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Abstract: Highly polarized high-energy γ photons demonstrate potential application in the

efficient detection of strong-field quantum electrodynamics effects. Currently, polarized

γ-rays are mostly generated in conventional particle accelerators, which are typically huge

and expensive. This study proposes a scheme for generating linearly polarized γ photons

from the interaction of a GeV-level unpolarized electron bunch with currently available laser

pulses at moderate intensity. We investigate the scheme by considering the electron bunch of

various initial energies and various laser intensities using two-dimensional particle-in-cell

simulation and the theory of quantum electrodynamics. Results show that GeV-level lin-

early polarized γ photons were generated from the interaction with a high polarization de-

gree of 63% and brightness of 1.8 × 1021 photons/(s mm2 mrad2 0.1 % bandwidth(BW))

at 1 GeV. Moreover, it is also shown that the photon generation rate was enhanced with

higher laser intensity and electron bunch energy, whereas the polarization degree decreased

with higher laser intensities. Our scheme can be realized experimentally at currently avail-

able laser wakefield electron acceleration facilities.

Keywords: polarized γ photon; laser electron beam interaction; PIC simulation

1. Introduction

Laser technology has significantly evolved in recent years, with intensities hav-

ing reached I ∼ 1 × 1023 Wcm−2 [1]. Intensities are further expected to reach

I ∼ 1 × 1024 − 1026 Wcm−2 by the next-generation ultra-intense laser facilities [2], such

as extreme light infrastructure [3], EP-OPAL, and SEL [4]. Future advancements in laser

intensities may provide opportunities and platforms for nonlinear quantum electrody-

namics (QED) physics [5–8], laser–plasma interaction physics [9,10], and other related

domains such as high-energy-density physics and laboratory astrophysics [11–13]. Al-

though the required strong field intensity for vacuum decay (termed the Schwinger limit

Ecr ∼ 1016 V/cm, where the corresponding laser intensity is Icr ∼ 1029 W/cm2) is beyond

the current and near-future capability of contemporary laser facilities [14], electron–positron

pair production via laser collision using a high-energy electron beam was realized 27 years

ago at SLAC [15,16], and several promising QED experiments are currently being conducted

based on the current laser technology and GeV-level electron beam [17–19] plan to measure

the transition of nonlinear Compton scattering (NCS) to the nonperturbative regime.

Polarization is an important intrinsic property of a γ photon and has crucial appli-

cations in QED experiments and other widespread research fields. For instance, polar-

ized γ-rays can excite the polarization-dependent photofission and photoproduction of

muon [20,21]. Highly polarized high-energy photons are essential in generating polar-

ized electron–positron pairs [22], probing radiation mechanisms, and the properties of
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dark matter and black holes [23,24]. Another important application is the detection of

the vacuum birefringence effect using strong laser and polarized high-energy photon

collision [4]. Understanding the process of the γ photon polarization is essential in the

high-precision detection of the high-field QED process and basis of the practical application

of the polarization-dependent QED process.

Currently, polarized γ-rays are mostly generated in conventional particle accelera-

tors, which are typically huge and expensive. In the bremsstrahlung process, polarized γ

photons produced by a pre-polarized seed electron and the spin polarization of the seed

electron determine the photon polarization [25,26]. Moreover, a high-energy pre-polarized

seed electron beam is mostly produced by the Sokolov–Terno effect in a conventional

storage ring [27], which is huge and has a long electron polarization time and low polar-

ization degree. In linear Compton scattering, an unpolarized seed electron can produce

polarized γ photons and the polarization of the photons is determined by an incident laser

polarization [28]. However, for coherent bremsstrahlung, because of the threshold of crystal

materials, the seed electron current density and the energy of the produced photons are

limited [29]. The incoherent bremsstrahlung cannot generate linearly polarized photons,

and the photon divergence angle and directivity are not very good [30]. In addition, polar-

ized γ photons in bremsstrahlung and linear Compton scattering are not applicable in most

leading studies. For example, the detection of the vacuum birefringence requires highly

polarized high-flux high-energy photons [31].

With the rapid advancement in laser technologies, the laser plasma-based scheme is

one of the preferred alternatives for high-energy electron acceleration and high-energy

photon generation. Therefore, considerable theoretical and numerical studies on new

physical mechanisms for producing highly polarized high energy γ photons have been

conducted [30,32–35]. Among these schemes, the plasma-based all optical [17,34] and laser

electron collision schemes [17,30,36] are the most fascinating for current laser intensities

and upcoming laser electron QED experiments at high power laser platforms around

the world [3,18,37–40]. When a high-energy electron (an electron bunch) collides with a

high-intensity laser, the photons can be produced via the NCS process. For a high-intensity

laser a0 ≫ 1, where a0 is the normalized laser intensity, the photon formation length is

significantly smaller than the laser wavelength and the laser field can be approximated

as a constant field for photon formation. The process can be addressed using the locally

constant field approximation (LCFA) [41]. In the laser-based photon production schemes,

the energy and polarization of the photon can be controlled by either incoming seed electron

or incident laser parameters. Recently, several proposals have been put forward to detect

vacuum birefringence using GeV-level highly polarized photons [31].

In this study, we investigated the generation of a linearly polarized γ photon with GeV

energy by an intense laser colliding with an unpolarized electron bunch. We simulated

the photon emission process of the laser–electron collision using QED particle-in-cell (PIC)

simulation, and the photon polarization process was calculated by applying the QED theory.

We considered incoming electron bunches with various initial energies within the range of

1–10 GeV, which can be obtained in present day laser wakefield acceleration experiments [9,42].

The results indicated that the production rate and energy of the produced photons could

be enhanced by increasing the laser intensity and electron initial energies. However, high

laser intensity and initial beam energy could not yield a high photon polarization degree. In

particular, the photon polarization degree reached its maximum (approximately 63%) with

an energy exceeding 1 GeV in the case of a low laser intensity of a0 = 50 with an initial

electron beam energy of 5 GeV.

The rest of this paper is organized as follows: In Section 2, we present the simulation

model, simulation parameters, and simulation results for the laser–electron bunch collision
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process. In Section 3, we first briefly review and present key equations for the photon

polarization process and develop a QED calculation model of the photon polarization.

Subsequently, the results of QED calculations for different electron energies and laser

intensities are presented and their physical implications are discussed. Comparisons of

the results obtained from PIC simulation and QED calculation are presented in the final

subsection of Section 3. Finally, the main conclusions are presented in Section 4.

2. Simulation of the High Energy γ Photon Production

2.1. Model and Simulation Parameters

The γ photon production process of an electron colliding with a laser field is referred

to as NCS (nγlaser + e− → γ + e−). We focused on the production of a linearly polarized γ

photon by an unpolarized electron bunch interacting with a linearly polarized laser pulse in

the NCS process. Our physical model is shown in Figure 1a. The photon production process

is tested by conducting a set of 2D-QED-PIC simulations using the code EPOCH [43]. The

simulation size is set as x × y = (40× 40) µm, which corresponds to the grid cell number of

2000 × 800. We considered a linearly polarized laser pulse with a Gaussian intensity profile

a = a0 exp[−(y/y0)
2 − (t/τ)2] entering the simulation region from the right boundary

at t = 0. For the test simulation, the laser intensity is I0 = 5 × 1022 W/cm2, and the

corresponding normalized field amplitude is a0 = eE0/mecω0 = 192, where e and me

are the electron charge and rest mass, respectively; c is the speed of light in a vacuum;

and E0 and ω0 are the laser electric field strength and laser frequency, respectively. The

laser pulse duration, wavelength, and pulse spot size are τ = 30 fs, λ0 = 1 µm, and

y0 = 6 µm, respectively, in all simulations. To verify the effects of laser intensity on

photon energy and polarization degree, the laser intensity was varied in the simulation as

a0 = 50, 100, 150, 192, 300, 400, 500, 1000.

The electron beam enters the simulation region from the left boundary at t = 0. The

electron density has a transversely Gaussian and longitudinally uniform distribution with

a transverse size (FWHM) r0 = 3 µm, and the duration is τ1 = 30 fs (beam length of 9 µm),

which is represented by 1 × 107 of the total macroscopic particles and total charge of 1 pC.

The energy spread of each electron beam is fixed to 0.06 in all calculations. The longitudinal

and transverse initial temperatures of the electrons are set to 1 and 0.01 MeV, respectively.

We set 100 macro electrons in each cell of the electron bunch. Periodic and simple-outflow

boundary conditions are used in the transverse and longitudinal direction, respectively.

To investigate the influence of the electron initial energy on the final photon production

rate, energy, and polarization degree, the electron bunch energy changes from 1 GeV to

10 GeV. Such a high energy compact electron bunch can be obtained via laser wakefield

acceleration experiments [9,42].

In the EPOCH code, the emission of γ photons via the NCS process is con-

trolled using the key quantum nonlinear parameter ηe =
√

−(Fµν pν)2/(Esmec). Here,

Fµν = ∂µ Aν − ∂ν Aµ is the electromagnetic field tensor, pν = γemec(1, β) is the four-

momentum of electron, γe is the electron relativistic factor, and

Es = m2
ec3/eh̄ = 1.38 × 1018 V/m is the Schwinger critical field strength, corresponding to

the laser intensity of Icr = 1× 1029 W/cm2 far beyond the currently available laser intensity.

The photon emission can be considerable and dominate the dynamics of the electron only if

ηe ≳ 1 [44,45]. Notably, for a high-energy electron bunch co-propagating with a laser pulse,

the parameter ηe can be approximated as ηe ≈ |E⊥|/(γeEs), which requires the laser inten-

sity to be extremely high to satisfy ηe ∼ 1. Here, E⊥ is the perpendicular electric field that

is experienced by the electron. However, for a high-energy electron head-on colliding with

a laser pulse, the QED parameter ηe ≈ 2γe|E⊥|/Es becomes comparable to a unit including

the currently available lasers because of the boosted electric field. Therefore, the photon
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emission rate can efficiently be enhanced via the laser–electron colliding NCS process. We

take in to account the radiation reaction in all simulations and calculations. In the Epoch

code, we not implemented the electron spin polarization and photon polarization because

of the complexity of the process. However, in Section 3, we introduced a simple and quick

method to calculate the photon polarization by corporation of the PIC simulation and QED

calculation. We theoretically calculate the photon polarization probability and polarization

degree based on the data of the electron beam with acquired in the simulation [35].
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Figure 1. (a) Schematic of the laser electron bunch collision scheme. Density distribution of electron

(b) and produced γ photons (c) following laser electron collision at time t = 96 fs. Laser normalized

intensity and electron bunch initial energy are a0 = 192 (laser intensity of I0 = 5 × 1022 W/cm2) and

2 GeV, respectively. Other laser electron bunch parameters are given in the text.

2.2. Simulation Results

In this section, we first demonstrate the 2D-QED-PIC simulation results of the photon

production via the NCS process, and the photon polarization is discussed in the next

section. We begin with a simulation of a laser pulse with a normalized intensity of a0 = 192

interacting with a 2 GeV electron bunch. Figure 1b,c show the distribution of the electron

and produced γ photon number density. During the interaction, the dynamics of the

electrons are highly affected by the laser field. The laser field is equivalent to a natural

undulator, and most of the electrons oscillate perpendicularly, as illustrated in Figure 1b.

The electrons absorb laser energy, accelerated higher energy than its initial energy and emit

high-energy photons via the NCS process. Because the electron dynamics determine the

photon emission and photons are emitted on the electron trajectories, the photons have

an identical density distribution with the seed electron bunch, as illustrated in Figure 1c.

Numerous photons are produced at the central region because of the Gaussian distribution

of the electron beam density and laser intensity, corresponding to high laser intensity and

energetic electrons at the central region.

Figure 2 illustrates the energy spectrum of the electron spectrum after interaction and

produced photons for different electron energies with a fixed laser intensity of a0 = 192.

As the initial energy of the electron increases, high-energy photons can be produced. The

energy of the γ beam is determined by that of the seed electron Ee = γemec2 and is, at
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most, radiated with an energy of Eγ ≈ 0.44ηeEe for ultra-relativistic electrons γe ≫ 1 [45].

Therefore, the γ photons cutoff energies are approximately Eγ ≈ 1.7, 2.8, 5, and 10 GeV for

initial electron energies of εe = 1, 2, 5, and 10 GeV, respectively, as shown in Figure 2. No-

tably, the γ photon cutoff energies were comparable with the electron energies for electrons

with initial energies of 5 and 10 GeV. However, the photon cutoff energies exceeded electron

energies for electrons with initial energies of 1 and 2 GeV. This can be explained as follows:

because the laser exists during the interaction, some electrons accelerated to higher energy

by laser electric field after laser-electron interaction and effective electron cutoff energy

higher than incoming electron energy, as shown in Figure 2a. For example, with the low

initial energy of the electron bunch (indicating low electron momentum) in our simulation,

the electrons could stay in the high field region for a long time (indicating a long interaction

time), and accelerated to energies higher than the initial incoming energy as shown in

Figure 2a. This accounts for the high energy of the generated photons. Therefore, emitted

photon final energy lager than electron beam initial energy but not exceed the electron final

cut of energy after acceleration, this result is consistent with previous results [46]. However,

for electrons with high initial energies (5 and 10 GeV), the momenta were also high, and

they rapidly penetrated the high field region and pass through the laser (referring to a short

interaction time) with less chance for additional acceleration in the laser field. Thus, the

photon cutoff energy was comparable with the initial energy of the electron.

0 5000 10,000

10
0

0 5000 10,000

10
0

10 GeV

5 GeV

2 GeV

1 GeV

(b)(a)

Figure 2. (a) The energy spectrum of electrons with different initial energies after interacting with the

laser, (b) produced γ photon energy spectrum for different electron bunch initial energy with a fixed

laser intensity of a0 = 192. The other parameters are the same as in Figure 1.

Figure 3 illustrates the energy angular distribution of the produced γ photons for the

different initial energies of the electron bunches. Here, with increasing electron bunch initial

energy for a fixed laser intensity (a0 = 192), the divergence angle of the photons decreases.

As aforementioned, electrons with low energy could easily be maintained in the high field

region for a long time but were scattered at large angles with higher than initial energy by

the laser ponderomotive force. Therefore, the divergence angles of the photons increased

for low electron energies. The photon divergence angles were approximately 20◦ and 15◦

for initial electron energies of 1 and 2 GeV, as shown in Figure 3a,b, respectively. However,

for high-electron initial energies, the momentum of the electron was high and well-directed

to the propagation direction. Parent electrons maintained their initial directions and had

fewer chances to be scattered to other angles. Because the photons were mostly produced

in the direction of electron motion, they had low divergence angles. For the 5 and 10 GeV

electron initial energies, the divergence angle of the γ photon is approximately 5◦, as shown

in Figure 3c,d.
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Figure 3. Energy angular distribution of the produced γ photons for different electron initial energy

with a fixed laser intensity of a0 = 192, the (a–d) represents the results for electron initial energy of 1,

2, 5, and 10 GeV, respectively. The other parameters are the same as in Figure 1.

Several practical applications of γ photons require high energy and the high brightness

of the photon source. We estimate the brightness of the high-energy photon source in our

scheme. The angular divergence, total number, and source size of the photon beam are

determined by the electron bunch. The γ photon spectrum (see Figure 2) shows that for a

photon beam with an energy of 1 GeV, the total number of photons (approximately 3 × 106)

is approximately the same for different initial electron energies. Most of the photons are

concentrated within a source size of approximately x × y = (5 × 2.7) ¯m2 for all cases (see

Figure 1). However, the divergence angle is different for different electron initial energies,

as shown in Figure 3, accounting for the different photon beam brightness. The photon

number in a 0.1% bandwidth (BW) at 1 GeV is obtained by averaging the total number of

photons. We predict the brightness of the 2 GeV electron initial energy to be approximately

1.1 × 1020 photons/(s mm2 mrad2 0.1% BW) at 1 GeV, which is more than two orders of

magnitude brighter than recently suggested high energy polarized photon sources [30]. If

we consider a high initial electron energy of 10 GeV, which is similar to that of the electron

source of the FACET II [42], the brightness would be approximately one order higher as

1.8 × 1021 photons/(s mm2 mrad2 0.1% BW) at 1 GeV.

3. Photon Polarization

When a high-energy electron bunch scatters off a laser pulse of sufficient intensity,

high-energy γ photons are produced as demonstrated in the previous section. We focus

on photon polarization theoretically. Polarization is an important feature of photons,

and high-energy polarized photons show potential applications in many research fields.

Correct and high-precision calculations of photon polarization using the QED theory are

necessary in the theoretical investigations of upcoming QED experiments. In this section,

we theoretically calculate the photon polarization probability and polarization degree.

3.1. Theory

When an unpolarized electron bunch collides with a linearly polarized laser pulse, the

photon polarization is determined by the laser field. For the intense laser field in this study,

as the radiation formation length is significantly smaller than the laser wavelength, the
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laser field can be considered constant during the photon formation interval. Therefore, we

use an LCFA [41] and Nikishov–Ritus method for the QED calculations, photon production

probability, and polarization degree. The detailed derivation of the basic formulas is given

in Refs. [32,33], so we will briefly introduce the ideas and key points below. The probability

of emitting a photon in the polarization state ε j with a momentum k via the NCS process

can be expressed as [32,33]

P1 = −
α

2

∫

d3 pρe(p)
1

ηp

∫ 1

0
ds
∫

dϕ

[(

1 +
s2

t
+ 2

ξ2
y

|ξ|2

)

1

x
Ai′(x) + Ai1(x)

]

, (1)

P2 = −
α

2

∫

d3 pρe(p)
1

ηp

∫ 1

0
ds
∫

dϕ

[(

1 +
s2

t
+ 2

ξ2
z

|ξ|2

)

1

x
Ai′(x) + Ai1(x)

]

, (2)

corresponding to the photon scattered by an unpolarized electron onto the polarization

state ε1 and ε2:

ε
µ
1 = ϵ

µ
y −

ℓ · ϵ
µ
y

k · ℓ
kµ, ε

µ
2 = ϵ

µ
z −

ℓ · ϵ
µ
z

k · ℓ
kµ, (3)

where ℓµ is the photon momentum, kµ = ω0(1,−1, 0, 0) is the laser wave vector,

ϵ
µ
y = (0, 0, 1, 0), and ϵ

µ
z = (0, 0, 0, 1). The Airy functions are defined as follows:

Ai1(x) =
∫

∞

x
dk Ai(k), Ai(x)

= 1/π
∫

∞

x
dk cos(kx + k3/3), (4)

where Ai′(x) is the derivative of the Airy function Ai(x).

For small-angle collision ℓµ ≈ ℓ0(1, 1, 0, 0), ε
µ
1 (ε

µ
2) indicates polarization in the y-

direction (z-direction). The total yield is

P = P1 + P2

= −α
∫

d3 pρe(p)
1

ηp

∫ 1

0
ds
∫

dϕ

[

1 + t2

t

1

x
Ai′(x) + Ai1(x)

]

, (5)

where α is the fine-structure constant, ηp = k·p
m2 , s = k·ℓ

k·p is the light-front momentum

fraction of the scattered photon, t = 1 − s, x =
(

s
χpt

)2/3
, χp = |ξ(ϕ)|ηp, and ξ(ϕ) is the

field intensity parameter (ϕ is the laser pulse phase). ρe(p) is the momentum distribution

of the electron bunch and satisfies the normalization condition
∫

d3 pρe(p) = 1.

The polarization degree can be determined by the probability change (∆P = P1 − P2)

and total probability (P = P1 + P2) of photon scattering to a linearly polarized state as

Γ1 =
P1 − P2

P1 + P2
. (6)

Notably, for the intense laser field in this study, as the radiation formation length

is significantly smaller than the laser wavelength, the laser field can be considered con-

stant during the photon formation interval. Therefore, we use an LCFA [41] for the QED

calculations, photon production probability, and polarization degree.

The momentum distribution of an accelerated high-energy electron bunch can be

expressed as

ρe(p) = δ(px −
√

E2
p/c2 − m2c2)δ(py − 0)δ(pz − 0). (7)
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Herein, we consider a head-on collision between a high-energy electron bunch and

an intense laser field, as illustrated in Figure 1a. For the high-energy electron Ep ≫ mec2

and px ≫ py,z, we have E2
p ≈ p2

xc2. Therefore, the two-dimensional density distribution

of the high-energy electron bunch in our PIC simulation can be approximated to a one-

dimensional representation as

∫

dpxρe(px) ≈
∫

dEpρe(Ep), (8)

Because of the head-on collision, we have

s =
k · kph

k · p
≈

Eph

Ep
→ ds =

dEph

Ep
, (9)

∫ 1

0
ds(· · ··) =

∫ Ep

0

dEph

Ep
(· · ·). (10)

The probability of generating photons for the differently polarized states can be

expressed as

P1 = −
α

2

∫

dEpρe(Ep)
1

ηp

∫ Ep

0

dEph

Ep

∫

dϕ

[(

1 +
s2

t
+ 2

)

1

x
Ai′(x) + Ai1(x)

]

= −
α

2

∫

0
dEph

∫ +∞

Eph

dEp

Ep

ρe(Ep)

ηp

∫

dϕ

[(

1 +
s2

t
+ 2

)

1

x
Ai′(x) + Ai1(x)

]

, (11)

P2 = −
α

2

∫

dEpρe(Ep)
1

ηp

∫ Ep

0

dEph

Ep

∫

dϕ

[(

1 +
s2

t
+ 0

)

1

x
Ai′(x) + Ai1(x)

]

= −
α

2

∫

0
dEph

∫ +∞

Eph

dEp

Ep

ρe(Ep)

ηp

∫

dϕ

[(

1 +
s2

t
+ 0

)

1

x
Ai′(x) + Ai1(x)

]

. (12)

3.2. Calculation Results

Figure 4 presents the energy distribution of the scattered γ photons by the electron

bunch with different initial energies while the laser pulse intensity is fixed to a0 = 192.

With an increase in the initial energy of the electron bunch, the electron Lorenz factor

γe = Ee/mc2 and QED parameter ηe ≈ 2γe|E⊥|/Es increase. The production rate of the

photon is proportional to the parameter ηe, and thus the energy of the photon is given as

Eγ = ηeEe/2. Therefore, the production rate and energy of photon increases with the initial

electron energy, as shown in Figure 4. However, Figure 4 shows that most of the photons

are linearly polarized in the y-direction (P1 > P2) for different electron initial energies

because the photon polarization mainly transfers from background field polarization for

an unpolarized initial electron. In this study, the linearly polarized laser pulse is in the y

direction and, therefore, the linearly polarized photons are parallel to the laser field.

To validate the feasibility of our scheme, we compared the energy spectrum of the γ

photons from the PIC simulations and spectrum from QED calculations shown in Figure 5

for different electron initial energies and fixed laser intensity. The results show that the

energy spectra of the PIC simulation and QED calculation are consistent for low electron

energies (for initial electron energies 1 and 2 GeV), whereas for high electron energies, a

slight difference is observed at the tail of the photon spectrum, as illustrated in Figure 5.

This indicates that our scheme and the theoretical calculation are consistent.
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Figure 4. Energy distribution of the different polarized photons from QED calculations with different

initial energies, (a) 1, (b) 2, (c) 5, and (d) 10 GeV. Solid dashed and dotted lines represent total y- and

z-direction polarization probabilities of the photons, respectively. Other parameters are the same as

presented in Figure 1.

To discuss the photon polarization degree, first, we consider different initial electron

energies and fixed laser intensity, as shown in Figure 6. Here, for electron bunches with low

initial energies (1 and 2 GeV), the polarization degree of the photon increases as the photon

energy increases and reaches its maximum at approximately 63% and 60%, respectively, at a

photon energy of approximately 700 MeV. However, for high electron bunch initial energies

(5 and 10 GeV), the peak photon polarization degree is only approximately 55% at the same

energy level (700 MeV) with the low initial energy cases. For photon energy exceeding

700 MeV, the photon polarization degree significantly decreases with a further increase

in photon energy. This indicates that highly polarized photons are produced only at low

photon energy regions, and high-electron initial energies only maintain the polarization

unchanged in a broader photon energy range but do not increase the polarization. Notably,

in our unpolarized initial electron bunch case, the photon polarization is transferred from

the linearly polarized background field. Here, the polarization degree of the background

field decreases with an increase in the energy absorbed by the scattered photon from the

incident electron. The higher the photon energy, the lower the field polarization degree and

polarization transfer efficiency to the photon. This results in a significant decrease in the

photon polarization degree at high energy levels. For the initial electron energies of 5 and

10 GeV, the laser–electron interaction times may be shorter than those of the low electron

initial energy cases. This results in the low photon polarization degree for the high initial

electron energies, as illustrated in Figure 6.
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Figure 5. γ photon energy spectrum from theoretical QED calculation (red curves) and PIC simula-

tions (black curves) for different electron bunch initial energies, (a) 1, (b) 2, (c) 5, and (d) 10 GeV. with

a fixed laser intensity of a0 = 192. Other parameters are the same as in Figure 1.
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Figure 6. γ photon polarization degree Γ1 = P1−P2
P1+P2

for different electron bunch initial energies (1, 2, 5,

and 10 GeV) with a fixed laser intensity of a0 = 192. Other parameters are the same as in Figure 1.

Finally, we discuss the effect of the laser field intensity on the photon spectrum and

photon polarization degree. In this case, we fixed the initial electron energy to 5 GeV,

and the normalized laser intensity a0 changes from 50 to 1000. The QED parameter

ηe ≈ 2γe|E⊥|/Es and produced photon energy Eγ ≈ 0.44 ηeEe increase with increasing
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laser intensity. Similarly, the photon production rate and cutoff energy increase with

increasing laser intensity, as shown in Figure 7a. However, the photon polarization degree

decreases with increasing laser intensity, as shown in Figure 7b. For the high electron

energy (5 GeV) and high laser intensity (a0 = 1000) case, the electron Lorentz factor γe

and QED parameter ηe are efficiently enhanced and the NCS process is triggered with

high efficiency. However, at an extremely high laser intensity, the ponderomotive force

Fp ∼ −mec2∇a2
0 acting on an electron is extremely high, thereby scattering high-speed

electrons. This results in a short interaction time and low polarization conversion rate.

Therefore, the photon polarization degree is only approximately 45% for the extremely high

laser intensity of a0 = 1000, as shown in Figure 7b. For the low laser intensity (a0 = 50), the

ponderomotive force acting on an electron is lower than that acting in the high-intensity

laser case. High-energy electrons can penetrate the high field region and stay for a long time

in this region (indicating a long interaction time). This may result in a high polarization

conversion rate. Thus, 1 GeV level linearly polarized photons with a high polarization

degree of 63% are produced in the low laser intensity configuration, as shown in Figure 7b.

0 2000 4000 6000
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0
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Figure 7. (a) γ photon energy spectrum and (b) polarization degree Γ1 = P1−P2
P1+P2

from theoretical QED

calculation for different laser intensities with a fixed electron bunch initial energy of 5 GeV. Other

parameters are the same as in Figure 1.

Notably, in the theoretical calculation of the photon polarization in Section 3, we

considered the photon energy distribution only from single Compton scattering. However,

in a simulation, an electron can experience multiple Compton scattering, which would

change the energy of the acquired electron bunch, causing the theoretical results slightly

different from our simulation result shown in Figure 5.

4. Conclusions

This study proposed a scheme that can produce linearly polarized γ photons in an

unpolarized electron bunch interacting with a linearly polarized laser pulse. The normal

and polarization properties of the emitted γ photons were investigated using 2D-QED-PIC

simulation and a theoretical model. The simulation results indicated that the properties

of the γ photons could be varied by changing either the laser intensity or electron bunch

initial energy. The cutoff energy, brightness, and polarization degree of the γ photons

were enhanced by properly choosing the laser intensity and electron bunch initial energy.

Highly collimated (a divergence angle of 5◦) γ rays were emitted with a brightness of

1.8 × 1021 photons/(s mm2 mrad2 0.1% BW) at 1 GeV. Further, the γ photons had high

probabilities of being emitted into a polarization state parallel to the polarization of the

background field and possessed a positive polarization degree, which attained its maximum

∼63% at a photon energy of approximately 1 GeV. Moreover, results showed that the low-
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intensity laser and high-energy electron bunch could generate highly polarized γ photons

with high energies, and the extremely intense laser could not achieve this effect. Our

findings point to potential application in theoretical studies on upcoming QED experiments.

The well-collimated, high-energy, ultrabright, and linearly polarized photon beam obtained

using our scheme may be suitable for the generation of energetic polarized positrons and

laboratory astrophysics research.
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