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Simulation of subpicosecond laser-plasma X-ray radiation source
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The issue of optimizing laser-plasma X-ray sources is still relevant. In this context, numerical simulation methods

are very effective. A series of 2d PIC calculations using the EPOCH code were carried out. The laser pulse

duration was 0.7 ps, the peak intensity was 3 · 1020 W/cm2, and silicon foil between 2 and 5 µm thick was used as

a target. The conversion efficiency into the continuous X-ray spectrum was calculated. The results of comparison

of numerical calculations with experimental measurements showed their satisfactory agreement.
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Introduction

The interaction of a high-intensity laser pulse

(IL > 1018 W/cm2) with a solid-state density target leads to

the conversion of significant part of the laser energy (from
a few percent to ∼ 50%) into relativistic electrons [1–3]).
These electrons then propagate deep into the target (or
through the secondary target), where part of their energy is

transferred either into the continuous X-ray spectrum or into

characteristic radiation (through radiative relaxation of the

excited states of atoms [3,4]. In this work, plasma radiation

is considered exclusively in the continuous X-ray spectrum.

Such laser sources can be used for high-resolution X-ray

radiography of dense objects [5–9], absorption spectroscopy

of heated plasma [7, 8] or for characterizing the distribution

of fast electrons [10–14]. In addition, their application for

the initiation of photonuclear reactions [15–19] is extremely

interesting.

The issue of optimizing such laser-plasmasources of X-ray

radiation does not lose its relevance. It should be noted here

that plasma radiation into the continuous spectrum is carried

out by several mechanisms: bremsstrahlung in collisions

of hot electrons with target atoms; radiation arising from

the interaction of relativistic electrons with a strong electro-

magnetic (in particular, laser) field (synchrotron radiation);
generation of high harmonics; cyclotron radiation. Note

that the scientific literature has not developed a unified

terminology for the designation of X-ray radiation arising

from the interaction of electrons with a laser field. If the

laser pulse is circularly polarized and spins the electrons

in a spiral, then the radiation in this case is most often

called cyclotron radiation [20,21]. If a laser pulse with linear

polarization forces electrons to perform predominantly

transverse oscillations (for example, propagating in a plasma

channel, or when a thin wire is irradiated), then the resulting

X-ray radiation is most often called betatron radiation. If

the beam of relativistic electrons is irradiated by laser

pulse going towards them, then the resulting radiation is

called ?inverse Compton scattering?. In the works [12,13]
theoretical estimates for the X-ray emission of electrons in

the field of laser pulse, were obtained. In these works,

the radiation was called synchrotron radiation, or the term

inverse Compton radiation was used as a synonym. In

this work, we follow this terminology and use the term

synchrotron radiation to describe the X-ray radiation arising

from the interaction of relativistic electrons with a strong

electromagnetic field. Note that synchrotron radiation can

be caused not only by the laser field, but also by strong

quasi-static fields that can be induced during the interaction

of the laser with the plasma [14].

Cyclotron radiation, in addition to the circularly polarized

laser pulse, requires special conditions for spinning electrons

in the plasma channel [10] or special targets in the form

of nanotubes [11]. Efficient generation of harmonics in

the X-ray region also requires special conditions [15]. We

consider the interaction of linearly polarized laser pulse

with flat target. In this case, the main contribution to the

generation of X-ray photons in the continuous spectrum

is made by bremsstrahlung and synchrotron radiation.

Conducting experimental studies using petawatt-class laser

systems is a very costly task; therefore, numerical simulation

methods are coming to the fore here. Relatively recently,

codes have appeared that allow self-consistently taking into

account the X-ray radiation of the plasma in the PIC

(particle in cell) calculation: EPOCH [16], OSIRIS [17],
CALDER [18], PICLS [19], and others [20], [21]. In the

works [22–24], the coefficient of conversion of femtosecond

laser pulse into bremsstrahlung and synchrotron radiation

was studied for laser intensities∼ 1023 W/cm2. In [20,25]
a wide range of laser intensities (1019−1024 W/cm2) was

considered. As a result of the study, it was found that the

synchrotron radiation begins to exceed the bremsstrahlung

at intensity ∼ 1022 W/cm2. In the works [26–28], the
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angular distribution of photons with energy > 1MeV as

a function of the target thickness for a laser intensity of

1023 W/cm2 [26,28] and for 1022 W/cm2 [27],was studied.

Note that all the above works considered a femtosecond

laser pulse (30−120 fs). In this paper, X-ray radiation in the

continuous spectrum is considered during the interaction of

the p-field rizovannoth laser radiation (with an intensity of

> 1020 ,W/cm2) sub-picosecond (0.7−1 ps) duration with

flat targets of various thicknesses and for various angles of

incidence of laser radiation. The simulation results are also

compared with experimental measurements obtained at the

Vulkan laser facility [22].

Description of numerical calculation

Series of 2d PIC-calculations were performed using the

EPOCH code. In this code, bremsstrahlung is simulated

using the Monte-Carlo method for elastic and inelastic

scattering [29]. Quantum effects, electron-positron-pair

production, and synchrotron radiation in the EPOCH code

are simulated by quantum electrodynamics methods, also

using the Monte-Carlo method [23,24]. The simulation

parameters were chosen for maximum agreement with the

experiment [22]: the laser pulse had p- polarization, the

intensity on the target was 3 · 1020 W/cm2, laser pulse

duration 0.7 ps (0.7−1 ps in the experiment). In the

experiment, the diameter of the laser spot was ∼ 7µm,

the angle of incidence of laser radiation on the target

was 45◦, the wavelength of laser radiation was 1.054 µm,

in calculated for the case of normal incidence, the spot

diameter was 4.5µm, and for the angle of incidence of

45◦ : 4.5 [µm]/ cos(π/4) ∼ 6.4 µm, wavelength 1µm. The

spatial distribution of the laser pulse was Gaussian, the

distribution in time was super-Gaussian of the 3rd- order

with a width of 0.7 ps. As a target fully ionized silicon

foil of solid density (5 · 1022 ions/cm3) with a thickness of

2 and 5µm was used; two angles of incidence of the laser

pulse on the target were simulated: 0◦ and 45◦ . Since

the laser pulse in this work has a sub-picosecond duration,

it is necessary to set a sufficiently large simulation region

in order to correctly describe the interaction of a laser

pulse with a rapidly heating and expanding plasma. The

modeling area 120 × 120 µm evenly divided into cells was

used in the calculations. Single cell size is 10× 10 nm. To

reduce the noise and numerical heating of the plasma, the

current smoothing algorithm was used in the calculation,

the shape of the macroparticles was prescribed by a 3-

spline. At all boundaries, the simulation region is transparent

to radiation, and if large particles crossed the boundary,

then the code considered that they were reflected from the

wall, while their energy became equal to the initial plasma

temperature (1 eV).
To save computational time, as well as to better describe

the interaction of the laser pulse with the central region of

the target, the target was conventionally divided into several

zones (Fig. 1): the central zone 1 had 50 large particles-ions
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Figure 1. Scheme for numerical simulation.

and 50× 14 large particles-electrons in each cell, the 2

zone had half the number of large particles in each cell

(25 ions and 25 × 14 electrons) and zone 3 had 10 large

particles-ions and 10× 14 large particles-electrons in each

cell, respectively. The spatial dimensions of the zones are

shown in Fig. 1.

Calculation results

Fig. 2, a shows the spectrum of bremsstrahlung and

synchrotron radiation for a target with thickness of 2µm

after the end of calculation (900 fs after the laser pulse

arrives at the target). Fig. 2, b shows the electronic spectrum

for the variant with 5µm-foil and normal incidence of

the laser pulse on the target. The spectrum is plotted

for different times of interaction of the laser pulse with

the target (50−900 fs). Note that due-to the limitation

of computing power, we did not simulate the subsequent

spread and cooling of the plasma; the calculation ends

approximately 50 fs after the end of the interaction of laser

pulse with the target. Fig. 3 shows the time dependence

of the X-ray yield for different photon energy ranges:

1.7 — 3 keV (a), 3−10 keV (b), 0.1−1MeV (c) and

> 1MeV (d). Fig. 4 shows the integral spatial distribution

of the generated X-ray quanta for bremsstrahlung and

synchrotron radiation. It should be noted here that in

order to save computational resources in the PIC-calculation

the passage of X-ray quanta through the target was not

simulated. Coordinates, direction of propagation and energy

were recorded for the generated photons, then they were

removed from the calculation. Absorption was taken into

account by a separate post-processing in the process of

calculating the conversion coefficient. The dependence of

the absorption coefficient on the photon energy was taken

from NIST [30] tables.

It can be seen from Figs 2 and 3 that bremsstrahlung

dominates in the region of low (< 3 keV) and high

(> 1MeV) energies. In the rest of the spectrum region,

the synchrotron radiation dominates. It is also seen from
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Figure 2. (a) Spectrum of bremsstrahlung (blue 1 and black 2 curves) and synchrotron radiation (red 3 and pink 4 curves) for a target

2 thickmum; 1 and 3 is angle of incidence 45◦, 2 and 4 is normal incidence. (b) Energy distribution function of electrons for different

durations of laser pulse interaction with the target: 50 (1), 150 (2), 250 (3), 500 (4) and 900 ,fs (5); target thickness 5 µm, normal

incidence of the laser pulse.
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Figure 3. Time dependence of X-ray photon generation for different energy ranges: 1.7−3 keV (a), 3−10 keV (b), 0.1−1MeV (c)
and > 1MeV (d). The solid lines in the figure indicate the dependencies related to bremsstrahlung, the dashed and dotted lines to

synchrotron radiation. 1, 2 is bremsstrahlung at an angle of incidence of 45◦ onto foil with thicknesses of 5 and 2 µm, respectively; 3, 4 is

bremsstrahlung at normal incidence on a foil 5 and 2µm thick; 5, 7 is synchrotron radiation at normal incidence of laser radiation on a

foil 2 and 5 µm thick; 6, 8 is synchrotron radiation for an angle of incidence 45◦ onto a foil 2 and 5 µm thick, respectively.
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Figure 4. Integral spatial distribution of points of generation of bremsstrahlung (a) and synchrotron (b) quanta up to the end of

simulation (1 ps). Red dots designate photons with energies above 1MeV, blue dots with energies from 0.1 to 1MeV. Target thickness

5 µm, normal incidence of the laser pulse on the target.

Fig. 3 that the time profile of the synchrotron radiation is

approximately two times narrower than the profile of the

laser pulse, and the position of the maximum turns out to

be dependent on the angle of incidence of the laser radiation

on the target: for 45◦, the radiation maximum occurs ap-

proximately 450 fs after the arrival of the laser pulse on the

target, and for normal incidence after ∼ 600 fs. Part of this

delay (∼ 10 fs) is explained by the fact that the laser spot

had a diameter of ∼ 3µm and at 45◦ the target inclination

angle in the simulation region, the leading edge of the laser

pulse reached the target somewhat earlier than in the case

of normal incidence. The rest of the time delay, apparently,

is explained by the peculiarities of the evolution of the

distribution function of hot electrons: efficient generation

of synchrotron radiation requires relativistic electrons, and

for an angle of incidence of 45◦, laser absorption is higher,

and relativistic electrons appear earlier in the plasma.

It can be seen from Fig. 3 that the synchrotron radiation

is tied to the laser pulse, and as it leaves the target, the

generation of synchrotron radiation stops. The efficiency

of generation of synchrotron radiation by a plasma electron

depends [12,13,23,24] on the quantum parameter η:

η =

(

γ

Es

)

∣

∣

∣
E⊥ + β × cB.

Here γ is Lorentz factor for electron, Es is Schwinger

field (Es = 1.3 · 1018 V ·m−1), β = ve/c is electron velocity

normalized to velocity light and E⊥ is electric field strength

perpendicular to the electron motion. Thus, generation

of synchrotron radiation requires relativistic electrons in a

strong electric field perpendicular to their motion and/or in

a strong magnetic field. In the case of a flat target, these

conditions are satisfied in the focusing region of the laser

spot, where major part of the synchrotron radiation is gen-

erated (Fig. 4, b). Note that at the edges of the target (top
and bottom in Fig. 4, b) there are also regions of synchrotron

radiation generation. This is a calculation artifact caused by

the influence of boundary conditions. When the action of

the laser pulse ends, strong electromagnetic fields on the

target quickly disappear, and the generation of synchrotron

radiation stops. It can also be seen from Fig. 3 that the

synchrotron radiation is practically independent of the target

thickness and weakly dependent on the angle of incidence of

the laser pulse on the target: at normal incidence, the peak

power is approximately 1.3 times higher than at an angle of

45◦ . This is due to the fact that during normal incidence,

the area of the laser spot on the target is
√
2 times smaller,

which means that the strength of the laser electromagnetic

field is higher; moreover, in this case, the incident laser

pulse partially interferes with the reflected one, which also

raises the intensity of the laser field [26,27].

The laser pulse generates hot electrons, which then

propagate in the target, where they collide with the

target atoms and spend part of their energy on generating

bremsstrahlung (as well as on ionizing the internal shells of

the target, which leads to the generation of characteristic X-

rays, but this process we are in this article is not considered).
The differential bremsstrahlung cross section in the EPOCH

code is implemented as follows [29]:

dσ
dSγ

=
z 2

β2

1

Eγ

χ(Z, E0, κ).
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Here Z is atomic number of the target material, β is

electron velocity normalized to the speed of light, E0 is elec-

tron energy, Eγ is energy of generated bremsstrahlung pho-

ton, κ = Eγ/E0, χ(Z, E0, κ) is differential scattering cross

section, taken from tables, taken from the GEANT 4 [28]
code. Accordingly, the bremsstrahlung yield is directly pro-

portional to the square of the target atomic number, target

ion density, and the number and energy of hot electrons (in
contrast to synchrotron radiation, which directly depends

on the intensity of the electromagnetic field). It can be

seen from Fig. 3 that the bremsstrahlung intensity strongly

depends on the target thickness, especially in the high-

energy region (Fig. 3, d), for low energies the dependence

on the thickness is slightly less pronounced (Fig. 3, a, b).
This is because the electrons only generate bremsstrahlung

photons when they pass through the target. In the simulated

case of micron-thick foils, the hottest electrons move almost

in a straight line, transit through the target once, and

then fly away from the simulation region (or are carried

away to the chamber walls in the experiment). Less hot

electrons transiting through the target are attracted back by

the Coulomb field of the ion core, and their trajectories

are a superposition of oscillatory and translational motions

along the target [31]. This explains the long afterglow of

bremsstrahlung because after the end of the laser pulse, new

hot electrons cease to form, but the existing ones continue

to circulate over the target. This process is considered in

detail, for example, in the works [31,32]. Experimentally

measured with the help of X-ray electron-optical cameras

with picosecond resolution, the duration of X-ray emission

for femto- and picosecond laser pulses is ∼ 3−10 ps

depending on the laser pulse and target parameters [33–36].
Unfortunately, due to limited computing power, we were

unable to perform PIC-calculations at times ∼ 10 ps in

order to accurately depict the smoothly decaying intensity

of X-ray bremsstrahlung in Fig. 3. This problem can be

circumvented using step-by-step simulation [37,38]: after

the end of the interaction of the laser pulse with the target,

the energy distribution function of electrons is taken and

fed to the input of a numerical code that will calculate

the transport of hot electrons through the target and the

generation of X-rays. This is planned to be done in a future

work.

Table 1−4 shows the coefficient of conversion of laser

radiation energy into X-ray quanta in various energy ranges.

The first column shows the simulation conditions (target
thickness and the angle of incidence of laser radiation on

the target), the second column shows the conversion factor

for bremsstrahlung after simulation is completed, and the

third column shows the conversion factor to synchrotron

radiation. Table 1 also shows the experimentally measured

conversion rate. Experimental measurements of the absolute

yield of X-ray photons were carried out in the range

1.7−3 keV. Laser radiation was incident on the target at

an angle of 45◦, and silicon foil with a thickness of 2 to

10 µm [22] was used as the target.

Table 1. Conversion coefficient in the range 1.7−3 keV

Conditions
Brake

Synchro-
Experiment

simulation throne

0◦, 2µm 1.2 · 10−4 4.0 · 10−5

45◦, 2µm 2.2 · 10−4 4.1 · 10−5 (7.8± 1.4) · 10−4

0◦, 5µm 1.6 · 10−4 3.17 · 10−5

45◦, 5µm 3.1 · 10−4 3.3 · 10−5 (11.2± 0.4) · 10−4

Table 2. Conversion coefficient in the range 3−10 keV

Conditions
Bremsstrahlung Synchrotron

of Simulation

0◦, 2 µm 1.0 · 10−4 1.5 · 10−4

45◦, 2 µm 3.4 · 10−4 1.3 · 10−4

0◦, 5 µm 1.8 · 10−4 1.1 · 10−4

45◦, 5 µm 3.3 · 10−4 1.2 · 10−4

Table 3. Conversion coefficient in the range of 0.1−1MeV

Conditions
Bremsstrahlung Synchrotron

of Simulation

0◦, 2 µm 2.0 · 10−5 2.8 · 10−4

45◦, 2 µm 2.5 · 10−5 1.8 · 10−4

0◦, 5 µm 1.2 · 10−4 3 · 10−4

45◦, 5 µm 3.8 · 10−5 1.9 · 10−4

Table 4. Conversion coefficient in the range of > 1MeV

Conditions
Bremsstrahlung Synchrotron

of Simulation

0◦, 2 µm 1.9 · 10−5 1.0 · 10−5

45◦, 2 µm 2.9 · 10−5 0.70 · 10−5

0◦, 5 µm 9.1 · 10−5 0.97 · 10−5

45◦, 5 µm 7.2 · 10−5 0.77 · 10−5

When comparing the conversion rate with the experi-

mentally measured one, it can be seen that it is about

three times less. On the other hand, as mentioned above,

bremsstrahlung has a long afterglow (∼ 3−10 ps), which

was not taken into account in the PIC-race-pair from for

limited computing resources. Therefore, obviously, the real

conversion factor will be 2−3 times higher, which shows

a fairly good agreement with experimental measurements.

Comparison of the conversion coefficient found in the

PIC-calculation with direct experimental measurements is

of great interest because the X-ray calculation module in

EPOCH is written primarily for relativistic electrons and

photons with energy of > 500 keV. The code can also

simulate low-energy photon radiation, but the accuracy of

the calculations needs to be verified.
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Conclusion

2d PIC-simulation of the interaction of laser radiation

with an intensity of 3 · 1020 W/cm2 and a flat silicon foil,

is carried out. The time dependence of the output of

bremsstrahlung and synchrotron radiation is obtained for

different energy ranges: 1.7−3 keV, 3−10 keV, 0.1−1MeV,

> 1MeV. For these spectral ranges, the coefficient of

laser pulse energy conversion into X-ray quanta was also

determined and compared with the experimentally mea-

sured values from the work [22]. Satisfactory agreement

between the calculated conversion coefficient for the range

1.7−3 keV and the experimentally measured one is shown.
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