arXiv:2202.09711v1 [physics.app-ph] 20 Feb 2022

Compact polarized X-ray source based on all-optical inverse Compton scattering
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Polarized X-ray source is an important probe for many fields such as fluorescence imaging, mag-
netic microscopy, and nuclear physics research. All-optical inverse Compton scattering source
(AOCS) based on 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 X-rays are generated by a plasma-mirror-based AOCS scheme.
The linearly and circularly polarized AOCS pulses are achieved with the mean photon energy of
60(£5)/64(43) keV and the single-shot photon yield of ~1.1/1.3x107. A Compton polarimeter is
designed to diagnose the photon polarization states, demonstrating AOCS’s polarization-tunable
property, and indicating the average polarization degree of the linearly polarized AOCS is 75(£3)%.

I. INTRODUCTION

Polarized X-ray source has important applications in
widespread fields, particularly in fluorescence imaging,
magnetic microscopy, and nuclear physics research. For
example, the utilization of a linearly polarized X-ray
source in fluorescence imaging can significantly improve
the image quality since the Compton scattering photon
background can be greatly suppressed in the X-ray po-
larization direction [TJ, [2]. Left- and right-circularly po-
larized X-rays appear relatively different transmission in
magnetic materials (magnetic circular dichroism), which
is just the basic theory of magnetic microscopy [3, 4], and
this property is also especially advantageous in nuclear
physics to study magnetic materials [5].

Polarized X-ray sources can be usually generated by
synchrotron radiation, X-ray FEL, bremsstrahlung ra-
diation, and inverse Compton scattering (ICS). Among
these mechanisms, synchrotron radiation [6 [7] and X-
ray FEL [8 [9] can produce ultra-bright monoenergetic
~100%-polarized X-rays, and their polarization states
can be tuned by inserting different kinds of undulators,
however, they are large-scale facilities and can hardly
access to high photon energy (typically of 1-100 keV).
Bremsstrahlung radiation can produce keV- to MeV-level
linearly polarized X-rays at large observation angle when
a thin target is utilized [I0, II], and can also produce
circularly polarized X-rays using longitudinally-polarized
incident electrons [12], however, these photons are typ-
ically partially polarized and the polarization state ad-
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justment is complicated. ICS can produce keV-MeV
quasi-monoenergetic X-rays with high polarization de-
grees and their polarization states can be easily adjusted
by changing the polarization state of the scattering laser
pulse, showing distinct advantages in practical applica-

tion [I3HIE).
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FIG. 1. Schematic layout of the experiment, where the filter
set and the Compton polarimeter are movable. (a) Laser en-
ergy of the s- and p-polarized components at different wave
plate angles, which shows that the drive laser is linearly po-
larized at 0°, circularly polarized at 45°, and elliptically po-
larized between 0° to 45°. (b) The measured image on the
imaging plate in the Compton polarimeter, where the red ar-
row shows the propagation direction of the incident AOCS
photons.

Laser wakefield accelerator (LWFA)[I6HIS] can gen-
erate MeV-GeV electron beams on a tabletop due
to its ultra-high acceleration gradient about three
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FIG. 2. (a) The electron beam spectra for continuous 35 shots driven by different-polarization laser pulses, where the wave
plate angle for each polarization state is labelled on the top. (b) 50-shots accumulated spectra of the electron beams driven
by linearly and circularly polarized laser pulses, where the shaded areas around the curves show their FWHM errors and the

detection threshold is highlighted by a gray rectangle.

orders of magnitude higher than that of conven-
tional accelerators.  ICS based on LWFA, termed
all-optical inverse Compton scattering source (AOCS)
[19-23], has drawn great attention due to its high
performance (polarization-tunable, quasi-monoenergetic,
energy-tunable) and benchtop scale. To date, several ex-
periments about the optimization and imaging applica-
tion of AOCS are reported, while its polarization prop-
erties have not been experimentally demonstrated.

In this paper, the generation of polarization-tunable X-
rays is demonstrated using a plasma-mirror-based AOCS
scheme [22] 23], and the polarization states of linearly
and circularly polarized X-rays are diagnosed to verify
the polarization-tunable property. In the plasma-mirror-
based AOCS scheme, 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 syn-
chronization can be easily realized, especially simplifying
the source system. The generated AOCS X-ray photons
within 1/+ divergence duplicate the polarization state of
the scattering laser [14], and the on-axis X-ray photons
have the highest polarization degree (up to ~100%), thus
the polarization state of AOCS photons can be adjusted
by changing the scattering laser polarization. A dedi-
cated Compton polarimeter [24] 25] is designed to mea-
sure the polarization state of the AOCS X-rays, showing
good accordance with the simulation results.

II. POLARIZED AOCS X-RAYS GENERATION

The experiment is performed on the 10 TW laser sys-
tem in Tsinghua University [26], and the setup is sketched
in FIG.[1l Intense ultra-short laser pulses (500 mJ, 40 fs)
are focused to an FWHM spot size of 9 pm (65% energy
enclosed) near the leading edge of the gas jet (2 mm) by
an f/18 off-axis parabolic mirror. A quarter-wave plate
(diameter of 50 mm) is inserted in the laser path up-
stream of the OAP to adjust the polarization state of
the laser pulses by changing the wave plate angle (angle

between the optical-axis of the quarter-wave plate and
the polarization direction of incident laser), as shown in
FIG. a). When a laser pulse passes through the work-
ing gas (99.5% He + 0.5% Ns) ejected from the gas jet,
plasma with the density of ~1x10'%cm ™3 is generated by
laser ionization, and the plasma wakefield is then formed
behind the laser pulse. A mass of electrons is injected
into the acceleration phase of the wakefield and then ac-
celerated continuously to high energy. To measure the
spectrum of the electron beam, an electron spectrome-
ter based on a dipole magnet (magnetic field of 1 T) is
inserted in the beam path. Electron beam spectra for
continuous 35 shots driven by laser pulses with differ-
ent polarization states are shown in FIG. a), indicating
that stable electron beams can be accelerated using all
these polarized laser pulses. For linearly and circularly
polarized drive lasers, the generated electron beams have
divergences of ~17/13 mrad and ~18/16 mrad (horizon-
tal/vertical), and charges of 52 pC (36% RMS-jitter) and
74 pC (36% RMS-jitter), respectively. The corresponding
50-shots accumulated electron beam spectra are shown in
FIG. Pb), with average energies of 70.3 MeV (72% en-
ergy spread) and 74 MeV (70% energy spread) for linearly
and circularly polarized cases respectively.

A tape system equipped with 100-um-thick polyethy-
lene terephthalate (PET) film is placed right behind the
gas jet, thus a plasma mirror is formed when the drive
laser hits the PET film. The residual drive laser then col-
lides with the LWFA electron beam after being reflected
by the plasma mirror. Since the laser pulse will conserve
its polarization state during both the LWFA process and
the ~180-degree reflection, X-rays with the same polar-
ization state as the scattering laser will be generated by
the ICS process. Therefore, polarization-tunable X-rays
are achieved by straightforwardly adjusting the polariza-
tion state of the drive laser pulses.

The generated AOCS X-rays are detected by a cali-
brated CsI(T1) scintillation screen (Hamamatsu J8734)
imaged onto an EMCCD (ANDOR DUSSSE), as shown
in FIG. The projection profiles of linearly and cir-
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FIG. 3. (a) and (b) are the profiles of linearly- and circularly-
polarized AOCS X-rays detected by the X-ray detector, while
(c) and (d) are those attenuated by the filter set. (e) and
(f) are the reconstructed spectra of linearly- and circularly-
polarized AOCS X-rays, where the shaded areas around the
two curves are the reconstruction errors.

cularly polarized X-rays are illustrated in FIG. a) and
(b), showing that their divergences are ~37/33 mrad and
~29/28 mrad (horizontal/vertical) respectively. To mea-
sure the X-ray spectrum, a filter set composed of different
materials with different thicknesses (7 aluminum plates
with the thickness from 0.35 mm to 8 mm and 7 copper
plates with the thickness from 0.35 mm to 9 mm) is in-
serted on the X-ray path [27, [28]. For certain materials,
the X-ray attenuation coeflicients vary according to pho-
ton energy, thus the spectral information will be recorded
in the attenuated X-ray profile by the filter set, as shown
in FIG. [3(c) and (d). The X-ray spectra are then re-
constructed by the Expectation-Maximization (EM) al-
gorithm [29] using the data in [3|(c) and (d), as shown
in FIG. [3(e) and (f), indicating that the average pho-
ton energies are 60(+5) keV and 64(£3) keV for linearly
and circularly polarized X-rays respectively. Using the
X-ray profiles and spectra above, and according to the
calibrated efficiency of the X-ray detector, the photon

yields are then estimated to be ~1.1x107 (linear polar-
ization) and ~1.3x107 (circular polarization) per shot.

III. POLARIZATION STATE MEASUREMENT

To diagnose the polarization states of AOCS pulses, a
Compton polarimeter is designed according to our X-ray
parameters [24] [25]. Compton scattering process happens
when X-rays interact with matters, and the differential
cross-section do/d€) can be described as
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where r. is the classical electron radius, Fp, and E are the
photon energy of the incident X-rays and the secondary
Compton X-rays, 0 is the forward scattering angle, ¢ is
the azimuthal scattering angle, and a is related to the
polarization state of incident X-rays (¢ = 0 or a — oo
for linear polarization, a = 1 for circular polarization).
Eq. (1)) shows that the azimuthal distribution of the sec-
ondary Compton photons at § = 7/2 is cos? ¢ (or sin? ¢)
related for the linearly polarized incident X-rays, while
uniform for the circularly polarized incident X-rays, thus
this characteristic can be used to identify different X-ray
polarization states. Besides, this characteristic can also
help to calculate the polarization degree of linearly po-
larized X-rays by comparing the amplitude of its cos? ¢-
related distribution with that of 100%-linearly-polarized
X-rays.

The structure of the Compton polarimeter is shown
in FIG. To improve the secondary Compton pho-
ton flux and reduce self-absorption, a polyethylene cylin-
der is chosen to be the scattering target due to its high
Compton scattering cross-section (0.186 g/cm?) and low
density (0.96 g/cm?®). Considering the X-ray photon en-
ergy (60~64 keV), divergence (28~37 mrad), and drift
distance (1.1 m), the polyethylene target is designed to
have a 2-cm diameter (corresponding to 18.2 mrad ac-
ceptance divergence for the incident X-rays) and 10-cm
length (attenuated to 15% for 60 keV X-ray photon).
When polarized X-ray photons pass through the scat-
tering target along its axis, Compton photons will be
generated and their azimuthal distributions are detected
by an imaging plate (IP) rolled around the scattering
target. It should be noted that there are two 1-cm-
thickness mounts at both ends of the polyethylene target
to hold the IP, thus the effective axial detection length is
8 cm. A shielding system composed of an inner layer of
5-cm-thickness polyethylene and an outer layer of 10-cm-
thickness lead encloses the scattering target and IP, with
a 2-cm-diameter hole in the front end to collimate the
X-rays. To preliminarily test this polarimeter, a Monte
Carlo simulation is performed by FLUKA [30]. In the
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FIG. 4. (a) and (b) are the simulation results of the Compton
polarimeter for 100% linearly and circularly polarized incident
X-rays, and the corresponding one-dimensional distributions
are plotted in (e). (c) and (d) are the experimentally mea-
sured results of the Compton polarimeter for linearly- and
circularly-polarized incident AOCS photons, and the corre-
sponding one-dimensional distributions along with the simu-
lated fitting curves are plotted in (f).

simulation, 100% linearly and circularly polarized X-rays
with the experimentally measured parameters (photon
energy and divergence) are adopted, and the polarimeter
setup is the same as introduced above. The simulated
two-dimensional and one-dimensional azimuthal distri-
butions of the Compton photons are illustrated in FIG.
a), (b), and (e), where the cos? ¢-related distribution
for the linearly polarized case and uniform distribution
for the circularly polarized case are both evident, showing
this polarimeter is indeed feasible for X-ray polarization
diagnosis.

In the experiment, continuous 600 shots linearly and
circularly polarized AOCS pulses are performed in each
measurement, and the corresponding two-dimensional
azimuthal distributions of the secondary Compton pho-
tons on the IP are shown in FIG. [4c) and (d) respec-

tively. The one-dimensional distributions of the linear
and circular polarization measurements are plotted in
FIG. IZ-_1|(f)7 showing similar characteristics with the sim-
ulation results in FIG. [{a) and (b). In the Compton
polarimeter, the amplitude of the cos? ¢-related distri-
bution for the linearly polarized X-rays depends on the
polarization degree: smaller amplitude for lower polar-
ization degree. Besides, for both linearly and circularly
polarized X-rays, once they are not aligned well with the
scattering target, more secondary Compton photons will
be generated in the direction that the X-rays are tilted,
thus the amplitudes of the cos? ¢-related distribution for
linearly polarized X-rays will become uneven and the sec-
ondary photon distribution of circularly polarized X-rays
will become non-uniform. Considering the above two fac-
tors, another two FLUKA simulations are performed to
fit the experimental curves by changing the polarization
degree of the X-rays (only for linear polarization) and
adjusting the offset between the X-ray path with the
scattering target. The best-fitting curves are plotted in
FIG. El(f)7 indicating that the linearly polarized X-rays
have 75(£3)% polarization degree and deviate from the
axis of the scattering target by ~8.5 mm/5 mm (horizon-
tal/vertical), and the circularly polarized X-rays deviate
by ~3.5 mm (distance between their axes).

To further check the polarization degree measured
above, another two Monte Carlo simulations about the
AOCS generation are performed by CAIN code [31] ac-
cording to the experiment parameters. The scattering
lasers are separately set to have 100% linear and circular
polarization degree, with ag = 1.3 (linear polarization) or
1.3/4/2 (circular polarization) and the wavelength of 900
nm (considering the evolution of the drive laser during
the acceleration process and reflection process) [28] B2].
The polarization degree of linearly and circularly polar-
ized X-rays are described by Stokes parameter S3 and Sy
respectively [14]. The simulated two-dimensional distri-
butions of S3 and S, are shown in FIG. [[a) and (b),
where the detection area in the experiment (18.2 mrad)
is highlighted by black dashed circles. The average po-
larization degrees (corresponding to the average of Ss
and So) within different divergences are plotted in FIG.
c)7 showing that a higher average polarization degree
can be obtained within smaller divergence. At the accep-
tance divergence of our Compton polarimeter, the aver-
age polarization degrees for linearly/circularly-polarized
AOCS photons are 76%/54% respectively, where the lin-
ear polarization degree agrees well with the experimen-
tally measured value (75(+3)%).

IV. CONCLUSIONS

In this paper, the generation of ~60-keV polarization-
tunable X-rays using the plasma-mirror-based AOCS
scheme is demonstrated, and the polarization states of
linearly and circularly polarized X-rays are diagnosed by
a Compton polarimeter to verify the polarization-tunable
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FIG. 5. (a) and (b) are the two-dimensional polarization degree distributions of the linearly (Ss) and circularly (S2) polarized
AOCS X-rays, where the black dashed circles indicate the detection area of the Compton polarimeter. The average polarization
degrees (the average of Ss for linear polarization and Ss for circular polarization) within different divergences are plotted in
(c), where the pentacles indicate the measured value of our Compton polarimeter.

property of this source. The polarization degree of the
linearly polarized X-rays is measured to be ~75%, con-
sistent with the Monte Carlo simulation. The polariza-
tion state of our AOCS source can be easily adjusted
by tuning the drive laser polarization using a quarter-
wave plate, which is especially efficient and convenient
for practical application. Polarization of AOCS X-rays
is closely related to the emittance of electron beams [14],
thus the polarization degree of this source can be further
improved by optimizing the LWFA electron beam. This
source can also generate ~MeV polarization-tunable X-
rays through upgrading the laser system, which especially
contributes to high-energy applications such as nuclear

physics research. To summarize, AOCS is a potential
table-top X-ray source for many applications, and our
demonstration of its polarization-tunable property shows
extreme advantages for wider scientific areas.
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