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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. Introduction1

The investigation of strong-field quantum electrodynamics2

(SF-QED) processes requires extreme field intensities ap-3

proaching the Schwinger limit [1], which cannot be reached4

by state-of-the-art laser facilities. However, when a rel-5

ativistic electron travels through an existing intense laser6

field, the field experienced by the electron in its rest frame7

is Lorentz transformed to a level where SF-QED effects8

matter. Therefore, relativistic electrons can act as probes9

to test these effects. This interaction is known as Thomson10

or Compton scattering, depending on whether the process11

is elastic or inelastic scattering. During the scattering,12

collimated X/gamma-rays are generated and can be used as13

radiation sources, commonly known as the inverse Compton14

scattering (ICS) source. Previously, scattering experiments15

were conducted in the laboratories of particle accelerators,16

but the remarkable advances in laser wakefield acceleration17

(LWFA) [2] have now enabled the study of these experiments18

under the all-optical setup within high-intensity laser labo-19

ratories. The principle of the scattering process is shown in20
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Figure 1.21

There are two possible configurations for all-optical scat-22

tering experiments. One is a simplified version that in-23

volves only one laser beam. This laser beam first drives24

a wakefield accelerator, and then the leftover energy of it25

is reflected by a plasma mirror [3–10] onto electrons, causing26

head-on scattering. The other scheme features a layout with27

two independently tunable laser pulses [5,11–18]. Although28

precise temporal and spatial synchronization between the29

two beamlines is technically difficult, the dual-beam scheme30

offers the distinct advantage of independently controlling the31

properties of the scattering process. Each of the two lasers32

can be individually tuned to optimal conditions, enabling the33

generation of high-energy electrons and the scattering laser34

that meets specific requirements, respectively. Specifically,35

by maintaining the parameters of the LWFA constant, one36

can exclusively manipulate the colliding pulse, enabling a37

single-variable investigation into the scattering process.38

To investigate these scattering processes, we established39

an experimental platform for dual-beam all-optical Thom-40

son/Compton scattering (EPATCS) with versatile parameter41

tuning capabilities. The EPATCS is a tabletop electron-42

photon interaction setup, where high-energy electrons are43

accelerated by one laser beam and then collide with the44

1
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Figure 1. Schematic diagram of Thomson/Compton scattering process. A
relativistic electron beam collides with a scattering laser. The electrons
oscillate and emit X/gamma-rays. φ denotes the collision angle between
the laser and the electron beam, while θ represents the radiation observation
angle. γe refers to the Lorentz factor of electron, ω0 signifies the central
frequency of the scattering laser photon, and ωsc corresponds to the
frequency of the emitted photon.

second laser beam. The flexibility in parameter tuning not45

only enhances control over experimental conditions, but46

also opens up new prospects for investigating high-field47

scattering processes. By precisely controlling the intensity,48

polarization state, and field mode of the colliding laser beam,49

we can generate X/gamma-rays with varying characteris-50

tics, which can serve as light sources for applications such51

as high-density dynamic imaging [19–26] and vortex photons52

for photonuclear physics [27,28]. The EPATCS can also be53

built on the PW laser facilities and provides the possibility54

of the interaction between multi-GeV electrons and high55

laser intensity under extreme conditions [18] to study SF-56

QED effects, including radiation reaction [11,12], pair produc-57

tion [10,29–31], and conversion of angular momentum transfer58

in the collision process [32–34], etc.59

This paper is organized as follows. In Section 2, we60

discuss the versatile tuning of ICS X/gamma-ray source61

parameters and their impact on enhancing control over high-62

field processes and tunable radiation spectra. Section 363

presents the experimental results based on the EPATCS at64

the 200-TW laser in Shanghai Jiao Tong University. In65

Section 4, we elucidate the prospective SF-QED research of66

EPATCS.67

2. Versatile tuning parameters of EPATCS68

EPATCS offers the potential for multi-parameter adjust-69

ments, including tuning the electron beam energy, altering70

the collision angle between electrons and photons, and ad-71

justing the parameters of the colliding laser (such as laser in-72

tensity, wavelength, polarization, orbital angular momentum,73

etc.). In this section, we introduce the experimental designs74

and explorations to investigate the adjustable parameters and75

their effects on radiation.76

A schematic diagram of a dual-beam collision layout77

was designed, as shown in Figure 2 (a), to investigate the78

influence of multiple parameters on the photon energy of79

radiation in the ICS process. The combination of the optical80

system and guide rail enables precise adjustments to the81

electron-laser collision angle. Adjustments in the collision82

angle φ, the focusing intensity a0, the wavelength λ, the83

polarization state P and the orbital angular momentum L⃗ of84

the colliding beam will significantly alter the characteristics85

of the radiation emitted. Adjusting the collision angle φ86

results in a significant variation in the energy spectrum of87

the X/gamma-ray covers tens of keV to MeV [35]. When88

the normalized vector potential of the colliding laser, a0,89

varies from less than 1 to greater than 1, the electron-photon90

interaction shifts from linear to nonlinear process [13,16,17].91

Modifying the wavelength λ alters the colliding laser photon92

energy E0 = ℏc/λ, which in turn modifies the energy of93

the scattered photons, that is, the radiation energy [15]. Since94

this is a fundamental model of a scattering process, the95

polarization state of the colliding laser directly influences96

the polarization of the emitted radiation [9]. When the97

colliding laser is transformed from a Gaussian laser to a98

Laguerre-Gaussian laser, adjustments in the orbital angular99

momentum directly affect the orbital angular momentum of100

the X/gamma radiation [32,36].101

Figure 2. (a) The schematic diagram of the experimental layout with
multiple collision angles. (b) represents the 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.

To illustrate this principle with a specific example, ad-102
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justing the collision angle demonstrates how changes in103

laser parameters can regulate radiation. In the ICS process,104

altering the collision angle between electrons and photons105

can significantly modify the energy spectrum of the emitted106

radiation. The energy of the emitted photon Esc can be107

expressed by [37]:108

Esc = E0
2nγ2

e (1− cosφ)

1 + a20/2 + γ2
eθ

2
(1)

where n represents the nonlinear order, E0 represents the109

incident photon energy. γe denotes the Lorentz factor of110

electron, a0 = eA0/mec is the normalized amplitude of the111

vector potential, e and me are the elementary charge and the112

rest mass of the electron. According to Equation (1), the113

energy of the scattered photons is correlated with that of the114

incident photons in the following manner, Esc ∼ E0γ
2
eη,115

where η = 1 − cosφ is a parameter related to the collision116

angle, exhibiting a clear range from 0 to 1. Therefore,117

altering the collision angle acts as an effective approach118

to enable the continuous adjustability of the ICS radiation119

energy range. Figure 2 (b) illustrates the radiation energy at120

the observation angle of θ = 0 generated by linear ICS at121

various collision angles for electron energies ranging from122

100 to 300 MeV.123

In Section 3, the collision angle φ and the polarization124

state of the colliding laser are altered to validate the feasi-125

bility of this platform. In Section 3.2, the ICS processes126

are experimentally validated at collision angles of 30° and127

135°, corresponding to the theoretical values calculated in128

Figure 2 (b), and the corresponding radiation energy spectra129

are diagnosed and analyzed.130

3. X/gamma-ray manipulation by EPATCS on a 200TW131

laser132

To validate the applicability of the EPATCS, it was initially133

integrated into the 200 TW Ti: sapphire laser facility at134

the Laboratory for Laser Plasma in Shanghai Jiao Tong135

University. A total of 5 J p-polarized laser pulse with a136

duration of τ = 25 fs (full width at half maximum, FWHM)137

can be delivered to the target. The schematic diagram138

of the experimental setup and its primary components are139

referenced in Appendix B.140

3.1. Energy tunability of X/gamma-ray via LWFA electron141

The laser pulse for LWFA is focused by an off-axis parabolic142

mirror of F#20 to a Gaussian-like spot size, containing143

30% energy with a FWHM diameter of 26 µm, and the144

focused laser intensity can reach up to 5 × 1018 W · cm−2,145

corresponding to a normalized vector potential of a0 = 2.146

The laser was focused above a supersonic gas jet of nitrogen.147

The electron energy can be effectively adjusted by modifying148

the relative position of the nozzle and the laser focus and149

adjusting the plasma density.

Figure 3. The diagnosis results of the electron beam with different
acceleration lengths or plasma densities. From (a) to (e), the corresponding
plasma densities are 2.4 × 1018cm−3, 2 × 1018cm−3, 2 × 1018cm−3,
2×1018cm−3, and 3.6×1018cm−3 respectively, with acceleration lengths
of 10 mm, 9.5 mm, 9 mm, 8 mm, and 8 mm.

150

As shown in Figure 3, consistent energy electron beams,151

tunable within the range of 200 to 600 MeV, can be achieved152

under stable conditions. For each scenario, the plasma153

density and acceleration length are indicated, resulting in154

relatively stable electron energy spectra. Under appropriate155

plasma density, decreasing the acceleration length within156

a certain range can effectively enhance the energy of rel-157

ativistic electrons. The corresponding electron spectrum158

is shown in Figure 3 (a), (b), (c) and (d). However, as159

shown in Figure 3 (d) and (e), when the plasma density is160

significantly increased, the phase velocity of the wakefield161

decreases, causing the electrons to dephase earlier, leading162

to a reduction in their energy. Based on the scale shown in163

Figure 3 and the actual distance of the image plate from the164

target, which is 1.6 meters, the transverse divergence angle165

of the electron bunch is approximately 3 mrad (FWHM).166

The tuning energy of the electron enables the radiation167

energy spectrum to span a wide range. As indicated in168

Equation (1), when a0 ≪ 1 (linear scattering regime), the169

energy of the emitted photon Esc is directly proportional to170

the square of the electron Lorentz factor γe, a relationship171

that has been verified in several laboratories [13,16,38]. Figure172

2 (b) demonstrates that under a fixed collision angle, the173

radiation energy spectrum varies accordingly with changes174

in electron energy.175

3.2. Energy control of X/gamma-ray by interaction angle176

In the scattering experiments, the relativistic electrons gen-177

erated by LWFA have a cut-off energy of approximately 300178

MeV, approaching a continuous spectrum. Two experimental179

configurations with collision angle of φ = 30° and φ =180

135° are set, as shown in Figure 4 (a) and (b). The181

colliding beam is derived from the main laser pulse using182

a small pick-up mirror and is focused to a spot with an 8183

µm full width at half maximum. With a pulse energy of184

200 mJ and a pulse duration of 25 fs, the on-target peak185
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Figure 4. (a) and (b) are the experimental layout diagrams of AOICS under two conditions of 30° and 135° collision angles. (c) and (d) represent the
radiation spectra with errorbars for collision angles of 30° and 135°, respectively. The corresponding electron energy spectra for each instance are displayed
in the upper right corner of the graphs.

intensity is approximately 4.8 × 1018 W · cm−2. The range186

of the radiation spectrum can be determined by altering187

the collision angle using Eq. (1). Metal filter sheets of188

various materials and thicknesses are designed for radiation189

diagnosis.190

In the experimental setup with a collision angle of 30°,191

Ross-Filter pairs were selected on the basis of the K-192

absorption edges of metal filters with varying materials193

and thicknesses. The signal on the image plate behind194

the filters was obtained from a single shot. Using the195

least-squares method, we obtained convergence results and196

derived the energy spectrum. As shown in Figure 4 (c),197

the quasi-monoenergetic peak of the X-ray spectrum at198

around 65 keV might come from the ICS involving only199

a subset of electrons. When the electron beam interacts200

with the laser beam at a small angle, their velocities201

become comparable, causing the laser pulse to continuously202

interact with the same portion of the electrons within the203

Rayleigh length. Consequently, it results in the production204

of quasimonochromatic X-rays.205

In the case of a collision angle 135°, the radiation energy206

spectrum extends beyond 1 MeV. The intensity distribution207

of the high-resolution CsI fluorescence from a single shot,208

located behind the filters, was captured by a 16-bit Andor209

Electron-Multiplying Charge-Coupled Device. The iterative210

least squares method is adopted for the numerical analysis211

of the transmission coefficient [39] to calculate the final en-212

ergy spectrum of the X-rays, as illustrated in Figure 4 (d).213

Variations in the collision angle impact the radiation energy214

spectrum, which is directly influenced by the electron energy215

spectrum. The basic principles of spectrum diagnostics can216

be referred to in Appendix A.217

3.3. Polarization control of X/gamma-ray218

Polarized X-rays can be used to probe the characteristics of219

magnetic structures in structural magnetism and distinguish220

between chiral and helical magnetic structures [40–44]. Based221

on EPATCS, we generate polarized X-rays via the collision222

of a polarized laser beam and the electrons. As shown223

in Figure 5 (a), a half-wave plate or a quarter-wave plate224

is incorporated into the scattering laser path to change225

the polarization state of the scattering laser, which in turn226

modifies the polarization state of the generated radiation. An227

off-axis parabolic mirror of F#5 is used to focus the colliding228

laser. Under linear polarization conditions, the focal spot229

diameter and laser intensity are the same as those presented230

in Section 3.2, whereas under circular polarization, the laser231

intensity is approximately 2.4×1018 W·cm−2. The collision232

angle is 135° and the experimental layout is illustrated in233

Figure 5 (a).234

As shown in Figure 5 (a), a cylindrical polyethylene235

converter with a diameter of 2 cm and a length of 15 cm is236

placed 1.9 m from the impact point, and four image plates are237

placed around the converter. The secondary photon signal238

radiated on the scatterer is diagnosed in the vertical direction239

of X-ray propagation based on the Compton scattering.240

When the scattering angle is close to 90°, the azimuth241

distribution of scattered photons is highly dependent on242

X-ray polarization, making Compton scattering effective243

for the diagnosis of polarization [45]. The expressions of244

the scattering cross section of Compton scattering in the245

vertical direction of propagation for linear polarization [see246

Equation (2)] and circular polarization [see Equation (3)] are247
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Figure 5. (a) Experimental layout. The polarization state of the X-ray was obtained by placing the polyethylene forward in the X-ray and placing four
image plates around it to diagnose the signal scattered by the scattering in different polarization states. (b) Schematic representation of Compton scattering
of linearly/circularly polarized X-rays with polyethylene (PE) scatterers. The red portions indicate the distribution direction of the scattered electrons. (c)
and (d) show the simulation results by FLUKA, corresponding to the respective Compton scattering signals of linearly polarized and circularly polarized
X-rays with polyethylene. (e) and (f) are the experimental diagnostic results of linearly polarized and circularly polarized X-rays, respectively. In (g) and (h),
the signal image formed by black dots is the one-dimensional integral result of the experimental results, and the dashed blue line represents the simulation
results.

as follows [46]:248

dσlin⊥

dΩ
=

1

4
r2e

(
ε

ε0

)2 [
ε

ε0
+

ε0
ε

− 2 cos2 θ′
]

(2)

249

dσcir⊥

dΩ
=

1

4
r2e

(
ε

ε0

)2 [
ε

ε0
+

ε0
ε

]
(3)

where re represents the classical radius of the electron,250

where ε0 is the energy of the incident photon, ε the energy of251

the scattered photon, and θ′ denotes the scattering azimuth252

angle. According to Equation (2), Compton scattering of253

linearly polarized X-rays through the scatterer in the vertical254

direction is a function of the azimuth angle θ′. When the255

incident X-ray is circularly polarized, Equation (3) reveals256

that the vertical Compton scattering is independent of the257

azimuth angle θ′. In the experiment, the optical axis of the258

half-wave plate is adjusted to an angle of 22.5° from the259

original horizontal polarization direction, thus producing a260

linear polarization angle of 45° from the horizontal direction,261

as shown in Figure 5 (b). The reason behind this choice262

of angle is to facilitate differentiation of the background263

signal. Due to the wide spectral width of the laser and264

the bandwidth limitations of the quarter-wave plate, the265

conversion efficiency of linearly polarized light to circularly266

polarized light is approximately 80%.267

We conducted simulations using FLUKA to simulate the268

process, and the results are shown in Figure 5 (c) and269

(d) and the experimental results are shown in Figure 5270

(e) and (f). Each result accumulated 100 shots, which271

facilitated the diagnosis of the polarization characteristics272

of the radiation through the scattered electron distribution.273

The four image plates are arranged to correspond to azimuth274

angles ranging from −225° to 135°, with the portion corre-275

sponding to 100°-135° being absent, due to constraints on276

the size of the image plate. Figure 5 (g) and (h) include277

both theoretical simulation results and experimental data,278
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with normalized intensity signals. The linear polarization279

diagnostics show a periodic intensity distribution across280

the four image plates, indicative of a Compton scattering281

signal corresponding to the scatters of linearly polarized X-282

rays. The generated linearly polarized radiation spectrum is283

illustrated in Figure 4(b). The degree of polarization (Imax−284

Imin)/(Imax+ Imin) according to the experimental results is285

about 0.42, and the background greatly influenced this result.286

Moreover, the diagnostic results of circularly polarized X-287

rays exhibit uniformly distributed intensity signals overall,288

although a weak periodic intensity distribution signal is still289

observed near −180°. This suggests that the degree of290

polarization of circularly polarized X-rays generated by the291

ICS is not 100%, but rather an elliptical polarization state292

along the transverse axis. This result matches the effect293

of the waveplate bandwidth described above. Our results294

show that the X-ray diagnostics for circular polarization295

lack full symmetry. This asymmetry arises from the off-296

center positioning of the polyethylene scatterer during X-ray297

irradiation [9].298

The aforementioned experimental results demonstrate pre-299

cise control over electron energy, with a wide range of radia-300

tion energy and polarization state. These verify the versatile301

multiparameter tunability of EPATCS. In our platform, the302

pulse duration of the electron bunch generated by LWFA is303

typically a few femtoseconds [47], and the laser pulse duration304

is 25 fs. Therefore, in order to realize the collision process305

described in Sections 3.2 and 3.3, following the approaches306

outlined in previous works [48,49], we implemented spatial307

and temporal synchronization, achieved measured time jit-308

ters below 10 fs and maintain a high spatial accuracy of309

electron-photon collisions within 5 µm. Moreover, our310

experimental results confirm that this level of precision is311

essential for stable electron–laser collisions.312

4. A prospective roadmap for SF-QED research via313

EPATCS314

By integrating with multi-PW laser facilities, the adjustable315

parameters of the EPATCS provide a fundamental platform316

for the approaching research initiatives, including multipho-317

ton Thomson/Compton scattering, radiation reaction, vac-318

uum polarization effects, and pair production [45,50–55]. When319

high-energy electrons interact with an intense laser, and the320

laser intensity in the rest frame of the electron approaches321

or reaches the Schwinger critical field Es = m2
ec

3/eℏ,322

the relativistic and nonlinear effects of the electrons in323

the electric field become significant. To describe such324

quantum effects, the quantum nonlinearity parameter χe =325 √
(Fµνpµ)

2
/(Esmec) is defined, where Fµν = ∂µAν −326

∂νAµ, is the four-tensor electromagnetic field, pµ represents327

the particle’s four-momentum. When χe ≪ 1, classical328

electrodynamics can effectively describe the interaction be-329

tween particles and electromagnetic fields. When χe ≳ 1,330

quantum effects (such as electron-positron pair production331

and nonlinear Compton scattering) become significant, and332

classical theories are no longer applicable.333

Figure 6. The relevant international experimental progress and
proposals [3–6,11–17,56–65]. The solid-colored sections represent experiments
that have been completed or are currently under 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.

We plan to go through a three-phase development process334

to explore the SF-QED process through EPATCS. The table335

below presents the fundamental experimental proposal and336

parameters.337

In phase I, the EPATCS will be transferred and built in338

multiple advanced laser facilities. The platform will be339

transferred to the 0.5 PW femtosecond laser facility, which340

is commissioned in the Key Laboratory of Laser Plasma at341

Shanghai Jiao Tong University. According to the matching342

condition of the laser wakefield acceleration, a low-energy343

dispersive electron beam with a maximum energy of less344

than 1 GeV can be generated stably. Another focused laser345

beam with an intensity up to 1021W · cm−2, corresponds to346

a normalized intensity of a0 ∼ 20. Under this premise, the347

quantum parameter is χe ∼ 0.2. In this regime, electrons348

interacting with an intense laser field undergo nonlinear349

Compton scattering, with multiphoton scattering emerging350

as a significant characteristic. The emission of high-energy351

radiation results in significant energy loss for the electrons.352

Future scientific exploration based on this platform will353

focus on investigating radiation reaction effects, nonlinear354

Compton scattering, etc.355

In phase II, the platform will be transferred to the PW-356

level laser facilities, for instance, on a 1 PW laser facility357

at the Synergetic Extreme Condition User Facility (SECUF)358

of the Institute of Physics in the Chinese Academy of359

Sciences. It can contribute to research studies of the classical360

radiation-dominated regime (CRDR) [54,55] with normalized361

amplitude a0 ∼ 40. It can also be transferred to a 2.5362

PW Ti: Sapphire femtosecond laser system in Tsung-Dao363

Lee Institute (TDLI), with a normalized amplitude a0 can364

be up to 60. Meanwhile, a high-quality electron beam365
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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 studies of CRDR for Compton scattering ∼ 4000 40 ∼ 60 ∼ 1

Phase III
Research studies of QRDR for Compton scatter-
ing and BW process

≳ 4000 ∼ 200 ≳ 4

with a central energy of 2 GeV, corresponding to γ ≈366

4000, can be generated using an intense PW laser. At367

this point, the quantum parameter is χe ∼ 1.4, which368

allows the radiation reaction phenomenon to be observed369

more directly. Independently, high-precision spatiotemporal370

synchronization of EPATCS is crucial to validate and explore371

the locally monochromatic approximation (LMA) [66] and the372

local-constant-field approximation (LCFA) [67–71]. As the373

phenomenon becomes more pronounced, it would deepen374

our understanding of the fundamental principle of SF-QED.375

In phase III, the EPATCS could be transferred to the 10 PW376

laser facilities, such as SULF [72], SEL [73], APOLLON [74],377

ELI [75,76] and EP-OPAL [77]. Consider that a stable electron378

energy of multi-GeV could be generated, the normalized379

amplitude a0 of the scattering laser would be up to 200, when380

the laser beam is focused to the diffraction limit, and the381

quantum parameter could be higher than 4. When a0 ≳ 137,382

and χe ≳ 1, the radiation reaction in each photon emission383

is generally substantial and is fully accounted for within the384

context of SF-QED [78,79]. Under such conditions, quantum385

effects will become consequential, which will be conducive386

to researching the experimental phenomena in the quantum387

radiation dominant regime (QRDR) [54,79,80]. Furthermore, in388

this scenario, when the electron collides with the laser, the389

resulting high-energy gamma photons interact again with the390

intense laser. This interaction allows for effective detection391

of pair production, providing experimental evidence for the392

nonlinear Breit-Wheeler process [29,31]. This will deepen393

our understanding of SF-QED processes and further refine394

the SF-QED theories and experimental validation. The395

relevant international experimental progress and proposals396

are summarized as shown in Figure 6.397

5. Conclusions398

The development of an all-optical Thomson/Compton scat-399

tering platform, EPATCS, featuring versatile parameter tun-400

ability, harnesses the exceptional benefits of laser wakefield401

acceleration and superintense ultrafast lasers. We success-402

fully demonstrate the capability of EPATCS by providing403

precise control over the parameters of the X-rays of ICS,404

including the energy spectrum, polarization state, and other405

parameters of high-energy radiation. With the ongoing406

development of super-intense ultrafast laser facilities, we407

aim to explore SF-QED in depth under various physical408

regimes, including radiation damping, nonlinear Compton409

scattering, and nonlinear Breit-Wheeler electron-positron410

pair production.411

Appendix A. Principle of X/gamma-ray spectrum diag-412

nostics413

Due to differences in X-ray energy resulting from collisions414

at different angles, two diagnostic approaches are imple-415

mented.416

In the ICS experiment with a collision angle of 30°, the417

X-ray energy range of 10 – 100 keV can be predicted based418

on Eq. (1) in the text and the electron spectrum. Within419

this energy range, the sector-shaped Ross-Filter was utilized420

for spectral diagnostics [81]. The corresponding reference421

formula is as follows:422

Sk − Sk+1 =

∫
d(E)[Tk(E)− Tk+1(E)]R(E)

dN

dE
(S1)

Where Sk (k = 1, 2, 3, . . .) represent the signal intensity on423

the imaging plate after X-rays pass through metal filters of424

different types and thicknesses, Tk (k = 1, 2, 3, . . .) denote425

transmission of the filters for X-rays, R(E) indicates the426

response efficiency of the imaging plate to X-rays at different427

energy levels, and dN/dE describes the final X-ray energy428

spectrum.429

The signal distribution on the image plate behind the430

filters is shown in Figure S1 (a), and the transmission rate431

subtractions between adjacent filters are shown in Figure S1432

(b). In the spectral deconvolution calculation, we assume433

that dN/dE is an independent value within each energy434

interval, thus simplifying the formula S1 to:435

dN

dE
=

∫
d(E)[Tk(E)− Tk+1(E)]R(E)

Sk − Sk+1
(S2)

By calculation dN/dE for different intervals and selecting436

the midpoint of each interval as the corresponding energy437

value, the spectrum curve of X-rays can be obtained. The438

horizontal error originates from the actual range of each439

energy interval, while the vertical error arises from the440

intensity fluctuations in the extracted signal region and the441

measurement error of the image plate response curve [82].442

When the collision angle is 135°, the calculated gamma-443
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Figure S1. (a) The signal intensity distribution on the image plate in the 30°

collision angle ICS experment, 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).

ray spectrum extends to the MeV range. Within this energy444

range, the metal thickness required for gamma-ray absorp-445

tion is mostly in the millimeter scale, and the corresponding446

distribution of gamma-ray transmission rate is shown in fig-447

ure S2 (b). To solve the gamma-ray spectrum in this energy448

range, we employed an iterative fitting method based on449

underdetermined equations using the least squares approach.450

451

Based on the electron spectrum, a corresponding gamma-452

ray spectrum can be calculated as a reference spectrum.453

Within the energy range of the reference spectrum, the454

gamma-ray reference spectra are discretized by select-455

ing evenly spaced energy reference points Ej (j =456

1, 2, 3, . . . , n). The number of photons corresponding to457

each energy point is defined as Nj . Let the number of458

metal filters be m (m < n), and use this distribution as459

the reference spectrum type to substitute it into the gamma-460

ray transmission curve Tij . The gamma-ray intensity461

distribution Si =
∑

j TijNj is then obtained under different462

thicknesses and materials. Meanwhile, the experimentally463

measured intensity distribution is ri (i = 1, 2, 3, . . . ,m),464

as shown in Figure S2 (a). Considering the relatively low465

response efficiency of the image plate to MeV gamma-rays,466

Figure S2. (a) The signal intensity distribution on the image plate in the
135° collision angle ICS experment, along with the corresponding types of
metal filters and their respective thicknesses. (b) The radiation transmittance
curves of different metal filters varying with energy.

CsI crystals are used here to diagnose the energy deposition467

distribution of gamma-rays (where the response of CsI to468

gamma-rays of different energies is Rij). For simplicity, we469

define T ′
ij = TijRij . Following this, the evaluation function470

is defined as the variance between the signal intensity derived471

from the reference spectrum and the measured signal.472

σ =
∑
i

(ri − Si)
2 (S3)

With this evaluation function, multiple iterative calcula-473

tions are performed and the iterative function is as follows [3]:474

N ′
j = Nj +

α
∑

i(T
′
ij ×

ri−Si∑
k T ′

ik
)∑

k T
′
kj

(S4)

Iteration proceeds until the variance minimizes, at which475

point the process concludes, yielding the final radiation476

spectrum. The errors mainly arise from the numerical477

fluctuations in signal intensity across various regions of the478

experimental results.479
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Figure S3. The overlap geometry of the experimental schematic diagram.

Appendix B. The experimental schematic diagram.480

The primary components of the experiment include two481

laser beams, a gas nozzle, and diagnostic systems for both482

electrons and radiation, as shown in Figure S3. A portion483

of the laser beam from the main optical path is extracted484

using a pick-up mirror to serve as the collision laser, while485

the remaining portion is focused by an F#20 long-focus486

off-axis parabolic (OAP) mirror onto a gas nozzle. After487

passing through a delay line, the collision laser is focused488

by an F#5 OAP mirror to a point 1 mm downstream of489

the nozzle. After scattering, electrons are deflected by a490

dipole magnet to measure the electron energy spectrum,491

and the emitted radiation hits a CsI scintillator to produce492

fluorescence, which is used to observe the profile of high-493

energy gamma radiation.494

For energy spectrum measurements, filters are added be-495

tween the magnet and CsI to perform radiation spectrum496

diagnostics. When the radiation energy is on the order497

of tens of keV or lower, an image plate is used instead498

of the CsI scintillator to image the radiation profile. For499

polarization measurements, a cylindrical plastic converter is500

placed after the electron deflection, along with four image501

plates positioned perpendicular to each other.502
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6. A Döpp, E Guillaume, C Thaury, J Gautier, I Andriyash,550

A Lifschitz, V Malka, A Rousse, and K Ta Phuoc.551

An all-optical Compton source for single-exposure552

x-ray imaging. Plasma Physics and Controlled553

Fusion, 58(3):034005, March 2016. ISSN 0741-554

3335, 1361-6587. doi: 10.1088/0741-3335/58/3/555

034005. URL https://iopscience.iop.org/article/10.556

1088/0741-3335/58/3/034005.557

7. Changqing Zhu, Jinguang Wang, Jie Feng, Yifei Li,558

Dazhang Li, Minghua Li, Yuhang He, Jinglong Ma,559

Junhao Tan, Baolong Zhang, Wenchao Yan, and Liming560

Chen. Inverse Compton scattering x-ray source from561

laser electron accelerator in pure nitrogen with 15 TW562

laser pulses. Plasma Physics and Controlled Fusion,563

61(2):024001, February 2019. ISSN 0741-3335, 1361-564

6587. doi: 10.1088/1361-6587/aaebe3. URL https:565

//iopscience.iop.org/article/10.1088/1361-6587/aaebe3.566

8. Ying Wu, Changhai Yu , Zhiyong Qin, Wentao Wang,567

Rong Qi,, Zhijun Zhang, Ke Feng, Lintong Ke,568

Yu Chen, Cheng Wang,, and Jiansheng Liu, Ruxin569

Li and Zhizhan Xu,. Dual-color γ-rays via all-570

optical Compton scattering from a cascaded laser-driven571

wakefield accelerator. Plasma Phys. Control. Fusion, 61572

(085030), 2019.573

9. Yue Ma, Jianfei Hua, Dexiang Liu, Yunxiao He,574

Tianliang Zhang, Jiucheng Chen, Fan Yang, Xiaonan575

Ning, Hongze Zhang, Yingchao Du, and Wei Lu.576

Compact Polarized X-Ray Source Based on All-Optical577

Inverse Compton Scattering. Physical Review Applied,578

19(1):014073, January 2023. ISSN 2331-7019. doi:579

10.1103/PhysRevApplied.19.014073. URL https://link.580

aps.org/doi/10.1103/PhysRevApplied.19.014073.581

10. Yan-Jun Gu and Stefan Weber. Intense, directional582

and tunable γ-ray emission via relativistic oscillating583

plasma mirror. Optics Express, 26(16):19932, August584

2018. ISSN 1094-4087. doi: 10.1364/OE.26.585

019932. URL https://opg.optica.org/abstract.cfm?URI=586

oe-26-16-19932.587

11. J.M. Cole, K.T. Behm, E. Gerstmayr, T.G. Blackburn,588

J.C. Wood, C.D. Baird, M.J. Duff, C. Harvey,589

A. Ilderton, A.S. Joglekar, K. Krushelnick, S. Kuschel,590

M. Marklund, P. McKenna, C.D. Murphy, K. Poder, C.P.591

Ridgers, G.M. Samarin, G. Sarri, D.R. Symes, A.G.R.592

Thomas, J. Warwick, M. Zepf, Z. Najmudin, and S.P.D.593

Mangles. Experimental Evidence of Radiation Reaction594

in the Collision of a High-Intensity Laser Pulse with a595

Laser-Wakefield Accelerated Electron Beam. Physical596

Review X, 8(1):011020, February 2018. ISSN 2160-597

3308. doi: 10.1103/PhysRevX.8.011020. URL https:598

//link.aps.org/doi/10.1103/PhysRevX.8.011020.599

12. K. Poder, M. Tamburini, G. Sarri, A. Di Piazza,600

S. Kuschel, C.D. Baird, K. Behm, S. Bohlen, J.M.601

Cole, D.J. Corvan, M. Duff, E. Gerstmayr, C.H. Keitel,602

K. Krushelnick, S.P.D. Mangles, P. McKenna, C.D.603

Murphy, Z. Najmudin, C.P. Ridgers, G.M. Samarin,604

D.R. Symes, A.G.R. Thomas, J. Warwick, and M. Zepf.605

Experimental Signatures of the Quantum Nature of606

Radiation Reaction in the Field of an Ultraintense Laser.607

Physical Review X, 8(3):031004, July 2018. ISSN 2160-608

3308. doi: 10.1103/PhysRevX.8.031004. URL https:609

//link.aps.org/doi/10.1103/PhysRevX.8.031004.610

13. N. D. Powers, I. Ghebregziabher, G. Golovin, C. Liu,611

S. Chen, S. Banerjee, J. Zhang, and D. P. Umstadter.612

Quasi-monoenergetic and tunable X-rays from a laser-613

driven Compton light source. Nature Photonics, 8(1):614

28–31, January 2014. ISSN 1749-4885, 1749-4893. doi:615

10.1038/nphoton.2013.314. URL https://www.nature.616

com/articles/nphoton.2013.314.617

14. S. Chen, N. D. Powers, I. Ghebregziabher, C. M.618

Maharjan, C. Liu, G. Golovin, S. Banerjee, J. Zhang,619

N. Cunningham, A. Moorti, S. Clarke, S. Pozzi, and620

D. P. Umstadter. MeV-Energy Rays from Inverse621

Compton Scattering with Laser-Wakefield Accelerated622

Electrons. Physical Review Letters, 110(15):155003,623

April 2013. ISSN 0031-9007, 1079-7114. doi: 10.1103/624

PhysRevLett.110.155003. URL https://link.aps.org/doi/625

10.1103/PhysRevLett.110.155003.626

15. Cheng Liu, Grigory Golovin, Shouyuan Chen, Jun627

Zhang, Baozhen Zhao, Daniel Haden, Sudeep Banerjee,628

Jack Silano, Hugon Karwowski, and Donald Umstadter.629

Generation of 9 MeV γ-rays by all-laser-driven Comp-630

ton scattering with second-harmonic laser light. Optics631

Letters, 39(14):4132, July 2014. ISSN 0146-9592,632

1539-4794. doi: 10.1364/OL.39.004132. URL https:633

//opg.optica.org/abstract.cfm?URI=ol-39-14-4132.634

16. K. Khrennikov, J. Wenz, A. Buck, J. Xu, M. Heigoldt,635

L. Veisz, and S. Karsch. Tunable All-Optical636

Quasimonochromatic Thomson X-Ray Source in the637

Nonlinear Regime. Physical Review Letters, 114(19):638

195003, May 2015. ISSN 0031-9007, 1079-7114. doi:639

10.1103/PhysRevLett.114.195003. URL https://link.640

aps.org/doi/10.1103/PhysRevLett.114.195003.641

17. Wenchao Yan, Colton Fruhling, Grigory Golovin,642

Daniel Haden, Ji Luo, Ping Zhang, Baozhen Zhao,643

Jun Zhang, Cheng Liu, Min Chen, Shouyuan Chen,644

Sudeep Banerjee, and Donald Umstadter. High-order645

multiphoton Thomson scattering. Nature Photonics, 11646

(8):514–520, August 2017. ISSN 1749-4885, 1749-647

4893. doi: 10.1038/nphoton.2017.100. URL https:648

//www.nature.com/articles/nphoton.2017.100.649

18. A. Pukhov and J. Meyer-ter Vehn. Laser wake field650

acceleration: the highly non-linear broken-wave regime.651

Applied Physics B: Lasers and Optics, 74(4-5):355–652

361, April 2002. ISSN 0946-2171, 1432-0649. doi:653

10.1007/s003400200795. URL http://link.springer.com/654

10.1007/s003400200795.655

Accepted Manuscript 

https://doi.org/10.1017/hpl.2025.36 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2025.36


Short title 11

19. L. B. Fletcher, H. J. Lee, T. Döppner, E. Galtier,656
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Jérôme Debray, Hans-Christian Wille, Hasan Yavaş,871
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O. Renner, B. Rus, S. Singh, M. Šmid, M. Sokol,944
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Lidia Văsescu, Domenico Doria, Victor Malka, Petru1103

Ghenuche, and Sebastien Corde. Compton photons at1104

the gev scale from self-aligned collisions with a plasma1105

mirror, 2024. URL https://arxiv.org/abs/2412.19337.1106

66. T. Heinzl, B. King, and A. J. MacLeod. Locally1107

monochromatic approximation to QED in intense laser1108

fields. Physical Review A, 102(6):063110, December1109

2020. ISSN 2469-9926, 2469-9934. doi: 10.1103/1110

PhysRevA.102.063110. URL https://link.aps.org/doi/1111

10.1103/PhysRevA.102.063110.1112

67. A. Di Piazza, M. Tamburini, S. Meuren, and C. H.1113

Keitel. Improved local-constant-field approximation for1114

strong-field QED codes. Physical Review A, 99(2):1115

022125, February 2019. ISSN 2469-9926, 2469-9934.1116

doi: 10.1103/PhysRevA.99.022125. URL https://link.1117

aps.org/doi/10.1103/PhysRevA.99.022125.1118

68. M. Kh. Khokonov and H. Nitta. Standard Radiation1119

Spectrum of Relativistic Electrons: Beyond the Syn-1120

chrotron Approximation. Physical Review Letters, 891121

(9):094801, August 2002. ISSN 0031-9007, 1079-7114.1122

doi: 10.1103/PhysRevLett.89.094801. URL https://link.1123

aps.org/doi/10.1103/PhysRevLett.89.094801.1124

69. A. Ilderton, B. King, and D. Seipt. Extended locally1125

constant field approximation for nonlinear Compton1126

scattering. Physical Review A, 99(4):042121, April1127

2019. ISSN 2469-9926, 2469-9934. doi: 10.1103/1128

PhysRevA.99.042121. URL https://link.aps.org/doi/10.1129

1103/PhysRevA.99.042121.1130

70. T. Podszus and A. Di Piazza. High-energy behavior of1131

strong-field QED in an intense plane wave. Physical1132

Review D, 99(7):076004, April 2019. ISSN 2470-0010,1133

2470-0029. doi: 10.1103/PhysRevD.99.076004. URL1134

https://link.aps.org/doi/10.1103/PhysRevD.99.076004.1135

71. E.G. Gelfer, A.M. Fedotov, A.A. Mironov, and1136

S. Weber. Nonlinear Compton scattering in time-1137

dependent electric fields beyond the locally constant1138

crossed field approximation. Physical Review D, 1061139

(5):056013, September 2022. ISSN 2470-0010, 2470-1140

0029. doi: 10.1103/PhysRevD.106.056013. URL https:1141

//link.aps.org/doi/10.1103/PhysRevD.106.056013.1142

72. Wenqi Li, Zebiao Gan, Lianghong Yu, Cheng Wang,1143

Yanqi Liu, Zhen Guo, Lu Xu, Min Xu, Yin Hang,1144

Yi Xu, Jianye Wang, Pei Huang, He Cao, Bo Yao,1145

Xiaobo Zhang, Lingru Chen, Yunhai Tang, Shuai Li,1146

Xingyan Liu, Shanming Li, Mingzhu He, Dinjun Yin,1147

Xiaoyan Liang, Yuxin Leng, Ruxin Li, and Zhizhan Xu.1148

339 J high-energy Ti:sapphire chirped-pulse amplifier1149

for 10 PW laser facility. Optics Letters, 43(22):5681,1150

November 2018. ISSN 0146-9592, 1539-4794. doi:1151

10.1364/OL.43.005681. URL https://opg.optica.org/1152

abstract.cfm?URI=ol-43-22-5681.1153

73. Edwin Cartlidge. The light fantastic. Science, 3591154

(6374):382–385, 2018. doi: 10.1126/science.359.6374.1155

382. URL https://www.science.org/doi/abs/10.1126/1156

science.359.6374.382.1157

74. K. Burdonov, A. Fazzini, V. Lelasseux, J. Albrecht,1158

P. Antici, Y. Ayoul, A. Beluze, D. Cavanna, T. Ceccotti,1159

M. Chabanis, A. Chaleil, S. N. Chen, Z. Chen,1160

F. Consoli, M. Cuciuc, X. Davoine, J. P. Delaneau,1161

E. d’Humières, J.-L. Dubois, C. Evrard, E. Filippov,1162

A. Freneaux, P. Forestier-Colleoni, L. Gremillet,1163

V. Horny, L. Lancia, L. Lecherbourg, N. Lebas,1164

A. Leblanc, W. Ma, L. Martin, F. Negoita, J.-L.1165

Paillard, D. Papadopoulos, F. Perez, S. Pikuz, G. Qi,1166
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