, the dual-beam scheme offers the distinct
advantage of independently controlling the properties of the
scattering process. Each of the two lasers can be individ-
ually tuned to optimal conditions, enabling the generation
of high-energy electrons and a scattering laser that meets
specific requirements, respectively. Specifically, by keeping
the parameters of the LWFA constant, one can exclusively
manipulate the colliding pulse, enabling a single-variable
investigation into the scattering process.

To investigate these scattering processes, we established
an experimental platform for dual-beam all-optical Thom-
son/Compton scattering (EPATCS) with versatile parameter
tuning capabilities. The EPATCS is a tabletop electron–
photon interaction setup, where high-energy electrons are
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Figure 1. Schematic diagram of the Thomson/Compton scattering process. A relativistic electron beam collides with a scattering laser. The electrons
oscillate and emit X-/gamma-rays. Here, ϕ denotes the collision angle between the laser and the electron beam, θ represents the radiation observation angle,
ω0 signifies the central frequency of the scattering laser photon and ωsc corresponds to the frequency of the emitted photon.

accelerated by one laser beam and then collide with the
second laser beam. The flexibility in parameter tuning not
only enhances control over experimental conditions, but
also opens up new prospects for investigating high-field
scattering processes. By precisely controlling the intensity,
polarization state and field mode of the colliding laser beam,
we can generate X-/gamma-rays with varying characteristics,
which can serve as light sources for applications such as
high-density dynamic imaging[19–26] and vortex photons for
photonuclear physics[27,28]. The EPATCS can also be built on
PW laser facilities and provides the possibility of interaction
between multi-GeV electrons and high laser intensity under
extreme conditions[18] to study SF-QED effects, including
the radiation reaction[11,12], pair production[10,29–31], conver-
sion of angular momentum transfer in the collision pro-
cess[32–34], etc.

This paper is organized as follows. In Section 2, we
discuss the versatile tuning of ICS X-/gamma-ray source
parameters and their impact on enhancing control over high-
field processes and tunable radiation spectra. Section 3
presents the experimental results based on the EPATCS at
the 200 TW laser of Shanghai Jiao Tong University. In Sec-
tion 4, we elucidate the prospective SF-QED research of the
EPATCS.

2. Versatile tuning parameters of the experimental
platform for dual-beam all-optical Thomson/Compton
scattering

The EPATCS offers the potential for multi-parameter adjust-
ments, including tuning the electron beam energy, alter-
ing the collision angle between electrons and photons and
adjusting the parameters of the colliding laser (such as the
laser intensity, wavelength, polarization and orbital angular
momentum). In this section, we introduce the experimental

designs and explorations to investigate the adjustable param-
eters and their effects on radiation.

A schematic diagram of a dual-beam collision layout is
as shown in Figure 2(a), to investigate the influence of
multiple parameters on the photon energy of radiation in
the ICS process. The combination of the optical system
and guide rail enables precise adjustments to the electron–
laser collision angle. Adjustments in the collision angle ϕ,
the focusing intensity a0, the wavelength λ, the polariza-
tion state P and the orbital angular momentum

−→
L of the

colliding beam will significantly alter the characteristics
of the radiation emitted. Adjusting the collision angle ϕ

results in a significant variation in the energy spectrum
of the X-/gamma-ray from tens of keV to MeV[35]. When
the normalized vector potential of the colliding laser, a0,
varies from less than 1 to greater than 1, the electron–photon
interaction shifts from a linear to a nonlinear process[13,16,17].
Modifying the wavelength λ alters the colliding laser photon
energy E0 = �c/λ, which in turn modifies the energy of
the scattered photons, that is, the radiation energy[15]. Since
this is a fundamental model of the scattering process, the
polarization state of the colliding laser directly influences the
polarization of the emitted radiation[9]. When the colliding
laser is transformed from a Gaussian laser to a Laguerre–
Gaussian laser, adjustments in the orbital angular momen-
tum directly affect the orbital angular momentum of the
X/gamma radiation[32,36].

To illustrate this principle with a specific example, adjust-
ing the collision angle demonstrates how changes in laser
parameters can regulate radiation. In the ICS process, alter-
ing the collision angle between electrons and photons can
significantly modify the energy spectrum of the emitted
radiation. The energy of the emitted photon Esc can be
expressed by the following[37]:

Esc = E0
2nγ 2

e (1− cosϕ)

1+a2
0/2+γ 2

e θ2
, (1)
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Figure 2. (a) Schematic diagram of the experimental layout with multiple
collision angles. (b) Radiation energy under different collision angles ϕ

with electron energy from 100 MeV (blue) to 300 MeV (red) when the
observed angle θ = 0◦. The cases of 30◦ and 135◦ are specifically marked
to correspond with the experimental results discussed later in Section 3.2.

where n represents the nonlinear order, E0 represents the
incident photon energy, γe denotes the Lorentz factor of an
electron, a0 = eA0/mec is the normalized amplitude of the
vector potential and e and me are the elementary charge
and the rest mass of the electron, respectively. According
to Equation (1), the energy of the scattered photons is
correlated with that of the incident photons in the following
manner: Esc ∼ E0γ

2
e η, where η = 1 − cosϕ is a parameter

related to the collision angle, exhibiting a clear range from
0 to 1. Therefore, altering the collision angle acts as an
effective approach to enable the continuous adjustment of
the ICS radiation energy range. Figure 2(b) illustrates the
radiation energy at the observation angle of θ = 0◦ generated
by linear ICS at various collision angles for electron energies
ranging from 100 to 300 MeV.

In Section 3, the collision angle ϕ and the polarization
state of the colliding laser are altered to validate the fea-
sibility of this platform. In Section 3.2, the ICS processes
are experimentally validated at collision angles of 30◦ and
135◦, corresponding to the theoretical values calculated in
Figure 2(b), and the corresponding radiation energy spectra
are diagnosed and analyzed.

3. X-/gamma-ray manipulation by the experimental
platform for dual-beam all-optical Thomson/Compton
scattering on a 200 TW laser

To validate the applicability of the EPATCS, it was initially
integrated into the 200 TW Ti:sapphire laser facility at the
Key Laboratory for Laser Plasmas of Shanghai Jiao Tong
University. A 5 J p-polarized laser pulse with a duration
of τ = 25 fs (full width at half maximum, FWHM) can be
delivered to the target. A schematic diagram of the experi-
mental setup and its primary components are referenced in
Appendix B.

3.1. Energy tunability of X-/gamma-rays via LWFA electrons

The laser pulse for LWFA is focused by an off-axis parabolic
(OAP) mirror of F# 20 to a Gaussian-like spot size, contain-
ing 30% energy with an FWHM diameter of 26 μm, and the
focused laser intensity can reach up to 5 × 1018 W · cm−2,
corresponding to a normalized vector potential of a0 = 2.
The laser was focused above a supersonic gas jet of nitrogen.
The electron energy can be effectively adjusted by modifying
the relative position of the nozzle and the laser focus and
adjusting the plasma density.

As shown in Figure 3, consistent energy electron beams,
tunable within the range of 200–600 MeV, can be achieved
under stable conditions. For each scenario, the plasma den-
sity and acceleration length are indicated, resulting in rel-
atively stable electron energy spectra. Under appropriate
plasma density, decreasing the acceleration length within a
certain range can effectively enhance the energy of relativis-
tic electrons. The corresponding electron spectrum is shown
in Figures 3(a)–3(d). However, as shown in Figures 3(d)
and 3(e), when the plasma density is significantly increased,
the phase velocity of the wakefield decreases, causing the
electrons to dephase earlier, leading to a reduction in their
energy. Based on the scale shown in Figure 3 and the actual
distance of the image plate from the target, which is 1.6 m,
the transverse divergence angle of the electron bunch is
approximately 3 mrad (FWHM).

The tuning energy of the electron enables the radiation
energy spectrum to span a wide range. As indicated in
Equation (1), when a0 � 1 (linear scattering regime), the
energy of the emitted photon Esc is directly proportional to
the square of the electron Lorentz factor γe, a relationship
that has been verified in several laboratories[13,16,38]. Figure
2(b) demonstrates that under a fixed collision angle, the
radiation energy spectrum varies accordingly with changes
in electron energy.

3.2. Energy control of X-/gamma-rays by the interaction
angle

In the scattering experiments, the relativistic electrons gen-
erated by LWFA have a cut-off energy of approximately
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Figure 3. Diagnosis results of the electron beam with different acceleration lengths or plasma densities. From (a) to (e), the corresponding plasma densities
are 2.4×1018, 2×1018, 2×1018, 2×1018 and 3.6×1018 cm−3, respectively, with acceleration lengths of 10, 9.5, 9, 8 and 8 mm.

Figure 4. (a), (b) Experimental layout diagrams of AOICS under two conditions of 30◦ and 135◦ collision angles, respectively. (c), (d) Radiation spectra
with error bars for collision angles of 30◦ and 135◦, respectively. The corresponding electron energy spectrum for each instance is displayed in the upper
right-hand corner of each graph.

300 MeV, approaching a continuous spectrum. Two exper-
imental configurations with collision angles of ϕ = 30◦ and
ϕ = 135◦ are set, as shown in Figures 4(a) and 4(b), respec-
tively. The colliding beam is derived from the main laser
pulse using a small pick-up mirror and is focused to a spot
with an 8 μm FWHM. With a pulse energy of 200 mJ and a
pulse duration of 25 fs, the on-target peak intensity is approx-
imately 4.8 × 1018 W · cm−2. The range of the radiation
spectrum can be determined by altering the collision angle
using Equation (1). Metal filter sheets of various materials
and thicknesses are designed for radiation diagnosis.

In the experimental setup with a collision angle of 30◦,
Ross filter pairs were selected on the basis of the K-
absorption edges of metal filters with varying materials
and thicknesses. The signal on the image plate behind
the filters was obtained from a single shot. Using the
least-squares method, we obtained convergence results and
derived the energy spectrum. As shown in Figure 4(c),
the quasi-monoenergetic peak of the X-ray spectrum at

around 65 keV might come from ICS involving only a
subset of electrons. When the electron beam interacts with
the laser beam at a small angle, their velocities become
comparable, causing the laser pulse to continuously interact
with the same portion of the electrons within the Rayleigh
length. This consequently results in the production of quasi-
monochromatic X-rays.

In the case of a collision angle of 135◦, the radiation energy
spectrum extends beyond 1 MeV. The intensity distribution
of the high-resolution CsI fluorescence from a single shot,
located behind the filters, was captured by a 16-bit Andor
electron-multiplying charge-coupled device. The iterative
least-squares method is adopted for the numerical analy-
sis of the transmission coefficient[39] to calculate the final
energy spectrum of the X-rays, as illustrated in Figure 4(d).
Variations in the collision angle impact the radiation energy
spectrum, which is directly influenced by the electron energy
spectrum. The basic principles of spectrum diagnostics can
be referred to in Appendix A.
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Figure 5. (a) Experimental layout. The polarization state of the X-ray was obtained by placing the polyethylene (PE) forward in the X-ray and placing
four image plates around it to diagnose the signal scattering in different polarization states. (b) Schematic representation of Compton scattering of
linearly/circularly polarized X-rays with PE scatterers. The red portions indicate the distribution direction of the scattered electrons. (c), (d) Simulation
results by FLUKA software, corresponding to the respective Compton scattering signals of linearly polarized and circularly polarized X-rays with PE.
(e), (f) Experimental diagnostic results of linearly polarized and circularly polarized X-rays, respectively. (g), (h) The signal image formed by black dots is
the one-dimensional integral result of the experimental results, while the dashed blue line represents the simulation results.

3.3. Polarization control of X-/gamma-rays

Polarized X-rays can be used to probe the characteristics
of magnetic structures in structural magnetism and distin-
guish between chiral and helical magnetic structures[40–44].
Based on the EPATCS, we generate polarized X-rays via the
collision of a polarized laser beam and the electrons. As
shown in Figure 5(a), a half-wave plate or a quarter-wave
plate is incorporated into the scattering laser path to change
the polarization state of the scattering laser, which in turn
modifies the polarization state of the generated radiation.
An OAP mirror of F# 5 is used to focus the colliding
laser. Under linear polarization conditions, the focal spot
diameter and laser intensity are the same as those presented
in Section 3.2, whereas under circular polarization, the laser

intensity is approximately 2.4×1018 W ·cm−2. The collision
angle is 135◦ and the experimental layout is as illustrated in
Figure 5(a).

As shown in Figure 5(a), a cylindrical polyethylene con-
verter with a diameter of 2 cm and a length of 15 cm is placed
1.9 m from the impact point, and four image plates are placed
around the converter. The secondary photon signal radiated
on the scatterer is diagnosed in the vertical direction of
X-ray propagation based on the Compton scattering. When
the scattering angle is close to 90◦, the azimuth distribution
of scattered photons is highly dependent on X-ray polariza-
tion, making Compton scattering effective for the diagnosis
of polarization[45]. The expressions of the scattering cross-
section of Compton scattering in the vertical direction of
propagation for linear polarization (see Equation (2)) and
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circular polarization (see Equation (3)) are as follows[46]:

dσlin⊥
dΩ

= 1
4

r2
e

(
ε

ε0

)2 (
ε

ε0
+ ε0

ε
−2cos2θ ′

)
, (2)

dσcir⊥
dΩ

= 1
4

r2
e

(
ε

ε0

)2 (
ε

ε0
+ ε0

ε

)
, (3)

where re represents the classical radius of the electron, where
ε0 is the energy of the incident photon, ε is the energy of
the scattered photon and θ ′ denotes the scattering azimuth
angle. According to Equation (2), Compton scattering of
linearly polarized X-rays through the scatterer in the vertical
direction is a function of the azimuth angle θ ′. When the
incident X-ray is circularly polarized, Equation (3) reveals
that the vertical Compton scattering is independent of the
azimuth angle θ ′. In the experiment, the optical axis of the
half-wave plate is adjusted to an angle of 22.5◦ from
the original horizontal polarization direction, thus producing
a linear polarization angle of 45◦ from the horizontal
direction, as shown in Figure 5(b). The reason behind
this choice of angle is to facilitate differentiation of the
background signal. Due to the wide spectral width of the
laser and the bandwidth limitations of the quarter-wave
plate, the conversion efficiency of linearly polarized light to
circularly polarized light is approximately 80%.

We conducted simulations using FLUKA software to sim-
ulate the process; the results are shown in Figures 5(c)
and 5(d) and the experimental results are shown in Figures
5(e) and 5(f). Each result accumulated 100 shots, which
facilitated the diagnosis of the polarization characteristics
of the radiation through the scattered electron distribu-
tion. The four image plates are arranged to correspond
to azimuth angles ranging from −225◦ to 135◦, with the
portion corresponding to 100◦–135◦ being absent, due to
constraints on the size of the image plate. Figures 5(g)
and 5(h) include both theoretical simulation results and
experimental data, with normalized intensity signals. The
linear polarization diagnostics show a periodic intensity
distribution across the four image plates, indicative of a
Compton scattering signal corresponding to the scattering
of linearly polarized X-rays. The generated linearly polar-
ized radiation spectrum is illustrated in Figure 4(b). The
degree of polarization (Imax − Imin)/(Imax + Imin) according
to the experimental results is about 0.42, and the back-
ground greatly influences this result. Moreover, the diag-
nostic results of circularly polarized X-rays exhibit uni-
formly distributed intensity signals overall, although a weak
periodic intensity distribution signal is still observed near
−180◦. This suggests that the degree of polarization of
circularly polarized X-rays generated by the ICS is not
100%, but rather an elliptical polarization state along the
transverse axis. This result matches the effect of the wave-
plate bandwidth described above. Our results show that the

X-ray diagnostics for circular polarization lack full symme-
try. This asymmetry arises from the off-center positioning of
the polyethylene scatterer during X-ray irradiation[9].

The aforementioned experimental results demonstrate pre-
cise control over electron energy, with a wide range of
radiation energy and polarization states. These verify the
versatile multiparameter tunability of the EPATCS. In our
platform, the pulse duration of the electron bunch generated
by LWFA is typically a few femtoseconds[47], and the laser
pulse duration is 25 fs. Therefore, in order to realize the
collision process described in Sections 3.2 and 3.3, fol-
lowing the approaches outlined in previous works[48,49], we
implemented spatial and temporal synchronization, achieved
measured time jitters below 10 fs and maintained a high
spatial accuracy of electron–photon collisions within 5 μm.
Moreover, our experimental results confirm that this level of
precision is essential for stable electron–laser collisions.

4. Prospective roadmap for strong-field quantum elec-
trodynamics research via the experimental platform for
dual-beam all-optical Thomson/Compton scattering

By integrating with multi-PW laser facilities, the adjustable
parameters of the EPATCS provide a fundamental plat-
form for the approaching research initiatives, including mul-
tiphoton Thomson/Compton scattering, radiation reaction,
vacuum polarization effects and pair production[45,50–55].
When high-energy electrons interact with an intense laser,
and the laser intensity in the rest frame of the electron
approaches or reaches the Schwinger critical field Es =
m2

ec3/e�, the relativistic and nonlinear effects of the elec-
trons in the electric field become significant. To describe
such quantum effects, the quantum nonlinearity parameter

χe =
√(

Fμνpμ

)2
/(Esmec) is defined, where Fμν = ∂μAν −

∂νAμ is the four-tensor electromagnetic field and pμ repre-
sents the particle’s four-momentum. When χe � 1, classi-
cal electrodynamics can effectively describe the interaction
between particles and electromagnetic fields. When χe � 1,
quantum effects (such as electron–positron pair production
and nonlinear Compton scattering) become significant, and
classical theories are no longer applicable.

We plan to go through a three-phase development process
to explore the SF-QED process through the EPATCS. Table 1
presents the fundamental experimental proposal and param-
eters.

In phase I, the EPATCS will be transferred and built
in multiple advanced laser facilities. The platform will be
transferred to the 0.5 PW femtosecond laser facility, which
is commissioned in the Key Laboratory for Laser Plasmas at
Shanghai Jiao Tong University. According to the matching
condition of the LWFA, a low-energy dispersive electron
beam with a maximum energy of less than 1 GeV can be gen-
erated stably. Another focused laser beam with an intensity
of up to 1021 W ·cm−2 corresponds to a normalized intensity
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Table 1. The fundamental experimental proposal and parameters.

Fundamental experimental proposal Electron energy γ Normalized intensity a0 Quantum parameter χe

Phase I From linear to nonlinear regime of ICS;
precision experiment of radiation reaction

� 2000 20 � 0.2

Phase II Research of CRDR for Compton scattering ∼ 4000 40–60 ∼ 1
Phase III Research of QRDR for Compton scattering

and the nonlinear Breit–Wheeler process
� 4000 ∼ 200 � 4

of a0 ∼ 20. Under this premise, the quantum parameter is
χe ∼ 0.2. In this regime, electrons interacting with an intense
laser field undergo nonlinear Compton scattering, with mul-
tiphoton scattering emerging as a significant characteristic.
The emission of high-energy radiation results in significant
energy loss for the electrons. Future scientific exploration
based on this platform will focus on investigating radiation
reaction effects, nonlinear Compton scattering, etc.

In phase II, the platform will be transferred to PW-level
laser facilities, for instance, on a 1 PW laser facility at the
Synergetic Extreme Condition User Facility (SECUF) of the
Institute of Physics in the Chinese Academy of Sciences. It
can contribute to studies of the classical radiation-dominated
regime (CRDR)[54,55] with normalized amplitude a0 ∼ 40. It
can also be transferred to a 2.5 PW Ti:sapphire femtosecond
laser system at the Tsung-Dao Lee Institute (TDLI), with a
normalized amplitude a0 that can be up to 60. Meanwhile, a
high-quality electron beam with a central energy of 2 GeV,
corresponding to γ ≈ 4000, can be generated using an
intense PW laser. At this point, the quantum parameter is
χe ∼ 1.4, which allows the radiation reaction phenomenon
to be observed more directly. Independently, high-precision
spatiotemporal synchronization of the EPATCS is crucial to
validate and explore the locally monochromatic approx-
imation (LMA)[56] and the local-constant-field approxi-
mation (LCFA)[57–61]. As the phenomenon becomes more
pronounced, it will deepen our understanding of the
fundamental principle of SF-QED.

In phase III, the EPATCS could be transferred to 10 PW
laser facilities, such as SULF[62], SEL[63], APOLLON[64],
ELI[65,66] and EP-OPAL[67]. Considering that a stable elec-
tron energy of multi-GeV could be generated, the normalized
amplitude a0 of the scattering laser would be up to 200, when
the laser beam is focused to the diffraction limit, and the
quantum parameter could be higher than 4. When a0 � 137
and χe � 1, the radiation reaction in each photon emission
is generally substantial and is fully accounted for within the
context of SF-QED[68,69]. Under such conditions, quantum
effects will become consequential, which will be conducive
to researching the experimental phenomena in the quantum
radiation-dominated regime (QRDR)[54,69,70]. Furthermore,
in this scenario, when the electron collides with the laser, the
resulting high-energy gamma photons interact again with the
intense laser. This interaction allows for effective detection
of pair production, providing experimental evidence for the

Figure 6. The relevant international experimental progress and propos-
als[3–6,11–17,71–80]. The solid-colored sections represent experiments that
have been completed or are currently being planning, while the hollow
elliptical regions correspond to the parameter ranges associated with the
three phases discussed in this paper. The ranges corresponding to the
classical radiation-dominated regime (CRDR) and the quantum radiation-
dominated regime (QRDR) are indicated.

nonlinear Breit–Wheeler process[29,31]. This will deepen our
understanding of SF-QED processes and further refine the
SF-QED theories and experimental validation. The relevant
international experimental progress and proposals are sum-
marized in Figure 6.

5. Conclusions

The development of an all-optical Thomson/Compton scat-
tering platform, the EPATCS, featuring versatile parameter
tunability, harnesses the exceptional benefits of LWFA and
super-intense ultrafast lasers. We successfully demonstrate
the capability of the EPATCS by providing precise control
over the parameters of the X-rays of ICS, including the
energy spectrum, polarization state and other parameters
of high-energy radiation. With the ongoing development of
super-intense ultrafast laser facilities, we aim to explore SF-
QED in depth under various physical regimes, including
radiation damping, nonlinear Compton scattering and non-
linear Breit–Wheeler electron–positron pair production.

Appendix A. Principle of X-/gamma-ray spectrum
diagnostics
Due to differences in X-ray energy resulting from collisions
at different angles, two diagnostic approaches are imple-
mented.
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Figure 7. (a) The signal intensity distribution on the image plate in the 30◦
collision angle ICS experiment, along with the corresponding types of metal
filters and their respective thicknesses. (b) The transmission curves for
different energy intervals are obtained by subtracting the transmission rates
of adjacent filter combinations, where the annotated numbers correspond to
the numbers in (a).

In the ICS experiment with a collision angle of 30◦, the
X-ray energy range of 10–100 keV can be predicted based
on Equation (1) in the main text and the electron spectrum.
Within this energy range, the sector-shaped Ross filter was
utilized for spectral diagnostics[81]. The corresponding refer-
ence formula is as follows:

Sk −Sk+1 =
∫

d(E)
[
Tk(E)−Tk+1(E)

]
R(E)

dN
dE

, (4)

where Sk (k = 1,2,3, . . . ) represents the signal intensity on
the imaging plate after X-rays pass through metal filters of
different types and thicknesses, Tk (k = 1,2,3, . . . ) denotes
the transmission of the filters for X-rays, R(E) indicates the
response efficiency of the imaging plate to X-rays at different
energy levels and dN/dE describes the final X-ray energy
spectrum.

The signal distribution on the image plate behind the filters
is shown in Figure 7(a), and the transmission rate subtrac-
tions between adjacent filters are shown in Figure 7(b). In the
spectral deconvolution calculation, we assume that dN/dE
is an independent value within each energy interval, thus
simplifying Equation (4) to the following:

Figure 8. (a) The signal intensity distribution on the image plate in
the 135◦ collision angle ICS experiment, along with the corresponding
types of metal filters and their respective thicknesses. (b) The radiation
transmittance curves of different metal filters varying with energy.

dN
dE

=
∫

d(E)
[
Tk(E)−Tk+1(E)

]
R(E)

Sk −Sk+1
. (5)

By calculating dN/dE for different intervals and selecting
the midpoint of each interval as the corresponding energy
value, the spectrum curve of X-rays can be obtained. The
horizontal error originates from the actual range of each
energy interval, while the vertical error arises from the
intensity fluctuations in the extracted signal region and the
measurement error of the image plate response curve[82].

When the collision angle is 135◦, the calculated gamma-
ray spectrum extends to the MeV range. Within this energy
range, the metal thickness required for gamma-ray absorp-
tion is mostly in the millimeter scale, and the correspond-
ing distribution of the gamma-ray transmission rate is as
shown in Figure 8(b). To solve the gamma-ray spectrum in
this energy range, we employed an iterative fitting method
based on underdetermined equations using the least-squares
approach.

Based on the electron spectrum, the corresponding
gamma-ray spectrum can be calculated as a reference
spectrum. Within the energy range of the reference
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Figure 9. The overlap geometry of the experimental schematic diagram.

spectrum, the gamma-ray reference spectra are discretized
by selecting evenly spaced energy reference points Ej

(j = 1,2,3, . . . ,n). The number of photons corresponding
to each energy point is defined as Nj. Let the number of
metal filters be m (m < n), and use this distribution as the
reference spectrum type to substitute it into the gamma-ray
transmission curve Tij. The gamma-ray intensity distribution
Si = ∑

jTijNj is then obtained under different thicknesses
and materials. Meanwhile, the experimentally measured
intensity distribution is ri (i = 1,2,3, . . . ,m), as shown
in Figure 8(a). Considering the relatively low response
efficiency of the image plate to MeV gamma-rays, CsI
crystals are used here to diagnose the energy deposition
distribution of gamma-rays (where the response of CsI to
gamma-rays of different energies is Rij). For simplicity, we
define T ′

ij = TijRij. Following this, the evaluation function is
defined as the variance between the signal intensity derived
from the reference spectrum and the measured signal:

σ =
∑

i

(ri −Si)
2. (6)

With this evaluation function, multiple iterative calcula-
tions are performed and the iterative function is as follows[3]:

N ′
j = Nj +

α
∑

i

(
T ′

ij × ri−Si∑
i T ′

ik

)
∑

i T
′
kj

. (7)

The iteration proceeds until the variance minimizes, at
which point the process concludes, yielding the final radi-
ation spectrum. The errors mainly arise from the numerical
fluctuations in signal intensity across various regions of the
experimental results.

Appendix B. The experimental schematic diagram
The primary components of the experiment include two
laser beams, a gas nozzle and diagnostic systems for both
electrons and radiation, as shown in Figure 9. A portion of
the laser beam from the main optical path is extracted using
a pick-up mirror to serve as the collision laser, while the

remaining portion is focused by an F# 20 long-focus OAP
mirror onto a gas nozzle. After passing through a delay line,
the collision laser is focused by an F# 5 OAP mirror to
a point 1 mm downstream of the nozzle. After scattering,
electrons are deflected by a dipole magnet to measure the
electron energy spectrum, and the emitted radiation hits a
CsI scintillator to produce fluorescence, which is used to
observe the profile of high-energy gamma radiation.

For energy spectrum measurements, filters are added
between the magnet and CsI to perform radiation spectrum
diagnostics. When the radiation energy is of the order of tens
of keV or lower, an image plate is used instead of the CsI
scintillator to image the radiation profile. For polarization
measurements, a cylindrical plastic converter is placed
after the electron deflection, along with four image plates
positioned perpendicular to each other.
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Lastovička, P. Lutoslawski, L. Morejon, V. Olšovcová, M.
Rajdl, O. Renner, B. Rus, S. Singh, M. Šmid, M. Sokol, R.
Versaci, R. Vrána, M. Vranic, J. Vyskočil, A. Wolf, and Q. Yu,
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