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Energy spectra, angular distributions, and temporal profiles of the photons produced by an all-optical Thomson scat-
tering X-ray source are explored through numerical simulations based on the parameters of the SILEX-I laser system
(800 nm, 30 fs, 300 TW) and the previous wakefield acceleration experimental results. The simulation results show that
X-ray pulses with a duration of 30 fs and an emission angle of 50 mrad can be produced from such a source. Using the
optimized electron parameters, X-ray pulses with better directivity and narrower energy spectra can be obtained. Besides
the electron parameters, the laser parameters such as the wavelength, pulse duration, and spot size also affect the X-ray
yield, the angular distribution, and the maximum photon energy, except the X-ray pulse duration which is slightly changed

for the case of ultrafast laser—electron interaction.
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1. Introduction

The generation of bright, ultrafast, and tunable hard X-
rays through tabletop systems has been pursued by a num-
ber of groups worldwide.[!! This novel X-ray source would
have a wide variety of applications, such as atomic and
molecular motion studies on the femtosecond time scale, ad-
vanced biomedical imaging, and lossless detection of high Z
materials.>~*! Among many different ultrafast X-ray sources,
e.g., free-electron lasers (FEL),1! laser-driven K, sources,!6!
and high harmonic generation sources (HHG),!”! the Thom-
son scattering source, 3! which is produced by the scattering
of the laser photons on a relativistic electron beam, possesses
a set of valuable characteristics, including compactness, tun-
able photon energy, potential for a duration of the femtosec-
ond scale, and high brightness. The method has already been
demonstrated through picosecond and femtosecond lasers syn-
chronized to a linear accelerator (linac)!'%'?! with a peak
brightness as high as 10%° photons/mm?/mrad®/s/0.1%. This
kind of new sources are also established in Tsinghua Univer-
sity and Shanghai Institute of Applied Physics.!!3!4]

Compared with the conventional Thomson scattering
source, an improved source known as the all-optical Thom-
son scattering X-ray source was proposed by Catravas and
Esarey in 2001,['3 in which the electrons are produced
through the laser wakefield acceleration in plasma. The elec-
tron wakefield acceleration method was proposed in 19791161
and has been anticipated to have the potential of produc-
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ing quasi-monoenergetic electron beams with low divergence,
small energy spread, and ultrashort pulse duration (less than
10 fs).['7-191 The electron beams with such novel quali-
ties can be applied to the Thomson scattering X-ray source,
which has been studied theoretically.!'>! Successful experi-
mental demonstrations of the laser wakefield acceleration were
achieved by three groups'?*~2?! in 2004, and then in 2006%*
with better stability and reproducibility. The following ex-
perimental results of all-optical Thomson scattering sources
have been obtained with photon energy ranging from 400 eV
to 2 keV,?* which shows the feasibility to produce a com-
pact ultrashort X-ray source with low divergence, small energy
spread, and high brightness. In 2012, the newest experiment
applied a novel design in which a plasma mirror was combined
with the laser-wakefield accelerator, and X-rays with energy
of hundreds of keV were produced.!?! That design deeply re-
duces the difficulty of laser—electron temporal and spatial syn-
chronization, becoming the most promising way for the all-
optical Thomson scattering source now.

2. Model and method
2.1. Theoretical model

In 1906, the first Thomson scattering phenomenon was
discovered by Thomson,!*®! in which the photons acquire
blueshifts through scattering off the relativistic electrons.
From the field point of view, the electrons will gain quiver
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motion perpendicularly to their initial motion direction in the
laser electromagnetic field. Such motion produces a figure
of eight in the reference frame that moves together with the
electrons.!?’!

To identify the influence of the electron quiver motion

and the laser intensity on the Thomson scattering process, the

normalized laser vector potential is defined as[*®!
A
ap =2 = L 0.85% 1047, (1)
¢ me

where v, is the oscillation velocity of the electron quiver mo-
tion, e and m are the electron charge and mass, respectively, ¢
is the velocity of light, Ay is the amplitude of the laser vector
potential, A is the laser wavelength in units of pwm, and / is the
laser intensity in units of 10'® W/cm?.

For the case of ay < 1, the electron quiver motion is far
less than the axial motion. The corresponding source is identi-
fied as in the linear Thomson regime. When aq approaches or
exceeds unity, the electron quiver motion velocity approaches
the speed of light. The corresponding source is identified as in
the nonlinear Thomson regime.

In the linear Thomson regime, the angular frequency of

the scattered photons is[!?!

27%(1 —cos &)

e @)

@, = Wy

where @, and @y are the angular frequencies of the scattered
and the laser photons, respectively, 7 is the normalized energy
of the electrons defined as y =W/ mc?, o is the collision an-
gle, and 0 is the scattering angle. The differential cross section

of the photons scattered by the electrons is!*’!

dz 2 \? 1
aQ (mcz) Y2(1 — B cos6)?
><<1— 2sin29cos2¢) 2)7 3)
Y*(1 —Bcos0)
where 0 and ¢ are the spatial angles. According to Eq. (3),
the differential cross section has a maximum at 8 = 0 and the
scattered photons mainly emit within a cone with a solid angle
of 1/y. The 1/y will decrease with the increase of the electron
energy, so the scattered photons will have a narrower angular
distribution for higher electron energy.

At a higher laser intensity, for the nonlinear Thomson
scattering, the electron quiver motion velocity approaches the
speed of light, which has attracted many theoretical ?830-33]
and experimental ! studies. In the nonlinear Thomson

regime, the angular frequency of the scattered photons is!!]

2
0, =——7(1- Znay, 4
2+a%y2< Bro)*nax )
where n =1,2,3,..., and fB,9 is the electron initial axial veloc-

ity. According to Eq. (4), in the nonlinear regime, one elec-
tron can absorb n photons with angle frequency @y and emit

one photon with angle frequency ®,,!”’! which can be under-
stand from the quantum mechanics point of view. Meanwhile,
as a nonlinear effect, the w; = ?20%7,2(1 — B.o)? @y term will
decrease with the increase of the laser intensity ag.

The duration of the scattered X-ray pulse is related to the
pulse duration and the spot sizes of both the electron and the

laser beams[29:40]

Gez\/(l —cos a)(02,+ 02) + (1 +cos ) o
oT =

c\/(l —cos ) (02 + 02) + (1 +cosa) (02 + 62)

oe;/c, a=180°,
= O/ O&+OL+0L o= 90°, 5)

b)
¢\ 02+0%+0i+al

where O.;, O are the bunch length and the spot size of the
electron beam, respectively, and oy,, 0j, are those of the laser
beam. For ¢ = 180°, the duration of the scattered X-ray pulse
is completely determined by the electron bunch length. For
o = 90°, the duration of the scattered X-ray pulse is related to
the bunch length and the beam spot sizes of both the electron
and the laser beams. For the case of all-optical Thomson scat-
tering, the bunch length of the wakefield accelerated electron
beam is as short as the driven laser bunch length, which leads
to the main dependence on the electron bunch length of the

scattered X-ray pulse duration.

2.2. Numerical simulation

CAIN is a Fortran Monte—Carlo code for the numerical
simulation of the interaction involving high energy electrons,
positrons, and photons, which starts with the name ABEL.
The first version of CAIN is a combined program of modified
ABEL and a laser QED code. 41 In our study, the newest ver-
sion, CAIN2.35, is applied,*”) which can handle the physics
processes such as the interaction of high energy photon or
electron/positron including the nonlinear effects of the field

11391 In our

strength. This code is still used by many groups.!
simulation, the electron beams are divided into 50000 macro
particles and the electrons in every macro particle share the
same parameters. The electron spins are ignored and the pa-
rameter n in Eq. (4) has a maximum value of 5. The spatial,
energy, and temporal parameters of both electrons and laser
photons obey the Gaussian distribution.

Through simulations with the same electron and laser ex-
perimental parameters reported in Refs. [43] and [44] using
CAIN, the calculated magnitude of the photon yield is equal
to that of the corresponding experimental results, which en-

sures the effectiveness of this code.
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3. Results and analysis

In this section, we present our simulation results based
on the laser parameters of system SILEX-I at China Academy
of Engineering Physics (CAEP) and the previous experimental
results of laser wakefield electron acceleration. We also study
the optimizations of electron and laser parameters and the in-
fluence of the laser parameters. For simplification, the laser
and the electron beams are perfectly matched.

In the previous experiments, ! the SILEX-I system pro-
duced a laser beam with a total energy of 2.1 J, 20% energy
in the focal spot, a wavelength of 800 nm, a pulse duration of

30 fs, and a spot size of 26 um. The wakefield accelerated

0,/mrad

electrons had novel parameters, such as an energy of 58 MeV,
an energy spread of 15 %, charge of 0.34 nC, and emittance of
0.3 mm-mrad. The electron beam spot size and bunch length
are chosen to be 20 um and 30 fs, respectively. In our source
design, the laser beam is divided into two beams which contain
90% and 10% of the total energy respectively. The beam with
90% energy accelerates the electrons to several tens of MeV
through the wakefield acceleration, while the other beam is
scattered off the accelerated electrons, producing X-ray pho-
tons with an energy of several tens of keV. The simulated pho-
ton angular distribution and the energy spectra are shown in

Fig. 1.
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Fig. 1. (color online) Simulation results for the laser parameters and the laser wakefield electron acceleration results on the SILEX-I
system. (a) The photon angular distribution produced through 180° Thomson scattering; (b) the photon angular distribution produced
through 90° Thomson scattering; (c) the energy spectra for the scattered photons; (d) the temporal profile for the scattered photons.

From Figs. 1(a) and 1(b), we can see that for the electron
parameters above, the scattered photons will emit with a large
energy spread from 0 keV to 120 keV and an angle distribut-
ing from 0 mrad to 50 mrad. Such a wide distribution results
from the broad energy spread and the large emittance of the
electrons. The photon energy spectra in Fig. 1(c) shows that
a higher total photon yield and more high energy photons can
be produced for @ = 180°, while a narrower energy spectrum

can be obtained for o« = 90°.

In both 180° and 90° cases, photons with several tens of
keV energy can be obtained. However practically, the time
and spatial synchronizations are more difficult to fulfill for
a = 90°, which results in the reduction of the photon yield. In
Fig. 1(d), the temporal profile of the scattered photons shows
that the X-ray pulse duration remains nearly unchanged for
both cases, which is coincident with the results of Eq. (5) un-

der the ultrashort laser—electron interaction case.

From Fig. 1, it can be concluded that, with such param-
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eters, the photon emittance and energy spread are too large to
limit the practical application. To overcome this shortcom-
ing, the electron beam parameters are optimized to reduce
the photon emittance according to our previous study on the
electron parameters.*®! The optimized results are shown in
Fig. 2. Compared with Fig. 1, the scattered photons shown
in Figs. 2(a) and 2(b) emit within a smaller angular range of
20 mrad. It is also clear that for a certain scattering angle, the
photons distribute in two regions with different energies cor-
responding to n = 1 and 2 in Eq. (4), where the upper region
possesses nearly twice the energy of the other. For the opti-
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mized electron parameters, the energy spectrum in Fig. 2(c)
shows peaks around 70 keV for o = 180° and around 30 keV
for o¢ =90°, which may be applied as a monochromatic X-ray
source.

The X-ray pulse parameters deeply depend on both the
electron and the laser parameters. The contributions of
the electron parameters have been analyzed in our previous
work, 401 5o for the purpose of a further investigation, the sim-
ulation results for different laser parameters are presented here
in Figs. 3-5. For concision, only the cases with o = 180° are

presented here.
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Fig. 2. (color online) Simulation results for optimized laser and electron parameters. The electron energy spread and emittance
are reduced to 2% and 0.03 mm-mrad, respectively. To gain a higher yield, the laser intensity is shifted to 2.169x 10'® W/cm?2,
corresponding to ag = 1. Other parameters are the same as those in Fig. 1. Panels (a)-(d) show the corresponding figures of Fig. 1.

At first, the simulation results for different laser wave-
lengths are presented in Fig. 3. For a certain laser system, it
is reasonable to fix its pulse energy to a certain value in the
simulation, so the different wavelength will lead to different
ap (seeing Eq. (1)) and wy. As a result of a lower ag, the sup-
pression of the nonlinear Thomson scattering and the increase
of the scattered photon energy can be obtained for a shorter
laser wavelength. From Figs. 3(a)-3(c), the nonlinear scat-
tered photons corresponding to n = 2 vanish gradually and the
maximum photon energy extends from 40 keV to 80 keV.

Then let us consider the simulation results for different

laser pulse durations shown in Fig. 4. Similar to Fig. 3, for
a fixed pulse energy, different pulse duration will lead to dif-
ferent ag, also resulting in the suppression of the nonlinear
Thomson scattering and a similar photon angular distribution.
But in Figs. 4(a) and 4(b), the photon energy obtains a slightly
blueshift with the increase of the pulse duration, which can be
explained as the contribution of the decreased a% term in the
denominator of Eq. (4). For a longer laser duration in Fig. 4(c),
the photon angular distribution is nearly the same as that in
Fig. 4(b) because of the total vanishing of the nonlinear ef-
fects.
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Fig. 3. (color online) (a)—(c) Photon angular distributions for different laser wavelengths and (d) the energy spectra for the optimized
laser and electron parameters similar to Fig. 2. Three laser wavelengths (800 nm, 533 nm, 400 nm) are used.
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Fig. 4. (color online) (a)—(c) Photon angular distributions for different laser pulse durations and (d) the energy spectra. The parameters
are the same as those in Fig. 3, except the laser wavelength is 800 nm and the laser duration is increased from 30 fs to 1 ps.

When the laser is focused into different spot sizes, the  related to its waist @yger

corresponding laser intensity, initial photon emittance, and in- A

6laser =

teraction region are different, leading to more complex results T Olaser

(6)

as shown in Fig. 5. The laser far-field emission angle O, is ~ where A is the laser wavelength and 7 is the refractive index.
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Usually the laser spot size is equal to its waist. In Fig. 5(a),
the laser spot size is a small value of 5 um, leading to a small
interaction region, a high laser intensity, and a large collision
angle . In such case, the nonlinear Thomson scattering can-
not be ignored, leading to several regions with different en-
ergies for a certain angle. Furthermore, for electrons with a
certain emission angle, the large collision angle a will lead to
scattered photons with a wide angular distribution and a large
energy spread. It can be seen more clearly from the dotted line
in Fig. 5(d) that the energy spectrum for 6 = 5 pum is similar

0,/mrad

0,/mrad

| | N
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to a negative exponential distribution and the peak structure
around tens of keV disappears. For a larger spot size, e.g.,
o =40 um in Fig. 5(c), the scattered photons distribute with
narrower angle and energy spread, with a visible peak around
35 keV. However the disadvantage of the larger spot size is that
the total photon yield is lower than that in the small spot case.
So a moderate laser spot size is needed to balance the pho-
ton yield and the angular distribution. Under our simulation

parameters, ¢ = 26 wum is a suitable laser spot size.
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Fig. 5. (color online) (a)—(c) Photon angular distributions for different laser spot sizes and (d) the energy spectra. The parameters are
the same as those in Fig. 3, except the laser wavelength is 800 nm and the laser waist is altered from 5 pum to 40 pum.

4. Conclusion and outlook

In summary, for the purpose of obtaining an optimized
all-optical Thomson scattering source, we have studied the en-
ergy spectra, angular distributions, and time profiles of the
scattered photons produced by an all-optical Thomson scat-
tering X-ray source through numerical simulations based on
the parameters of the SILEX-I system and the previous exper-
iment results of laser wakefield electron acceleration on that
system. The numerical simulations show that X-ray pulses
with a duration of tens of femtoseconds can be produced. But
for the electrons with a large emittance and a wide energy
spread, the scattered photons possess a wide angular distribu-
tion and a large energy spread. Optimizations are made based
on such results and our previous studies for different electron
parameters. Using the optimized electron parameters, X-ray

photons with a narrower angular distribution and a smaller en-
ergy spread can be obtained.

Furthermore, the influences of the laser parameters are
also studied, which show the suppression of the nonlinear
Thomson scattering with the increases of the laser frequency,
the pulse length, and the spot size. A larger laser spot size will
lead to X-ray pulses with a smaller angular distribution, a nar-
rower energy spread, and a visible peak in the spectrum, but
the total photon yield is lower than that in the small spot case.
So under our simulation parameters, ¢ = 26 pum is a suitable
laser spot size.

Only the angular distribution, energy spectra, and time
profiles of the scattered photons for different laser and electron
parameters are presented here. The simulation results and the-

oretical explanation for the photon yield and brightness under
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different interaction angles and different laser—electron time

delays will be conducted in our future work.
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