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We investigate the nonlinear Compton photon source for upcoming laser-particle experiments in the
collision scenario of high-energy electron beams and relativistic laser pulses. The stronger laser field could
not only improve the scattering probability but also induce broader photon beam divergence. To maximize
the photon flux in a realistic narrow angular acceptance, we show that a balance must be met for the
laser intensity to boost the scattering probability and simultaneously confine its beam divergence. For
the currently experiment-concerned 10 GeV energy regime, the balanced laser intensity locates in the
intermediate intensity regime of ξ ∼Oð1Þ. In these regimes of laser intensity and electron energy, the
accepted photons within a relatively narrow acceptance are highly polarized in the state closely relating to
the polarization of the laser pulse, which actually implies a potential route to finely control the photon
polarization via the laser polarization.
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I. INTRODUCTION

Highly polarized γ-photon beams have been broadly
used in various fields from photonuclear reaction [1],
atomic physics [2], to medical physics [3], particle physics
[4], even to search the new physics beyond the standard
model [5]. For the modern-day laser-particle experi-
ments [6–10], generation of multi-GeV highly polarized
γ-photons is crucial for the measurements of real photon-
photon scattering [5,11] and nonlinear Breit-wheeler pair
creation [12]. Currently, the inverse Compton scattering
(ICS) photon source is one of the most feasible γ-photon
sources, which has been widely used in experiments for the
generation of collimated, quasimonoenergetic and highly
polarized γ-photons [13]. The associated physical process
is often referred to as linear Compton scattering and can be
simply obtained via the collision between a beam of high-
energy electrons and a laser pulse with relatively weak
intensity [14]. The ICS photons are energy tunable below
the energy cutoff 4γ2pωl, according to the electron energy
γpm, laser frequency ωl, and collision geometry [15,16].

One of the critical limitation of the ICS source is the low
flux of γ photons as the scattering probability (or cross
section) is strongly suppressed by the weak laser intensity
[17]. Recently, laser pulses with relativistic intensity are
proposed to collide with laser wakefield accelerated elec-
tron beams for the generation of brilliant γ photons [18].
With higher laser intensities, the scattering probability is
significantly improved [19]. However, the strong laser field
could deflect the momentum of the electron beam and
induce broader beam divergence for the scattered photon
[20,21], which, in contrast, would decrease the photon
brilliance or the photon flux within a finite angular
acceptance. The improved scattering probability may also
result in multiple emissions of photons, which could slow
down the incident electrons due to the radiation recoil effect
[22,23], and further increase the photon beam divergence.
Therefore, to improve the photon brilliance, the laser
intensity must be large enough to boost the scattering pro-
bability, but not too large to confine effectively the
divergence of the photon beam.
With relativistic laser intensities, the nonlinear effect

would become more important in the scattering process:
multiple laser photons could be scattered to be a single
high-energy γ photon [24], which is referred to as nonlinear
Compton scattering [9,10], and could largely extend the
energy cutoff of the scattered photon to the higher energy
region [19]. Simultaneously, this nonlinearity could also
lead to the decrease of the photon polarization [19] and
affect the polarization dependence of the scattering photon
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on that of the laser pulse, which could be used to precisely
control the polarization of the ICS photon.
In this paper, we investigate the highly polarized

γ-photon source potentially acquired in the upcoming
laser-particle experiments, such as LUXE [6] and E320
[7,8], via the nonlinear Compton scattering in the typical
scenario: a beam of high-energy electrons collides nearly
head-on with an intense laser pulse. The similar collision
scenario has been employed to test the quantum nature of
the radiation reaction [22,23]. We show that for the current
experiment-concerned energy regime of Ep ∼Oð10Þ GeV,
there exists a balanced laser intensity in the intermediate
intensity regime of ξ ¼ jejEl=mcωl ∼Oð1Þ1 to maximize
the photon yield and polarization within the experimental
acceptance angle in the level ofOð10Þ μrad, where El is the
intensity of the laser field and m (e) is the mass (charge) of
the electron. We also show that the polarization of the
accepted photons could be finely controlled by adjusting
the polarization of the laser pulse.
The paper is organized as follows. We begin in Sec. II by

outlining the full QED calculation for the nonlinear
Compton scattering and presenting the general properties
of the scattered photons, and then in Sec. III manifest the
existence of the optimal laser intensity for the generation of
the high-flux photon beam, and analyze the dependence of
the photon polarization on that of the laser pulse in Sec. IV.
We conclude in Sec. V. In the Appendix, the influence of
multiphoton emissions on the optimal laser intensity
is analyzed. Throughout the discussion, the natural units
ℏ ¼ c ¼ 1 are used.

II. THEORETICAL MODEL

The electron-laser collision could be characterized by the
energy parameter η ¼ k · p=m2 and the laser’s scaled vector
potential aμ ¼ jejAμ, where pμ is the electron momentum
and kμ is the laser wave vector. For weakly focused pulses,
the laser field can be simply described as a plane wave
[25–27], depending only on the laser phase ϕ ¼ k · x.
Here, for simplicity, the laser wave vector is specified as
kμ ¼ ωlð1; 0; 0;−1Þ. The scattering process can be para-
metrized by the three components of the scattered photon
momentum: s ¼ k · l=k · p, the fraction of the light-front
momentum taken by the scattered photon from the incoming
electron, and r ¼ l⊥=sm − p⊥=m, photon momenta in the
plane perpendicular to the laser propagating direction,
scaling the angular spread lx;y=sm ¼ mη=ωl tanðψx;y=2Þ
along the incoming electron momentum.
We apply full QED calculations for the scattering

process in order to resolve the balanced laser intensity,
which (as we will see later) appears in the interme-
diate intensity regime of ξ ∼Oð1Þ for the current

experiment-concerned energy of Ep ∼Oð10Þ GeV. The
scattering probability and photons’ polarization have been
well documented in the literature [28–30], and can be
formulated as

d3P
dsd2r

¼ α

ð2πηÞ2
s

1− s
½hsðjFj2−RefSR�gÞþ jwj2�; ð1aÞ

Γ1ðs; rÞ ¼
α=ð2πηÞ2
d3P=dsd2r

s
1 − s

ðjwxj2 − jwyj2Þ; ð1bÞ

Γ2ðs; rÞ ¼
α=ð2πηÞ2
d3P=dsd2r

s
1 − s

ðwyw�
x þ wxw�

yÞ; ð1cÞ

Γ3ðs; rÞ ¼
α=ð2πηÞ2
d3P=dsd2r

s
1 − s

iðwxw�
y − wyw�

xÞgs; ð1dÞ

calculated in terms of the phase integrals [31]

R ¼
Z

dϕ

�
1 −

l · πpðϕÞ
l · p

�
eiΦðϕÞ; ð2aÞ

F ¼ 1

m

Z
dϕaðϕÞeiΦðϕÞ; ð2bÞ

S ¼ 1

m2

Z
dϕa2ðϕÞeiΦðϕÞ; ð2cÞ

where α is the fine structure constant, Ref·g means
the real part of the argument, hs ¼ s2=½2ð1 − sÞ�, gs ¼
1þ s2=½2ð1 − sÞ�, and w≡ ðwx; wyÞ ¼ rR − F denotes the
polarization contribution in the amplitude level, depending
on the photon transverse momentum r and field polari-
zation F. The exponent ΦðϕÞ ¼ R ϕ

ϕi
dϕ0l · πpðϕ0Þ=½ð1 −

sÞηm2� is the phase integral starting from ϕi at which
the pulse turns on, and πμp ¼ pμ þ aμ − kμ½p · a=k · pþ
a2=ð2k · pÞ� is the electron’s instantaneous momentum in a
plane laser field. The spin of the recoiled (initial) electron
has been summed (averaged).
The photon polarization is described with three Stokes

parameters:Γ1 is the degree of linear polarizationdenoting the
polarization preponderance (jwxj2) along the x axis over that
(jwyj2) along the y axis, Γ2 is also the linear polarization
giving the preponderance (jwx cos 45°þ wy sin 45°j2) along
45° to thex axis over that (jwx cos 135°þ wy sin 135°j2) along
135° to the x axis, and Γ3 is the circular polarization degree
relating to the field rotation as ðwx; wyÞ × ðw�

x; w�
yÞ. The total

polarization degree of the scattered photon is calculated as
Γ ¼ ðΓ2

1 þ Γ2
2 þ Γ2

3Þ1=2. The angular (energy) dependence of
the photon polarization Γ1;2;3ðrx; ryÞ [Γ1;2;3ðsÞ] can also be
acquired from (1) by integrating the other variable s (r) and
normalizing with d2P=drxdry (dP=ds).

1The same definition is usually given to the parameter a0 in the
community of laser-plasma interaction and atomic physics.
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The laser vector potential has the form

aμðϑ;ϕÞ ¼ mξRef½0; axðϑÞ; ayðϑÞ; 0�e−iϕgfðϕÞ; ð3Þ

where the pulse envelope is fðϕÞ ¼ cos2½ϕ=ð2NÞ� in jϕj <
Nπ and fðϕÞ ¼ 0 otherwise, axðϑÞ ¼ cos ϑ − iδ sin ϑ,
ayðϑÞ ¼ sinϑþ iδ cos ϑ. jδj denotes the ellipticity of the
laser pulse: jδj ¼ 0, 1 corresponds, respectively, to the line-
arly and circularly polarized laser background and 0 <
jδj < 1 gives a laser pulse with the elliptical polarization,
and the sign of δ characterizes the rotation of the laser field:
δ=jδj ¼ 1 means the left-hand rotation and δ=jδj ¼ −1 is
right-hand rotation. The semimajor axis of the elliptical
laser field is along (cosϑ; sinϑ) with the deflection angle
ϑ∈ ½−π; π� in the transverse plane. The polarization of the
laser field can be described by the classical Stokes
parameters ðς1; ς2; ς3Þ [32] as

ς1¼
1−δ2

1þδ2
cos2ϑ; ς2¼

1−δ2

1þδ2
sin2ϑ; ς3¼

2δ

1þδ2
ð4Þ

satisfying the relation ς21 þ ς22 þ ς23 ¼ 1.
In Fig. 1, we plot the general properties of the photons

scattered by a high-energy electron with Ep ¼ 16.5 GeV
corresponding to the energy parameter η ¼ 0.195 and laser
wavelength λl ¼ 0.8 μm [6] in the head-on collision with
an elliptically polarized laser pulse with ξ ¼ 2, δ ¼ 0.5,
ϑ ¼ π=9, and N ¼ 16 cycles. As shown, in this intermedi-
ate intensity region, the photons are scattered in the
direction along the electron incident momentum with a
finite angular divergence ∼ξ=γp [33,34] in Fig. 1(a), and
lots of photons are scattered into the high-energy region
s > s1 ¼ 0.1 with clear harmonic edges in the photon
energy spectrum (black solid line) around sn ¼ 2nη=
ð2nηþ 1þ IÞ in Fig. 1(b), where n is the number of the
scattered net laser photons [19], and I ¼ ξ2ð1þ δ2Þ=2 is
the normalized laser strength, corresponding to the standard
intensity of 2.73 × 1018ðλl=μmÞ−2I W=cm2. In linearly
polarized backgrounds, the angular divergence is about
∼1=γp in the direction perpendicular to the field polariza-
tion [34].
The spectral polarization Γ1;2;3ðsÞ of the photons

depends sensitively on their energy shown in Fig. 1(b)
with the blue right-hand vertical axis. In the lower energy
region s < s1, the polarization degree decreases with s → 0
as they are scattered with a larger transverse momentum
[30], and in the high-energy region s > s1 where the
nonlinear effect is dominant, the photons are highly
collimated along the electron momentum and possess
considerable polarization relating to the polarization of
the laser pulse. For small-angle scatterings around
rx;y ≈ ψx;y → 0, the polarization contributions wx;y in
Eq. (1) comes dominantly from the field polarization as
wx;y ≈ Fx;y, as shown in Figs. 1(c)–1(f), Γ1 ¼ 0.35,
Γ2 ¼ 0.30, and Γ3 ¼ 0.87 proportional, respectively, to

the laser polarization ς1 ¼ 0.46, ς2 ¼ 0.39, and ς3 ¼ 0.80,
which implies the possible control of the photon polariza-
tion via the laser polarization. For the photons with larger
scattering angles, their polarization relies not only on the
laser polarization [see the green dashed lines denoting the
major and minor axis of the field ellipticity in Figs. 1(c) and
1(d)], but also on the transverse momentum of the photons;
see Eq. (1). After integrating over a broad transverse
momentum, i.e., for the photon detector (or interaction
area) with a broad angular acceptance, the averaged
polarization degree would become much smaller than the
central polarization as shown in Fig. 1(b).
We also note that even though the photon’s polarization

state Γ1;2;3ðψx;ψyÞ is strongly modulated with different
transverse momentum in Figs. 1(c) and 1(d), the photons
with large scattering angles are almost fully polarized with
the total degree Γðψx;ψyÞ ¼ ðΓ2

1 þ Γ2
2 þ Γ2

3Þ1=2 > 95% in
Fig. 1(f). This means that fully polarized photons in the

FIG. 1. The general properties of the γ photons scattered by a
high-energy (Ep ¼ 16.5 GeV) electron colliding with an ellip-
tically polarized laser pulse with ellipticity δ ¼ 0.5, deflection
angle ϑ ¼ π=9, laser duration N ¼ 16 cycles, and intensity ξ ¼ 2

corresponding to I ¼ ξ2ð1þ δ2Þ=2 ¼ 2.5. The angular distribu-
tion d2P=dψxdψy (a) and energy spectrum dP=ds (b) of the
scattered photons are given with the angular distributions of
the polarizations Γ1;2;3ðψx;ψyÞ in, respectively, (c)–(e) and the
corresponding spectral distributions Γ1;2;3ðsÞ in (b) with the blue
right y axis. The total polarization Γðψx;ψyÞ ¼ ðΓ2

1 þ Γ2
2 þ

Γ2
3Þ1=2 of the scattered photons is given in (f). The green dashed

lines in (c)–(f) denote the directions of the major and minor axes
of the field ellipticity.
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arbitrary polarization state could be acquired via nonlinear
Compton scattering by selecting the photons with specified
scattering angles ψx;y.

III. OPTIMAL INTENSITY REGIME

One of the main applications of highly polarized
γ-photon beams in modern-day laser-particle experiments
[6–8] is to measure, e.g., vacuum birefringence [11] and
Breit-wheeler pair creation [12] by colliding with a well-
focused laser pulse, which could confine the effective
interaction area in the scale of the laser waist w0. In
realistic experiment set ups [6], the focused laser beam with
the waist w0 ∼Oð10Þ μm is set downstream to the electron
momentum for a larger photon flux and the distance
between the photon generation and laser beam collision
is about d ∼Oð1Þ m, the effective angular acceptance for
the scattered photons would thus be confined in the level
of Δθ ¼ 2w0=d ∼Oð10Þ μrad.
In Fig. 2, we plot the variation of the photon number P

and polarization Γ1;3 with the change of the electron
energy Ep and laser strength I for a fixed angular
acceptance Δθ ¼ 40 μrad, corresponding to d ¼ 1 m and
w0 ¼ 20 μm. As shown in Fig. 2(a) for linearly polarized

lasers with ς1 ¼ 1 and Fig. 2(b) circularly polarized lasers
with ς3 ¼ 1, the photon number increases with the increase
of the electron energy and laser strength. For a specified
energy Ep, there exists an optimal strength ImðEp;ΔθÞ
which indicates the balance between the boosted scattering
probability and beam divergence; see the blue solid lines in
Figs. 2(a) and 2(b) for Ep ¼ 16.5 GeV: In the weak
intensity region I ≪ 1, the photon yield improves quickly
by increasing the laser strength because of the boosted
scattering probability, reaches the maximum in the inter-
mediate laser intensity regime of ξ ∼Oð1Þ at Im ¼ 20 and 4
in the linear and circular cases, corresponding, respectively,
to the quantum nonlinear parameter around χ ¼ 1.2 and
0.4, and decreases with the further increased laser strength
as the angular divergence of photon beam are largely
boosted. Because the photon beam divergence in linear
backgrounds can only be boosted in the direction of the
field polarization, the optimal laser intensity in the linear
case appears at a larger value than that in the circular case
for the same electron energy. This difference also leads to
the slower decrease of the photon number above the
optimal intensity Im in the linearly polarized field in
Fig. 2(a) than that in Fig. 2(b) for the circularly polarized
field. For a smaller angular acceptance, the balance
intensity would appear at smaller laser strength; see the
blue dotted lines in Figs. 2(a) Im ¼ 16 and Im ¼ 3.2 in
2(b) for Δθ ¼ 20 μrad. With the increase of the electron
energy Ep, the optimal intensity Im increases because of the
smaller angular spread induced by the field as rx;y ≈
mηψx;y=2ωl ≈ ξ at larger η; see the magenta dashed lines
in Figs. 2(a) and 2(b).
We can see in Figs. 2(c) and 2(d) that the detected

photons within the narrow acceptance Δθ ¼ 40 μrad are
highly polarized, except those at the extreme energy Ep →
102 GeV and low intensity ξ → 0.1, as the extreme energy
could shift the edge of the first harmonic to the higher
energy region s1 → 1 and the linear scattering with energy
s < s1 from a single laser photon would dominate the
spectrum. For the electron energy in the current experi-
ment-concerned regime of Ep ∼Oð10Þ GeV [6–8], see the
red solid lines in Figs. 2(c) and 2(d) for Ep ¼ 16.5 GeV as
an example, the photon polarization within the acceptance
Δθ ¼ 40 μrad could be higher than 80% in the linear
background and 90% in the circular background. As
shown, the polarization degree in the linear background
decreases slightly with the increase of the laser strength,
while in the circular background, the polarization degree
first increases in the weak intensity region I < 1 and then
decreases quickly with the further increase of laser strength
in the region I > 10. It is noteworthy that for these Ep ∼
Oð10Þ GeV electrons, the intensity regime for the relatively
large polarization matches well with the optimal intensity
region for the photon number. The photon polarization
could be further improved by narrowing the photon
acceptance shown as the red dotted lines in Figs. 2(c)
and 2(d) for Δθ ¼ 20 μrad.
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FIG. 2. Dependence of the photon number P [(a) and (b)] and
polarization [(c) Γ1 and (d) Γ3] on the electron energy Ep and laser
strength I in linearly [(a) and (c)] and circularly [(b) and (d)]
polarized laser backgrounds for a fixed acceptance angle
Δθ ¼ 40 μrad. The magenta dashed lines in (a) and (b) show the
laser strength Im for the maximal number of photon in the
acceptance from the electron with energy Ep. The blue [in (a)
and (b)with the right bluey axis] and red [in (c) and (d)with the right
red y axis] solid lines indicate the variation of the photon number
and polarization with the increase of laser strength I for the
fixed electron energy Ep ¼ 16.5 GeV and acceptance angle
Δθ ¼ 40 μrad. The blue and red dotted lines represent the corre-
sponding results for a smaller acceptance angleΔθ ¼ 20 μrad. The
parameters are otherwise the same as Fig. 1.
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We point out that for high intensities I ≳ 102, multiple
emission of photons becomes possible when high-energy
electrons go through the laser pulse. The radiation recoil
due to photon emissions would reduce the emission of
high-energy photons by decelerating the incident electrons,
and increase the beam divergence of the scattered photons
because of the finite beaming effect of emissions [33,35].
However, for the current experiment-concerned energy
regime of Ep ∼Oð10Þ GeV [6–8], multiple emissions
could become considerable for laser strength I ≳ 102,
and therefore cannot change the optimal strength Im in
the intermediate intensity regime, but speed up the decreas-
ing of the photon number within the finite acceptance with
further increased laser intensity; see discussions in the
Appendix.

IV. POLARIZATION CONTROL

We can infer from Figs. 1(c)–1(e) (see the green dashed
lines) that the photons’ polarization state relates directly to
the polarization of the laser pulse, especially for scattering
within the small angular spread along the electron momen-
tum. To manifest the polarization transfer from the laser
pulse to the scattered photons, we resort to a monochro-
matic field fðϕÞ ¼ 1 with the ellipticity δ and deflection
angle ϑ. The exponentΦðϕÞ in (2) can thus be simplified as

ΦðϕÞ ¼ κϕþ β sin 2ϕ ð5Þ

with the consideration of central scatterings in a narrow
angular spread along the incoming electron momentum,
i.e., r → 0, where κ ¼ sð1þ r2 þ IÞ=½2ηð1 − sÞ�, β ¼
ςlIs=½4ηð1 − sÞ�, and ςl ¼ ð1 − δ2Þ=ð1þ δ2Þ denotes the
total degree of linear polarization. After doing the Jacobi-
Anger expansion for the phase integrands in (2) as

eiβ sinð2ϕÞ ¼
Xþ∞

n¼−∞
BnðβÞe−inϕ

cos 2ϕeiβ sinð2ϕÞ ¼
Xþ∞

n¼−∞
DnðβÞe−inϕ

ðcosϕ; sinϕÞeiβ sinð2ϕÞ ¼
Xþ∞

n¼−∞
ðCnðβÞ; iSnðβÞÞe−inϕ

where Bn ¼ ð−1Þn=2Jn=2ðβÞ, Cn ¼ Sn ¼ 0, and Dn ¼
½J−n=2þ1ðβÞ þ J−n=2−1ðβÞ�=2 if n is a even integer, and if
n is an odd integer, Bn ¼ Dn ¼ 0, Cn ¼ ½J−ðnþ1Þ=2ðβÞþ
J−ðn−1Þ=2ðβÞ�=2, and Sn ¼ ½J−ðn−1Þ=2ðβÞ − J−ðnþ1Þ=2ðβÞ�=2,
and JnðβÞ is the Bessel function of integer order, Eq. (1) can
then be rewritten as

d2P
dr2

¼ αδð0Þ
Xþ∞

n¼1

4n
ð2nηþ r2�Þ2

½ðξ2C2
n þ δ2ξ2S2n − IB2

n

− IςlDnBnÞgsn − B2
n�; ð6aÞ

Γ1ðrx;ryÞ¼
αδð0Þ
d2P=dr2

Iς1
1−δ2

Xþ∞

n¼1

8nðC2
n−δ2S2nÞ

ð2nηþr2�Þ2
; ð6bÞ

Γ2ðrx; ryÞ ¼
αδð0Þ
d2P=dr2

Iς2
1 − δ2

Xþ∞

n¼1

8nðC2
n − δ2S2nÞ

ð2nηþ r2�Þ2
; ð6cÞ

Γ3ðrx; ryÞ ¼
αδð0Þ
d2P=dr2

Iς3
Xþ∞

n¼1

8nCnSn
ð2nηþ r2�Þ2

gsr; ð6dÞ

where gsr ¼ 1þ s2nr=½2ð1 − snrÞ�, snr ¼ 2nη=ð2nηþ r2�Þ,
and r2� ¼ r2 þ 1þ I. From (6), we can clearly see the
direct polarization transfer from the laser to the scattered
photons ςi → Γi with ratios Γi=ςi depending on the laser
strength I and ellipticity δ. For a finite laser pulse with a
slowly varying pulse envelope as f0ðϕÞ ≪ 1, the locally
monochromatic approximation for the central scatterings
can be acquired via the replacement δð0Þ → R

dϕ=ð2πÞ
and ξ → ξðϕÞ ¼ ξfðϕÞ [34,36]. [We have reproduced
exactly (not shown here) the central scattered photons with
ψx;y → 0 in Figs. 1(a), 1(c), and 1(d) using this locally
monochromatic approximation.]
We plot in Fig. 3 the variation of the photon polarization

Γ1;2;3 with the change of the laser polarization ς1;2;3 for the
electron energy Ep ¼ 16.5 GeV and laser strength I ¼ 4

with a fixed angular acceptance Δθ ¼ 40 μrad. As shown
in Fig. 3(a), the polarization degree of the accepted photons
varies with the change of the laser ellipticity: From δ ¼ 0
for a linearly polarized laser pulse with ς1 ¼ 1 to δ ¼ 1 for
a circularly polarized pulse with ς3 ¼ 1, the degree of the
photon’s linear polarization decreases monotonically from
Γ1 ¼ 0.9 to Γ1 ¼ 0, and its circular polarization degree
increases from Γ3 ¼ 0 to Γ3 ¼ 0.97 monotonically. The
other linear polarization of the photon Γ2 remains zero
because of the laser polarization component ς2 ¼ 0 for
ϑ ¼ 0. We can also note in Fig. 3(a) that the accepted
photons within Δθ ¼ 40 μrad are always highly polarized
with the total polarization Γ≳ 0.9 in the variation of laser
ellipticity. For the laser pulse with the ellipticity δ∈ ½−1; 0�,
the photon polarization would be consistent with the results
for the ellipticity jδj, except that the photon circular
polarization Γ3 changes its sign since the laser rotation
becomes opposite.
In Fig. 3(b), we plot the dependence of the polarization

ratios Γ1=ς1 and Γ3=ς3 between the scattered photons and
laser pulse on the laser ellipticity: increasing the laser
ellipticity from δ ¼ 0 to δ ¼ 1 could decrease the linear
polarization ratio from Γ1=ς1 ¼ 0.87 to Γ1=ς1 ¼ 0.73, and
from 1.3 to 0.98 for the circular polarization ratio Γ3=ς3.
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We note that the circular polarization ratio could be larger
than 1, especially for the small ellipticity δ < 0.5. This is
due to the nonlinear effect of multiphoton scattering
induced by the strong laser pulse as we can see from
(6). For a weaker laser strength, as also shown in Fig. 3(b)
for I ¼ 1, the circular polarization ratio would decrease to
around Γ3=ς3 ¼ 1, and simultaneously the linear polariza-
tion ratio increases to be slightly larger than 0.85. (For ICS
photons, the efficiency of the polarization transfer Γ3=ς3
from the incoming photon to the scattered photon is smaller
than 1 [30].)
Figure 3(c) presents the variation of the photon polari-

zation with the change of field deflection angle ϑ. The two
linear polarizations vary in the trend as ðΓ1;Γ2Þ ∝
ðcos 2ϑ; sin 2ϑÞ, while the circular polarization Γ3 is con-
stant for different ϑ. All are in the same trend as the
variation of the corresponding laser Stokes parameters in
(4), which leads to the unchanged polarization ratios Γi=ςi
with the change of deflection angle ϑ as shown in Fig. 3(d).
We can thus know that, for the fixed laser ellipticity δ and
intensity ξ, the field deflection angle ϑ can only alter the
relative values of the linear polarization with the constant
amplitude ðΓ2

1 þ Γ2
2Þ1=2, but not change the photon’s

circular polarization Γ3 and its total polarization Γ.

For the field deflection angle ϑ∈ ½−π; 0�, the polarization
Γ2 changes sign, while the results for Γ1 and Γ3 would be
the same as those for the deflection jϑj.
We point out that the value of the polarization ratio

actually determines the sensitivity of the photon polariza-
tion depending on the laser polarization. The large polari-
zation ratios in Figs. 3(b) and 3(d) imply that the
polarization of the accepted photons could be finely
controlled by adjusting the polarization of the laser pulse,
especially for the photon circular polarization as Γ3=ς3 ≳ 1.
For the scattered photons within a broader acceptance
Δθ → π, the polarization ratios would become much
smaller as Γi=ςi < 0.5 [see the spectral polarization in
Fig. 1(b)], and the polarization control of the photon beam
would thus be less sensitive to the laser polarization.

V. CONCLUSION AND DISCUSSION

We investigate the nonlinear Compton photon source for
the upcoming laser-particle experiments in the typical
collision scenario of high-energy electron beams with
relativistic laser pulses. The high-energy γ-photons are
scattered dominantly along the direction of electron
momentum within a finite angular divergence ξ=γp, propor-
tional to the laser intensity ξ and inversely to the electron
energy γpm.
With the objective of maximizing the photon flux in

realistic experiment setups with the angular acceptance of
Δθ ∼Oð10Þ μrad, a balance must be met for the laser
intensity to boost the scattering probability and simulta-
neously confine the scattered photons’ beam divergence.
We show that for the current experiment-concerned energy
regime of Ep ∼Oð10Þ GeV, the balanced laser intensity
locates in the intermediate intensity regime of ξ ∼Oð1Þ,
and in these regimes of laser intensity and electron energy,
the accepted photons within the narrow acceptance are
highly polarized in the polarization state closely relating to
the polarization of the laser pulse. Because of the large
polarization ratios Γi=ςi ≈ 1, the polarization of the
accepted photons could be finely controlled by adjusting
the laser polarization.
We point out that our conclusion is given for a relatively

long laser pulse, and for an ultrashort laser pulse, the
photon polarization dependence on the laser Stokes param-
eters may be different since the laser polarization property
could deviate largely from the description of the classical
Stokes parameters. Our conclusions are performed for the
scenario of head-on collisions between the electron and
laser pulse, while experiments may not allow for perfect
head-on collision and there is a small angle between the
laser pulse and electron momentum. This angle will result
in a slight reduction to the collision energy parameter η.
In our consideration, we ignore the angular divergence of

the incoming electron beam, which would modify our
results considerably if it is much broader than the photon
beam divergence induced by the laser field. The large-angle

FIG. 3. Polarization transfer from the laser pulse to the scattered
photon beam within a finite angular acceptance Δθ ¼ 40 μrad.
(a) Thevariation of photon polarizationwith the change of the laser
ellipticity from δ ¼ 0 to δ ¼ 1 for the fixed laser strength I ¼ 4
and field deflection angle ϑ ¼ 0. The total polarization Γ (black
solid line) of the scattered photon is also attached. (b) The
corresponding transfer ratios Γ1=ς1 and Γ3=ς3 are given in
comparison with the results from the weaker laser strength
I ¼ 1. (c) The variation of photon polarization with the change
of the field deflection angle from ϑ ¼ 0 to ϑ ¼ π with the fixed
ellipticity δ ¼ 0.5 and strength I ¼ 4, and the corresponding
transfer ratios Γi=ςi are given in (d). The polarization ratio
Γ1=ς1 (red dashed line) matches exactly with the ratio Γ2=ς2
(blue dashed line) in (d). The other parameters are the same as
those in Fig. 1.

YU XIN, ZU-DONG ZHAO, and SUO TANG PHYS. REV. D 111, 116016 (2025)

116016-6



photons scattered by the high-energy electrons off the beam
axis would decrease the average polarization of the
accepted photons downstream the electron beam. To
acquire highly polarized γ-photon sources, high-quality
electron beams with the angular divergence in the same
level of or narrower than the laser-induced photon beam
divergence are needed. The other factor that may shift the
balanced intensity is the transverse profile of the electron
beam and laser pulse as those misaligned electrons would
experience lower fields than the laser central field.
However, for the current experiment-concerned energy
regime of 10 GeV, this effect cannot change its optimal
intensity significantly, as the laser in the intermediate
intensity regime is only weakly focused and the electrons
colliding near the pulse center should experience similar
fields and contribute dominantly to the scatterings.
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APPENDIX: MULTIPLE PHOTON EMISSION

With the increase of the laser intensity I ≳ 102, the total
scattering probability could be boosted to be larger than 1,
and multiple photons could thus be emitted when a high-
energy electron goes through the laser pulse. The radiation
recoil from these multiple emissions could play an impor-
tant role in the electron’s dynamics and affect properties of
the scattered photon beam. The full QED calculations
describe the emission process without considering the
radiation recoil effect. To analyze the influence of multi-
photon emissions on our conclusion, we perform single-
particle simulations using the standard Monte-Carlo
algorithm to simulate the multiple emission process. The
details of our code have been given in Ref. [35] based on
the energy- and angularly resolved locally constant field
approximation (LCFA) [37–39].
The angular and energy distributions of the scattered

photons with and without radiation recoil in the electron’s
dynamics are compared in Fig. 4. The simulation results are
averaged over 107 electrons with the same incident con-
ditions, and benchmarked against the full QED calculations
[Eq. (1)]. In simulations, the pair creation by emitted
photons is ignored. As shown, the full QED calculation
in Fig. 4(a) for the photons’ angular distribution and energy

spectrum (red solid line) in Fig. 4(d) can bewell reproduced
by simulations when the radiation recoil is excluded in the
electron’s dynamics; see the angular distribution in
Fig. 4(b) and photon spectrum (green dotted line) in
Fig. 4(d). The difference in the low-energy spectra s → 0
is because of the infrared divergence of the LCFA [40,41].
As we can also see, including the radiation recoil would

affect considerably the angular and energy distribution of
the scattered photon beam. First, the radiation recoil effect

FIG. 4. Comparison between the full QED result (a) and
simulation that does not (b) and does (c) include the radiation
recoil effect in the photon emission. (a)–(c) Angular distribu-
tions of the emitted photons by a high-energy electron,
Ep ¼ 16.5 GeV, in the head-on collision with an elliptically
polarized laser pulse. (d) The energy spectra of the emitted
photon are compared between the QED result and simulation
with and without the radiation recoil. The laser pulse has strength
I ¼ ξ2ð1þ δ2Þ=2 ¼ 100, ellipticity δ ¼ 0.5, field deflection
ϑ ¼ π=9 and N ¼ 16 cycles.

10-1 100 101 102 103

0.01

0.02
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FIG. 5. Photon yield variation P within different angular
acceptance Δθ ¼ 20; 40 μrad with the increase of laser strength
I ¼ ξ2ð1þ δ2Þ=2, acquired with the full QED calculations (red
solid and blue dotted lines) and simulations including the
radiation recoil effect (magenta dashed and green dot-dashed
lines). The other parameters are same as those in Fig. 4.

ARBITRARILY POLARIZED γ-PHOTON SOURCE FROM … PHYS. REV. D 111, 116016 (2025)

116016-7



increases the beam divergence of scattered photons as
shown in Fig. 4(c) due to the deceleration of the high-
energy electron and the finite beaming of the emissions
[33,35]. This effect leads to the significant decrease of the
photon number along the direction of the electron momen-
tum with ψx;y → 0. Second, the radiation recoil reduces
(rises) the emission of high- (low-) energy photons since
high-energy electrons can hardly go into the central region
of the laser pulse before emitting lots of low-energy
photons as shown in Fig. 4(d).
In Fig. 5, we plot the variation of the photon number P

with the change of laser strength I for different angular
acceptance Δθ ¼ 20 μrad and 40 μrad. Similar as the

discussion for Figs. 2(a) and 2(b), the photon number
improves quickly by increasing the laser strength from the
weak intensity region I ≪ 1, reaches the maximum at Im ¼
6.3 for Δθ ¼ 40 μrad and Im ¼ 5.0 for Δθ ¼ 20 μrad in
the intermediate laser intensity regime, and then decreases
with the further increased laser strength. As we can also
see, the effect of radiation recoil starts to be considerable at
the strength around I ¼ 40 ≫ Im for the electron energy
Ep ¼ 16.5 GeV by speeding up the decreasing of the
photon yield, and thus cannot shift the location of the
intensities for maximal photon yield within the finite
acceptance.
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