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Polarized x-ray source is a useful probe for many fields, such as fluorescence imaging, magnetic
microscopy, and nuclear physics research. All-optical inverse Compton scattering source (AOCS) based on
a laser wakefield accelerator (LWFA) has drawn great attention in recent years due to its compact scale and
high performance, especially its potential to generate polarized x rays. Here, polarization-tunable AOCS
x rays are generated by a plasma-mirror-based scheme. The linearly and circularly polarized AOCS x rays
are measured to have the mean photon energy of 60(±5)/64(±3) keV and the single-shot photon yield
of approximately 1.1/1.3 × 107. A Compton polarimeter is designed to diagnose the x-ray polarization
states, demonstrating the polarization tunability of AOCS, and indicating that the average polarization
degree of the linearly polarized AOCS is 75(±3)% within 18.2 mrad x-ray divergence.
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I. INTRODUCTION

Polarized x-ray source has applications in widespread
fields, particularly in fluorescence imaging [1,2], mag-
netic microscopy [3,4], and nuclear physics research [5,6].
For example, the utilization of a linearly polarized x-ray
source in fluorescence imaging can significantly improve
the image quality since the Compton photon background
can be greatly suppressed in the x-ray polarization direc-
tion [1,2]. The left- and right-circularly polarized x rays
have relatively different transmission in magnetic materials
(magnetic circular dichroism) [3], which is the theoretical
foundation of the magnetic microscopy [3,4].

Polarized x-ray photons are usually generated on the
synchrotron radiation, x-ray free-electron laser (FEL),
bremsstrahlung radiation, and inverse Compton scattering
systems. Among these mechanisms, synchrotron radia-
tion [7,8], and x-ray FEL [9,10] can produce ultrabright
monoenergetic polarization-tunable x rays by inserting dif-
ferent kinds of undulators, and their polarization degree
can access 100%. However, they are typically large-scale
facilities and can hardly achieve high photon energy (<100
keV). Bremsstrahlung x rays are typically nonpolarized,
while linearly polarized x rays can be generated at large
observation angle by utilizing a thin target [11,12], and
circularly polarized x rays can also be generated using
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longitudinally polarized incident electrons [13]. How-
ever, these photons are typically partially polarized and
the polarization adjustment is quite complicated. Inverse
Compton scattering can produce keV-MeV quasimonoen-
ergetic x rays with nearly 100% polarization degree, and
the polarization state can be easily adjusted by tuning the
polarization state of the scattering laser, showing distinct
advantages in practical applications [14–16].

The laser wakefield accelerator (LWFA) [17–21] can
generate MeV-GeV electron beams on a tabletop due
to its ultrahigh acceleration gradient about 3 orders of
magnitude higher than that of conventional accelerators.
The inverse Compton-scattering source based on LWFA,
termed the all-optical inverse Compton-scattering source
(AOCS) [22–26], has drawn great attention due to its
excellent performance (tunable polarization, tunable pho-
ton energy, quasimonoenergetic bandwidth), and benchtop
scale. To date, several experiments about the optimization
and the imaging applications of AOCS are reported, while
its polarization characteristics have not been experimen-
tally demonstrated.

In this paper, the generation of polarization-tunable
AOCS x rays is demonstrated using a plasma-mirror-based
scheme [25,26]. During the experiment, the drive laser of
LWFA is reflected by a plasma mirror to scatter with the
energetic LWFA electron beam, thus both the temporal and
spatial synchronization of the electrons with the scatter-
ing lasers can be easily realized. Since the AOCS x rays
near the axis duplicate the polarization of the scattering
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laser [15], the on-axis x rays have the highest polariza-
tion degree up to 100%, and the polarization state can be
adjusted by tuning the polarization of the scattering laser.
A dedicated Compton polarimeter [27–29] is designed
to diagnose the polarization states of the AOCS x rays,
showing good accordance with the simulation results.

II. GENERATION OF POLARIZED AOCS

The experiment is performed on the 10-TW Ti:sapphire
laser system at Tsinghua University [30], and the setup is
sketched in Fig. 1. Intense ultrashort laser pulses (800-nm
wavelength, 500-mJ pulse energy, 40-fs pulse duration) are
focused to a FWHM spot size of 9 µm on the leading edge
of a 2-mm-diameter gas jet by an f /18 off-axis parabolic
mirror (OAP), and 32.5% of the pulse energy is enclosed
within the FWHM spot size. A quarter-wave plate with 50-
mm diameter is inserted upstream of the OAP to adjust
the laser polarization by tuning the wave-plate angle (angle
between the optical axis of the quarter-wave plate and the
polarization direction of the incident laser pulse), as shown
in Fig. 1(a). When a laser pulse passes through the mixed
gas (99.5% He + 0.5% N2) ejected from the gas jet, plasma
with density of about 1 × 1019 cm−3 is generated by laser
ionization, and the plasma wakefield is formed behind the
laser pulse. A mass of electrons is then injected into the
acceleration phase of the wakefield and accelerated con-
tinuously to high energy. To measure the spectrum of the
electron beam, a dipole magnet with 1-T magnetic field is
inserted in the beam path. The single-shot spectra for con-
tinuous 35-shot electron beams driven by laser pulses with
different polarization states are shown in Fig. 2(a), indicat-
ing that stable electron beams are generated using all these
polarized lasers. For the linearly and circularly polarized
drive lasers, the generated electron beams have the FWHM
divergences of approximately 17/13 mrad (horizontal and
vertical) and 18/16 mrad, respectively; the charges of 52
pC (36% RMS) and 74 pC (36% RMS), respectively. The
corresponding accumulated spectra for continuous 50-shot
electron beams are shown in Fig. 2(b), with the average
energies of 70.3 MeV (72% FWHM energy spread) and
74 MeV (70% FWHM energy spread) for the linearly and
circularly polarized cases, respectively.

A tape system equipped with 100-µm-thickness
polyethylene terephthalate (PET) film is placed near the
exit of the gas jet, thus a plasma mirror is formed when the
drive laser hits the PET film. The residual laser reflected
by the plasma mirror then collides with the LWFA electron
beam to generate AOCS x-ray photons. It should be noted
that the normal of the tape has a slight angle (about 3◦) with
the incident laser to avoid the damage to the upstream opti-
cal components caused by the reflected lasers. Since the
laser pulse preserves its polarization state during both the
LWFA process and the nearly 180◦ reflection, the AOCS x
rays near the axis maintain the same polarization state with
the drive laser. Therefore, polarization-tunable x rays can

(a)

(b)

FIG. 1. Schematic layout of the experiment, where the fil-
ter set and the Compton polarimeter are both movable. (a)
Laser energy of the s- and p-polarized components at different
wave-plate angles, showing that the drive laser is linearly and
circularly polarized at 0/45◦, and elliptically polarized between
0◦ to 45◦. (b) The two-dimensional azimuthal distribution of the
secondary Compton scattering photons detected by the imaging
plate in the Compton polarimeter, where the red arrow shows the
propagation direction of the incident AOCS x rays.

be achieved by straightforwardly adjusting the polarization
of the drive laser. The generated AOCS x rays are detected
by a calibrated CsI(Tl) scintillation screen (Hamamatsu
J8734) imaged onto an EMCCD (ANDOR DU888E), as
shown in Fig. 1. Figures 3(a) and 3(b) are the accumulated
x-ray profiles of 50-shot linearly and circularly polarized
AOCS pulses, showing that their FWHM divergences are
approximately 37/33 mrad (horizontal and vertical) and
29/28 mrad, respectively.

The photon energy of AOCS x rays near the axis can
be described as EX = 4γ 2EL/(1 + a2

0/2) [26], where γ is
the Lorentz factor of the LWFA electron beam, EL and
a0 are the photon energy and the peak-normalized vec-
tor potential of the scattering laser. Due to the energy
spread of electron beams and the bandwidth of scattering
lasers, the AOCS x rays will also have certain bandwidth.
In the experiment, the x-ray spectrum is measured by an
attenuation method based on the correlation between the
x-ray attenuation coefficient and the x-ray photon energy
[31,32]. A filter set made of copper and aluminum is
adopted as the x-ray attenuator, where the copper filters
are mainly sensitive for the high-energy x rays and the
aluminum filters are mainly sensitive for the low-energy x
rays. Generally, the spatial distribution of the AOCS x rays
is axially symmetric around the x-ray path, thus our filter
set is designed to be a group of concentric fans as shown
in Fig. 3(e), where the corresponding serial number and
thickness are marked on each filter. The attenuated x-ray
profiles by the filter set for continuous 50-shot linearly and
circularly polarized AOCS are shown in Figs. 3(c) and
3(d), respectively. Since the attenuated profiles near the
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(a) (b)

FIG. 2. The electron spectra driven by different polarized lasers. (a) Single-shot spectra for continuous 35-shot LWFA electron beams
driven by different polarized lasers, where the wave-plate angle for each drive laser is labeled on the top. (b) 50-shot accumulated
spectrum curves of the electron beams driven by the linearly and circularly polarized lasers, where the shaded areas around the curves
are the FWHM errors. The detection threshold (40.3 MeV) is highlighted by a black solid line.

center of the filter set have relatively large noise, the nor-
malized x-ray intensities at 4.5 mrad away from the AOCS
axis are calculated, as shown in Fig. 3(f). The errors of
the attenuated intensities are mainly caused by the noise
in the x-ray profiles and the alignment error of the filter
set with the AOCS axis (approximately 2 mrad for 50-
shot AOCS pulse accumulation). The x-ray spectra are
then reconstructed by the expectation-maximization (EM)
algorithm [33], as shown in Figs. 3(g) and 3(h), where the
spectral errors are determined by tens of reconstructions
considering the errors of the attenuated x-ray intensities.
It should be noted that there is no assumed spectral distri-
bution in the reconstruction process. It can be calculated
that the linearly polarized AOCS x rays have the average
photon energy of 60(±5) keV, the peak photon energy of
36 keV, and the FWHM bandwidth of 51 keV; the cir-
cularly polarized AOCS x rays have the average photon
energy of 64(±3) keV, the peak photon energy of 40 keV,
and the FWHM bandwidth of 61 keV. According to the
x-ray spectra and the x-ray detection efficiency, the single-
shot photon yields of the linearly and circularly polarized
AOCS are estimated to be approximately 1.1 × 107 and
1.3 × 107 using the x-ray profiles in Figs. 3(a) and 3(b).

III. POLARIZATION MEASUREMENT

To diagnose the polarization states of the AOCS x rays, a
Compton polarimeter [27–29] is designed according to the
x-ray parameters measured above. The differential cross
section dσ/d� of Compton scattering can be described as

dσ

d�
= r2

e

2
E2

S

E2
0

(
ES

E0
+ E0

ES
− 2 sin2 θ

cos2 φ + a sin2 φ

a + 1

)
,

(1)

where re is the classical electron radius, E0 and ES are the
photon energy of the incident x rays and the secondary

Compton scattering x rays, θ is the forward scattering
angle, φ is the azimuthal scattering angle, and a is related
to the polarization states of the incident x rays (a = 0 and
a → ∞ for horizontal and vertical linear polarization, a =
1 for circular polarization). Equation (1) shows that the
azimuthal distribution (θ = π/2) of the secondary Comp-
ton photons is cos2 φ-like (or sin2 φ-like) for the linearly
polarized incident x rays, while uniform for the circularly
polarized incident x rays. Therefore, the azimuthal distri-
bution of the secondary Compton photons can be used to
identify different x-ray polarization states. Moreover, the
polarization degree of the linearly polarized x rays can be
obtained by analysing the peak-valley modulation of the
cos2 φ-like (or sin2 φ-like) distribution.

The Compton polarimeter is composed of a scattering
target, an imaging plate (IP), and a shielding system, as
shown in Fig. 1. Similar polarimeter designs have been
reported by Chattopadhyay et al. [28] and Zhang et al.
[29]. To improve the secondary Compton photon yield
and reduce the self-absorption, a polyethylene cylinder is
chosen to be the scattering target due to its high Compton-
scattering cross section (0.186 cm2/g for 60-keV x-ray
photons) and low density (0.96 g/cm3). Considering the x-
ray photon energy of about 60 keV, divergence of about 30
mrad, and drift distance of 1.1 m for our AOCS, the scatter-
ing target is designed to have 2-cm diameter (correspond-
ing to 18.2-mrad acceptance divergence for the incident
x rays) and 10-cm length (attenuated to 15% for 60-keV
incident x rays). When the polarized x rays pass through
the scattering target along its axis, the secondary Compton
photons will be generated and their azimuthal distributions
are detected by an IP rolled around the scattering target.
Specifically, there is one 1-cm-thickness aluminum tray at
each end of the scattering target to mount the IP, thus the
effective detection length is 8 cm in the axial direction of
the scattering target. A shielding system composed of an
inner layer of 5-cm-thickness polyethylene and an outer
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FIG. 3. The x-ray spectrum measurement results. (a) and (b)
are the accumulated x-ray profiles of 50-shot linearly and circu-
larly polarized AOCS pulses on the x-ray detector, while (c),(d)
are those attenuated by the filter set. (e) is the structure of the
filter set, where the yellow filters are made of copper and oth-
ers are made of aluminum. The corresponding serial number
and thickness are marked on each filter. (f) is the normalized
x-ray intensities attenuated by the filter set. (g),(h) are the recon-
structed spectra of the linearly and circularly polarized AOCS
x rays, where the shaded areas around the two curves are the
reconstruction errors.

layer of 10-cm-thickness lead encloses the scattering tar-
get and the IP, with a 2-cm-diameter hole in the front end
to collimate the x rays.

To test this Compton polarimeter, a series of Monte
Carlo simulations using the same polarimeter structure are

carried out by FLUKA [34]. The x rays are set to have the
same spectra and divergences as the experimentally mea-
sured results, and only the x-ray polarization states and the
off-axis deviations between the x-ray path and the axis of
the scattering target are changed. It should be noted that
the linearly polarized x rays mentioned in this paper are
horizontally polarized throughout. The first three simula-
tions are performed using 100% linearly polarized incident
x rays with off-axis deviations of 0 mm (pass along the axis
of the scattering target), 8 mm in the vertical direction (per-
pendicular to the x-ray polarization direction), and 8 mm in
the horizontal direction (parallel to the x-ray polarization
direction). The two-dimensional azimuthal distributions of
the secondary Compton photons on the IP for these three
simulations are shown in Figs. 4(a)–4(c). The correspond-
ing one-dimensional distributions (the axial integration of
the two-dimensional distributions) are plotted in Fig. 4(g),
where the curves are all cos2 φ-like distributions, agree-
ing well with the theoretical prediction. It can be seen that
the azimuthal distributions of the secondary Compton pho-
tons in Figs. 4(b) and 4(c) are both asymmetrical [peak
values in the vertical direction are different for Fig. 4(b),
and valley values in the horizontal direction are different
for Fig. 4(c)], which are mainly caused by the off-axis
deviations that more secondary Compton photons will be
generated on the side the x-ray pulses bias. Taking Ip and
Iv as the mean of the two peaks and the two valleys in
the cos2 φ-like curves, the peak-valley modulation coeffi-
cient � = (Ip − Iv)/(Ip + Iv) of these three cases are all
calculated to be 38.8%, irrelevant to the off-axis deviations.
Figure 4(d) is the two-dimensional azimuthal distribution
of the secondary Compton photons using 50% linearly
polarized incident x rays with 0-mm off-axis deviation, and
the corresponding one-dimensional distribution is plotted
in Fig. 4(g). � of this simulation is calculated to be 19.4%,
which is half of that when the incident x rays are 100%
linearly polarized, proving that � is proportional to the
polarization degree of the linearly polarized incident x
rays. Therefore, � can be used to calculate the polariza-
tion degree of the linearly polarized x rays. Figures 4(e)
and 4(f) are the two-dimensional azimuthal distributions
of the secondary Compton photons using 100% circularly
polarized incident x rays with 0- and 8-mm off-axis devia-
tions, and the corresponding one-dimensional distributions
are plotted in Fig. 4(g). It can be seen that the azimuthal
distribution of the secondary Compton photons is uniform
when the circularly polarized x rays pass along the axis of
the scattering target, while this distribution becomes asym-
metrical when the x rays pass off axis with the scattering
target, which is consistent with the theoretical prediction.
According to the above simulations, it can be concluded
that the x-ray polarization state can be well diagnosed by
this Compton polarimeter.

According to the x-ray parameters and the Compton
polarimeter structure, it can be estimated that there are
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(a) (b)

(c) (d)

(e) (f)

(g)

FIG. 4. Monte Carlo simulation results of the polarization
diagnosis using the Compton polarimeter. (a)–(f) are the two-
dimensional azimuthal distributions of the secondary Compton
photons, and the corresponding one-dimensional distributions
are plotted in (g). In these simulations, (a)–(c) are performed
using 100% linearly polarized incident x rays with different off-
axis deviations (0 mm, 8 mm in the vertical direction, and 8 mm
in the horizontal direction) between the x-ray path and the axis of
the scattering target; (d) is performed using 50% linearly polar-
ized incident x rays with 0-mm off-axis deviation; (e) and (f) are
performed using 100% circularly polarized incident x rays with
0- and 8-mm off-axis deviations.

about 7 × 106 secondary Compton photons generated in
the polyethylene scattering target for each AOCS pulse,
and each pixel on the IP (the IP is scanned with 50 µm spa-
tial resolution) can receive only 1 ∼ 2 Compton photons
on average. Therefore, hundreds-of-shots accumulation is
needed to ensure high SNR ratio of the IP image. In
the experiment, considering that the repetition rate of our
AOCS is 0.2 Hz (mainly limited by the vacuum sys-
tem), continuous 600-shot AOCS pulses are performed
within 50 min for each measurement, and the SNR ratio
of the IP image is about 4. Figures 5(a) and 5(b) are

(a) (b)

(c)

FIG. 5. Experiment results of the polarization diagnosis using
the Compton polarimeter. (a),(b) are the two-dimensional
azimuthal distributions of the secondary Compton photons for
the linearly and circularly polarized AOCS x rays, and the corre-
sponding one-dimensional distributions along with the simulated
fitting curves are plotted in (c). The off-axis deviations of the
linearly and circularly polarized fitting cases are marked in the
legends.

the two-dimensional azimuthal distributions of the sec-
ondary Compton photons on the IP for the linearly and
circularly polarized AOCS x rays, and the correspond-
ing one-dimensional distribution curves are plotted in
Fig. 5(c). Both the cos2 φ-like azimuthal distribution for
the linearly polarized AOCS and the uniform azimuthal
distribution for the circularly polarized AOCS are evi-
dent in the curves, verifying the polarization tunability of
AOCS. The peak-valley modulation coefficient � of the
linearly polarized AOCS is calculated to be 29.1(±1.2)%
(the error is caused by the noise in the IP image), thus
its polarization degree is determined to be 75(±3)% by
comparing the � value with that of the 100% linearly
polarized simulation case (38.8%). To estimate the off-axis
deviations, a series of FLUKA simulations are performed
using 75% linearly polarized and 100% circularly polar-
ized incident x rays with different off-axis deviations to fit
the experiment curves. It should be noted that the polariza-
tion degree of circularly polarized incident x rays does not
affect the azimuthal distribution of the secondary Compton
photons. The one-dimensional fitting curves are plotted in
Fig. 5(c), indicating that the off-axis deviations are approx-
imately 7/4 mm (horizontal and vertical) for the linearly
polarized AOCS x rays, and approximately 3 mm (abso-
lute distance from the axis of the scattering target) for the
circularly polarized AOCS x rays.
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For a single electron colliding with a laser pulse
(whether linearly or circularly polarized), the average
polarization degree of the generated AOCS x rays
decreases as the x-ray divergence increases, and the on-
axis x rays (the AOCS axis is along the electron propa-
gation direction) have the highest polarization degree up
to 100% [15]. For a real electron beam with certain diver-
gence, the AOCS x-ray pulses are the accumulation of the
x rays generated by single electrons with different propa-
gation directions, thus the average polarization degree of
the x-ray pulses near the AOCS axis will decrease. To
study the effect of electron divergence on AOCS polar-
ization, Monte Carlo simulations about the generation of
linearly and circularly polarized AOCS are carried out
by CAIN [35]. The first two simulations are performed
using the experiment conditions, where the electron-beam
parameters are set as the LWFA electron beams driven by
the linearly and circularly polarized lasers introduced in
Sec. II; the scattering lasers are set to be 100% linearly
and 100% circularly polarized with peak power density of
2.86 × 1018 W/cm2 and wavelength of 900 nm. Here, the
scattering laser parameters are estimated by particle-in-cell
simulations considering the evolution of the drive laser in
the LWFA process and the reflection by the plasma mirror
[32,36]. The x-ray polarization degree is described by the
Stokes parameters in CAIN [15]. In these two simulations,
the two-dimensional polarization degree distributions of
the AOCS x rays are shown in Figs. 6(a) and 6(b), where
the acceptance divergence of the Compton polarimeter
(18.2 mrad) is highlighted by the black dashed circles.
The average polarization degrees of AOCS within differ-
ent x-ray divergences are plotted in Fig. 6(c), showing that
higher average polarization degree can be obtained within
smaller x-ray divergence. It can be seen that the on-axis
polarization degrees (the average polarization degree of the
x rays within 2-mrad divergence) of the linearly and cir-
cularly polarized AOCS are approximately 81% and 63%,
respectively. Moreover, The average polarization degree of
the linearly polarized AOCS within the acceptance diver-
gence of the Compton polarimeter is 76%, agreeing well
with the measurement result of 75(±3)%. A series of
CAIN simulations are then performed with different elec-
tron divergences (0.1-, 1-, 3-, 5-, 7-, 9-, 11-, 15-, 20-, 30-
mrad FWHM), while other parameters in these simulations
are the same as the first two simulations. The on-axis polar-
ization degrees of the AOCS x rays in these simulations
are plotted in Fig. 6(d). For both the linearly and circularly
polarized AOCS, >90% on-axis polarization degree can
be achieved using <7-mrad FWHM electron divergence,
and >99% on-axis polarization degree can be achieved
using <1-mrad FWHM electron divergence, showing that
the on-axis polarization degree of AOCS can be efficiently
improved by reducing the electron divergence. Nowadays,
high-quality LWFA electron beams with <1-mrad FWHM
divergence have been reported [37,38], thus AOCS with

(a) (b)

(c) (d)

FIG. 6. Monte Carlo simulation results about the effect of
electron divergence on AOCS polarization. (a) and (b) are the
two-dimensional polarization degree distributions of the linearly
and circularly polarized AOCS at the experiment conditions,
where the black dashed circles indicate the acceptance diver-
gence of the Compton polarimeter. (c) is the average polarization
degrees within different x-ray divergences of (a) and (b), where
the pentacles on the curves indicate the acceptance divergence of
the Compton polarimeter. (d) is the on-axis polarization degrees
of the AOCS x-rays generated using the electron beams with
different FWHM divergences.

nearly 100% on-axis polarization degree can potentially be
demonstrated in the near future.

IV. CONCLUSIONS

In this paper, the generation of about 60-keV
polarization-tunable AOCS x rays using the plasma-
mirror-based scheme is demonstrated, and the polarization
states of the linearly and circularly polarized AOCS are
diagnosed by a Compton polarimeter. The polarization
state of AOCS is easily adjusted by tuning the polariza-
tion state of the drive laser using a quarter-wave plate,
which is especially convenient and efficient for practical
applications. The polarization degree of the linearly polar-
ized AOCS x rays within 18.2 mrad is measured to be
75(±3)%, which is consistent with the Monte Carlo sim-
ulation result. The polarization degree of both the linearly
and circularly polarized AOCS can be further improved
by optimizing the divergence of the LWFA electron beam.
The repetition rate of our AOCS system is 0.2 Hz currently,
which can be improved to 10–1000 Hz in the near future
by upgrading the vacuum system [20,39]. This source can
also generate >MeV polarization-tunable x rays by using
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larger-scale laser system, which can significantly con-
tribute to the high-energy applications such as the nuclear
physics research.
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