Quantum Electronics 40 (4) 355-362 (2010)

©2010 Kvantovaya Elektronika and Turpion Ltd

PACS numbers: 07.85.Fv; 42.65.Re; 52.50.Jm; 52.50.Jm; 52.38.Ph
DOI: 10.1070/QE2010v040n04ABEH014272

Simulation of generation of bremsstrahlung gamma quanta
upon irradiation of thin metal films by ultra-intense

femtosecond laser pulses

S.N. Andreev, S.G. Garanin, A.A. Rukhadze, V.P. Tarakanov, B.P. Yakutov

Abstract. We report the results of simulations of generation
of bremsstrahlung gamma quanta upon irradiation of a thin-
film metal target by ultra-intense femtosecond laser pulses. It
is shown by the example of a thin gold target that the mean
electron energy is twenty five times higher than the mean
energy of gamma quanta generated by them. A simple
approximating formula is proposed, which establishes a one-
to-one relation between these quantities. The angular
distributions of electrons and gamma quanta are studied. It
is shown that only the angular distribution of high-energy
gamma quanta repeats the angular distribution of the
electrons leaving the target.
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1. Introduction

Laser plasma produced upon irradiation of a solid-state
target by ultra-intense femto-/picosecond laser pulses is a
source of hard gamma radiation. Laser-plasma sources of
gamma radiation possess unique characteristics (high
spectral brightness, micron dimensions of the radiation
source, picosecond pulse duration, narrow gamma-radia-
tion directivity) due to which they can be used in such
applications as radiography [1], production of short-lived
isotopes [2], deactivation of radioactive waste [2, 3], etc.
Detailed investigation of the properties of gamma-radiation
sources is also required to ensure radiation safety of the
personnel working on high-power femto-/picosecond laser
facilities [4, 5].

One of the main mechanisms of gamma-quanta gen-
eration upon irradiation of solid-state targets by ultra-
intense femtosecond laser pulses is the bremsstrahlung of
electrons accelerated to the relativistic velocities in the case
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of their Coulomb scattering from the target nuclei. Different
characteristics of the fast-electron bremsstrahlung in laser
plasma have been the object of research for a long time
because, on the one hand, the experimental methods for
detecting gamma quanta are well elaborated and available
and, on the other hand, bremsstrahlung contains extensive
information on processes proceeding in plasma.

In papers [6—10], the fast-electron temperature 7}, was
determined in laser plasma by the measured power spectrum
of bremsstrahlung gamma quanta. For this purpose, the
obtained spectral dependences were approximated by the
exponential function with the slope of which the corre-
sponding temperatures 7}, were calculated in the logarithmic
scale. The authors of paper [6] noted however that the slope
of the spectral curve significantly changes with increasing
the gamma-quanta energy, thus showing a noticeable
increase in temperature 7;, at higher gamma-quanta ener-
gies. This, according to [6], indicates the non-Maxwellian
character of the distribution function of the fast electrons
over the energies.

It was pointed out in paper [11] that the above procedure
for determining the fast-electron temperature in laser
plasma is incorrect: the temperature of the bremsstrahlung
gamma quanta calculated by the slope of the spectral curve
in the logarithmic scale can be significantly smaller than the
fast-electron temperature. The authors of [11] also note that
the intensity of gamma-quanta radiation has a pronounced
angular dependence; therefore, the observation angle of
gamma quanta determines their spectrum and, hence,
temperature. Thus, extreme caution should be used in
determining the angular distribution parameters of incident
electrons from the experimentally measured bremsstrahlung
spectrum [11].

The angular distribution of the bremsstrahlung gamma
quanta in laser plasma significantly depends both on the
laser pulse parameters and on the properties of the
irradiated target. For example, it was obtained in [11]
that in the case of oblique irradiation of a 3-mm-thick
lead target by a picosecond laser pulse of intensity
10" W em™2, the angular distribution of gamma quanta
has a maximum in the propagation direction of the laser
pulse. It was found in [7] that when a 60-fs laser pulse of
intensity 5 x 10'® W cm ™~ irradiates a 1-mm-thick tantalum
target, the bremsstrahlung of weakly relativistic electrons
(the gamma-quanta energy does not exceed 0.5 MeV) is
almost isotropic and gamma quanta with the energies above
0.5 MeV propagate mainly in the direction of specular
reflection of the laser pulse (the angle of incidence of the
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laser pulse on the target was 45°). It was determined in
paper [4] that in the case of oblique (the angle of incidence is
45°) irradiation of a 10-mm-thick copper target by a 45-fs
laser pulse of intensity 1.3 x 10'® W cm™2, the angular
distribution of gamma quanta has a maximum in the
direction of the normal to the target surface. Analysis of
the experimental data allowed the authors of [4] to reveal the
presence of two gamma-radiation sources: the first one was
on the irradiated surface of the target and the second one,
formed by high-energy electron beam, was on the vacuum-
chamber wall in the direction of the normal to the target.

To interpret theoretically the experiments on generation
of bremsstrahlung gamma quanta during ultra-intense laser
pulses interact with matter, many authors (see, for example,
[5=7, 11, 12]) used the approach involving two stages. First,
they determined {for example with the help of the particle-
in-cell (PIC) method [5]} the distribution function of high-
energy electrons produced during the interaction of a laser
pulse with the target material, which was then used in
Monte Carlo simulations describing the electron propaga-
tion in the target volume and bremsstrahlung generation.
The authors of papers [11, 12] noted that the main dis-
advantage of this approach is the absence of self-consistency
with the electromagnetic field appearing during the prop-
agation of high-energy electrons in the target volume.

Papers [13—15], devoted to the theoretical investigation
of gamma-quanta generation during the interaction of ultra-
intense femtosecond laser pulses with a solid-state target,
employed the PIC-code with an integrated module for
calculating the process of bremsstrahlung gamma-quanta
generation by the Monte Carlo method.

Paper [13] used the one-dimensional variant of this PIC-
code to simulate, in a broad range of intensities, the
interaction of laser pulses with carbon films in the case
of normal incidence. It was found that gamma quanta with
the energy above 100 keV emit strictly in the direction of the
laser pulse propagation. At the same time, the azimuth
distribution of gamma quanta proves virtually isotropic.
Comparison of electron and gamma-quanta spectra at the
laser pulse intensity of 2 x 10 W cm™? showed that the
temperature calculated by the gamma-quanta spectrum
(1.5 MeV) significantly exceeds the hot-electron temperature
(870 keV). Note that this surprising result caused possibly
by the model one-dimensionality was not adequately
explained in this paper. It was also shown in [13] that at
a lower laser pulse intensity (5 x 10'® W ¢cm™2) both temper-
atures virtually coincide.

The authors of [13] in their next papers [14, 15] studied
theoretically the angular distribution of gamma-quanta in
the case of oblique incidence of laser radiation on the target
by using a two-dimensional variant of the PIC-code
developed by them. It was shown that the angular dis-
tribution of gamma quanta depends on their energy and
correlates substantially with the angular distribution of
accelerated electrons. However, the problem of the corre-
lation of the electron and gamma quanta energy spectra was
not considered in papers [14, 15] and is essentially open.

This paper is devoted to the numerical investigation of
generation of bremsstrahlung gamma quanta upon irradi-
ation of thin-film targets by ultra-intense femtosecond laser
pulses. Simulation was performed with the help of a two-
dimensional xz version of the relativistic electrodynamic
PIC-code KARAT [16] into which a module of bremsstrah-
lung generation was integrated.

2. Mathematical model of bremsstrahlung
generation in the PIC-code KARAT

The mathematical model of the bremsstrahlung generation
module in the PIC-code KARAT is based on the results of
the relativistic theory of electron—nucleus bremsstrahlung
presented in [17, 18].

The expression for the differential cross section do,y of
the electron bremsstrahlung with the initial energy E, on a
nucleus having the charge Z with emission of gamma quanta
in the frequency range from w to @ + dw at angles in the
range from 6 to 6 + d6 to the initial direction of the electron
motion has the form [17]
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where m is the electron mass; ¢ is the speed of light; 7 is
Planck’s constant; o = e? /(hc) is the fine-structure constant;
e is the electron charge; r, = ¢ / (mc?) is the classical radius
of an electron; E, = E,—E, is the scattered electron
energy; E, = hiw 1s the gamma-quanta energy; momentums
of incident (P,) and scattered (P;) electrons are related with
their energies by the expressions

E§ = P¢c? +m?c*, Ef = Pic? +m*c”. 2)
In addition, the following notations are used in (1)
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Integration in expression (1) over the angle 0 in the range
0 — 7 leads to the following expression for the spectral
distribution of the differential cross section of bremsstrah-
lung ([18], § 93):
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The admissible values of gamma-quanta frequencies in
expressions (1) and (4) are limited by the condition
Zez/(th) < 1 imposed on the electron velocity V;: the
electron should not lose almost all its energy (note that at
v, =e? /h the kinetic energy of an electron is equal to the
hydrogen-atom ionisation potential of 13.6 eV).

At the frequency w — 0, the radiation cross section
diverges proportionally to dw/w, which is manifestation of
the general rule, the so-called infrared catastrophe. In this
case, expressions (1) and (4) obtained based on the
perturbation theory prove inapplicable. A more adequate
approach at small w, which takes into account emission of
‘soft’” photons, is not used in the present version of the
gamma-quanta generation module. Instead of it, the min-
imal frequency of gamma quanta generated in the KARAT
code as well as the minimal energy of electrons emitting
gamma quanta are set. By default, the minimal value of w
corresponds to the energy E, iy = fiwpi, = 1.23 keV and
the minimal kinetic energy Kj,, of electrons emitting
gamma quanta is chosen equal to 100 keV.

The gamma-quanta generation module operates by using
the following algorithm. At each time step for each macro-
particle corresponding to an electron, we calculate the
probability of gamma-quanta generation event W =

Ey/h : :
oVon;, where o(Ep) = | dag,, is the total cross section
of electron bremsstrahlung with the energy E,; V, = c[1-
(mcz/Eo)z]l/2 is the velocity of the given electron; #; is the
ion concentration in the simulated plasma at the location
point of the given electron at a given instant. Then, the
calculated probability is compared with a random number y
from the interval 0—1; if it is smaller than this number, we
pass to the next electron. Otherwise, the procedure of
gamma-quanta generation is launched at the location point
of the given electron.

The angle at which a gamma quantum is emitted in the
plane perpendicular to the initial electron momentum, is
assumed uniformly distributed in the range 0 —2m [13].
Therefore, when a gamma quantum is produced, it is
sufficient to determine its energy and the exit angle 0
with respect to the momentum of the initial electron.
The gamma-quantum frequency w at the given energy E
of the incident electron is determined from the integral
equation

w
J deO-il(EO) =X

Dmin

where y, is a random number from the range 0— 1. Finally,
the exit angle 0 at the given E, and /iw is found from the
integral equation

0 b
J do—w()’/J deU’ = X2
0 0

in which y, is a random number from the range 0—1.

After the gamma quantum is emitted, we calculate its
motion before arrival to the boundary of the simulation
region, where its parameters are fixed. Because, the gamma-
quantum generation event is unlikely and does not influence
the plasma energy balance, a simplified model is used for an
incident electron in which it, after emitting a gamma
quantum with the energy E,, keeps on moving in the
same direction but with the energy reduced by E,.

Note that the KARAT code provides a possibility for
artificially increasing the generation probability of brems-
strahlung gamma quanta by introducing an additional
multiplier to expressions (1) and (4).

3. Simulation of generation of bremsstrahlung
gamma quanta during the interaction

of a monoenergetic electron beam

with a plasma target

It is convenient to test the gamma-quanta generation
module when the monoenergetic electron beam interacts
with an immobile plasma target. Because the initial vectors
of the velocities of all the electrons in the beam are
identical, the energy spectrum of gamma quanta appearing
when the electrons in the beam are scattered from the
plasma target, should be proportional to differential
scattering cross section (4), while the angular distribution
of gamma quanta should be proportional to scattering cross
section (1) integrated over its entire frequency range w.

The beam of monoenergetic electrons was directed from
the left boundary of the simulation region of size 30 x 30 cm
(along the x and z axes, respectively) on the plasma target of
size 6 x 10 cm consisting of electrons and protons with the
concentration 2 x 10" em™. We used the multiplier 107 in
expressions (1) and (4) to increase artificially the gamma-
quanta generation probability.

Figure 1 shows the interaction of a beam of electrons
with the kinetic energy K, = E, —mc®> =5 MeV with the
plasma target. One can see that gamma quanta fly apart ata
relatively narrow angle along the direction of the electron-
beam propagation, which corresponds to the ultra-relativ-
istic case (K, > mc?).

x/cm
30

20

—————
T e
" ;’ﬁf—»—;

0 10 20 30
z/cm

Figure 1. Picture of the electron-beam (black arrows) — plasma-target
interaction. Grey arrows show gamma quanta.
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Figure 2 presents energy spectra of gamma quanta
incident on the right boundary of the simulation region
at different initial kinetic electron energies K as well as their
corresponding dependences of scattering cross sections on
the gamma-quantum energy calculated with the help of
expression (4). One can see that the energy spectra coincide
with similar curves in the entire range of gamma-quanta
energies, except the energy near K, at which the electron
transfers almost all its energy to the gamma quantum.

N,,da,, (arb. units)
10°

1074

1073

Figure 2. Energy spectra of gamma quanta at initial kinetic electron
energies Ky =5 (0), 10 (0), and 15 MeV (a), as well as the correspon-
ding dependences of scattering cross sections dg,, on the gamma-quanta
energy calculated by using expression (4) (solid curves); N, is the number
of gamma quanta.

It follows from calculations that the average energy (E,)
of gamma quanta incident on the right boundary of the
simulation region is significantly lower than the electron
energy E,. By using expression (4) we can calculate the
average-over-spectrum energy of a gamma quantum emitted

by an electron with the energy Ej:

Ey/h Ey/h
E) =] hods, / | da.. 5)

Dmin Dmin

which is obviously independent of the nuclear charge Z.
The quantity (E,) calculated by expression (5) depends on
the choice of the minimal gamma-quantum energy E. iy
When using by default the energy E, i, = 1.23 keV in the
KARAT code, expression (5) well approximates in the

energy range 0.01 MeV < K, < 10 MeV by the expression:

(E,) = 0.039K, + 0.016, (6)

where (E,) and K| are taken in MeV.

Figure 3 demonstrates the dependences (E,) on K; at
different E.;,. One can see that the simulation results are
well described by curve (/). Note also that the influence of
the choice of E, ., on (E,) is insignificant: when E, ., is
increased by 100 times, the energy (E,) increases not more
than by 2.5 times.

Figure 4 shows the dependences of scattering cross
section (1) integrated over w on the angle 6 and the
corresponding angular distributions of gamma quanta
incident on the right boundary of the simulation region
at different K. One can see that the calculation results

(E,)/MeV .

0 10 20 30 40 Ky/MeV

Figure 3. Dependences of the average gamma-quanta energy (E,) on the
kinetic electron energy K at E, i, = 1.23 (1), 12.3 (2), and 0.12 keV
(3). Points are the average energy of gamma quanta incident on the right
boundary of the simulation region at E, i, = 1.23 keV.

rather well coincide with theoretical curves in the angle
range 0 < 45°. The discrepancy of the dependences at larger
angles is explained by the fact that in constructing the
angular distribution we took into account only the gamma
quanta incident on the right boundary of the simulation
region.

day, N, (arb. units)
1.0

0.8 [
0.6
04

0.2

0 10 20 30 40 50 60 70

0/deg

Figure 4. Dependences of the scattering cross sections day (solid curves)
and the number of gamma quanta N, (points) incident on the right
boundary of the simulation region on the angle 0 at K, = 5 MeV (/,m)
and 500 keV (2, 0).

Figure 5 presents the dependence of the angle 0,
corresponding to the maximum of the angular distribution
of gamma quanta, on the kinetic incident-electron energy K|
calculated from expression (1). One can see that the angle
between the directions of the incident-electron motion and
the maximum of the angular gamma-quanta distribution
decreases with increasing the kinetic incident-electron
energy and tends to zero, proportionally to K, ' in the
ultra-relativistic limit.

4. Simulation of generation of bremsstrahlung
gamma quanta upon irradiation of gold foil
by a femtosecond laser pulse

The simulation region was a 30 x 30-um rectangle along the
x and z axes, respectively. In both directions, the mesh size
was 43 nm. The total duration of each simulation # was
1 ps.
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Figure 5. Calculated (points) and analytic (solid curve) dependences of
the angle 0., corresponding to the maximum of the angular gamma-
quanta distribution on the kinetic energy K, of the incident electron.

70-fs, 0.91-pum laser pulses with the intensity of
Iy =10 W em™ had a Gaussian profile both in time
and space with a spot size ry = 5 pm with respect to half
an amplitude with a centre at point x = 15 um. The pulse
was ‘started up’ from the left boundary of the simulation
region and propagated in the positive direction of the z axis,
the electric field of the laser pulse lying in the xz plane. The
laser pulse maximum reached the target surface at the
instant ¢ = 150 fs.

The boundary conditions for electric and magnetic fields
on the left (input) and lower (output) boundaries of the
simulation region corresponded to the open boundary
ensuring radiation transfer. On other boundaries of the
simulation region, the boundary conditions corresponded to
the conditions on a perfectly conducting surface. All the
boundaries of the simulation region for macroparticles were
absorbing.

The target was a gold foil (Z = 79) of thickness 0.5 pm
and length 28 um with a centre at a point with the
coordinates x =15 um and z =15 um, rotated by 45°
with respect to the direction of the laser pulse propagation.
The target was simulated in the form of a singly ionised
collisionless plasma consisting of electrons and gold ions
Au’ with the concentration n; = 5.87 x 10> cm™> corre-
sponding to the solid-state density of gold. It is obvious,
however, that multiply ionised atoms will be also produced
at the laser pulse intensity /, = 10" W em™ in a real
experiment. The problem of the influence of the ionisation
degree of the target atoms on the simulation results is
considered below.

In the gamma-quantum generation module, the minimal
value of w corresponded to the energy E, i, = 1.23 keV,
and the minimal kinetic energy Kj,, of electrons emitting
gamma quanta was chosen equal to 100 keV.

We determined the relation between the average enegies
of the electrons and gamma quanta generated by these
electrons at some fixed time by performing the averaging
over the electrons with the energy K > Ky, and all the
gamma quanta residing in the region occupied by the target
(more rigorously — occupied by the gold ions, because the
gamma-quanta generation is possible only in the region
where the density of gold ions is non-zero).

Figure 6 shows the time dependence of the average
kinetic electron energy (K) [curve (/)] and the average
gamma-quanta energy (E,) (points) in the region occupied
by the target. The theoretical time dependence of the energy

(E,) [curve (2)] was obtained from curve (/) by recalculat-
ing expression (5). One can see that curve (2) describes with
good accuracy the behaviour of the average gamma-quanta
energy. Thus, expression (5) [and approximating relation
(6)] establish one-to-one correlation between the average
energies of the electrons and gamma quanta generated by
these electrons and can be used to express one quantity by
another one. It follows from Fig. 6 that the average gamma-
quanta energy is approximately 25 times smaller than the
average electron energy. This result agrees with the assertion
made in paper [11] that the bremsstrahlung gamma-quanta
temperature can be significantly smaller than the fast-
electron temperature.

(K), (E,)/MeV
7

5
3
1

0.3

02

0.1

Figure 6. Time dependences of the average energies of the electrons (K)
(1) and gamma quanta (E,) generated by these electrons (o). Curve (2)
is obtained from curve (/) by recalculating expression (5).

Note that expressions (5) and (6) well describe the
relation between the average energies of the electrons
and gamma quanta generated by these electrons in a
wide range of the laser pulse intensities. Thus, for example,
at the intensity 7, = 10" W ecm ™2, the results of calculations
show that at the instant ¢ = 150 fs the average kinetic
electron energy with K > Ky, is 415 keV. Using expression
(6), we will calculate the average gamma-quanta energy that
proves equal to 31 keV, which satisfactorily agrees with the
value of 24 keV obtained in calculations.

Consider now the problem of the angular distribution of
electrons and gamma quanta generated by them. In calcu-
lating the angular distributions we determined the number
of particles incident on the 6-um-long segment of the
simulation region boundary whose centre is located at a
given angle to the direction of the laser pulse incidence
relative to the target centre.

Figure 7 presents the angular distributions of the elec-
trons, which reached the simulation region within 500 fs and
1 ps. One can see that these distributions have two
pronounced maxima — in the direction of the laser pulse
incidence (180°) and in the direction (259°) close to the
direction of specular reflection of laser radiation from the
target. The presence of the first maximum is caused by
acceleration of the target electrons in the direction of the
laser pulse incidence under the action of V x B component
of the Lorentz force, which becomes determining at the laser
pulse intensitites ~ 10>’ W em™2. The existence of the
second maximum was substantiated in paper [19] and
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Figure 7. Angular distributions of the electrons reaching the boundary of
the simulation region within 500 fs (0) and 1 ps (e). The arrow shows
the direction of the laser pulse propagation and the straight line located
at an angle of 45°, — the target position (N, is the number of electrons).

confirmed in many experimental papers (see, for example,
[20, 21]). The authos of paper [19] point out, in particular,
that °...only ultrarelativistic electrons escape from the
target in the direction close to the specular reflection
direction’.

Note that the curves in Fig. 7 slightly differ from each
other despite the fact that the time intervals during which
the particles were accumulated on the segments of the
simulation region boundary differ twice. This means that
the high-energy electrons can leave the target and reach the
boundary of the simulation region mainly within the first
500 fs (in fact, during the action of the laser pulse on the
target). Within the next 500 fs, only a small number of the
electrons reach the simulation region boundary, while the
majority of them stay near the target; their average energy
decreasing rather slowly (Fig. 6).

Figure 8 shows the trajectories (within the first 500 fs) of
five probe electrons accelerated by the laser pulse up to
different kinetic energies: electron 5 had the minimal energy
of 1.5 MeV, while electron 1 had the maximum energy of
48 MeV. One can see that the electron motion represents a
superposition of vibrational and translational motions along
the target. The trajectories of these electrons fill almost the
entire volume of the target. Frequently changing the
direction while moving along the target, the electron has
a probability of emitting gamma quanta in an arbitrary
direction. For this reason, the angular gamma-quanta
distribution can significantly differ from the angular elec-
tron distribution presented in Fig. 7.

Figure 9 presents the angular distributions of gamma
quanta, which reached the simulation region boundary
within 500 fs and 1 ps. One can see that these distributions
are almost symmetric, their maxima being located at the
angles 11°, 79°, 191°, and 259°. The two first maxima reside
close to the initial direction of laser radiation propagation
and the direction of its specular reflection from the target,
respectively, and correlate with the maxima of the angular
distributions of the fast electrons. As was pointed out above,
the maxima of the angular gamma-quanta distribution in
these directions were observed in experiments, for example,
in papers [7, 11].

x/pum

20

0 10 20 z/um

Figure 8. Trajectories of five probe electrons (1—35) of the target within
500 fs.

90° N, /10" em™!
120° N
415
30° 150°  41.0
// \\ T
f A 40.5
(ﬁ .
0 = .\—} 180°4 0
\ j i
\ o /
{ ] 4 0.5
\
X -
30° 2100 1.0
) 4 1.5
™ -
300° — 240°
270°
Figure 9. Angular distributions of the gamma quanta reaching the

boundary of the simulation region within 500 fs (o) and 1 ps (e). The
arrow shows the direction of the laser pulse propagation and the straight
line located at an angle of 45°, — the target position.

Comparison of the curves in Fig. 9 shows that the
angular gamma-quanta distribution, obtained within the
first 500 fs, almost does not change its shape within the next
500 fs within which the number of gamma quanta reaching
the simulation region boundary increases twice. This is
explained by the fact that the majority of gamma quanta are
generated by relatively low-energy electrons which do not
leave the target during the entire calculation time. Indeed,
the average energy of gamma quanta reaching the simu-
lation region boundary within 1 ps is 186 keV, which
correspond the average electron energy of 4.4 MeV [see
expression (6)]. The trajectory of probe electron 3 with the
average energy of ~ 4 MeV (Fig. 8) is such that this electron
stays within the target.

High-energy gamma quanta generated by the electrons
leaving the simulation region have angular distributions
corresponding to a greater extent to the electron distribu-
tions presented in Fig. 7. Indeed, Fig. 10 demonstrates the
angular distributions of high-energy gamma quanta reach-
ing the simulation region boundary within 500 fs at different
E,. One can see that the both curves are not symmetric as
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90° N, /10" cm™!
12
11
180° 4 0
11
12

270°

Figure 10. Angular distributions of the high-energy gamma quanta
reaching the boundary of the simulation region within 500 fs at E, >
0.89 MeV (@) and E, > 2.67 MeV (0). The arrow shows the direction of
the laser pulse propagation and the straight line located at an angle of
45°, — the target position.

would be the case in Fig. 9. The maxima of the angular
distributions are located at the angles of 191° and 259°, in
agreement with the directions of the maxima in Fig. 7.

Thus, the angular distribution of gamma quanta differs
substantially from that of electrons. However, in the case of
high-energy electrons and gamma quanta, their angular
distributions repeat each other.

In conclusion, we will estimate the ionisation degree of
gold atoms on the target surface by using the model
developed in paper [22] for tunnel ionisation of the atomic
ion in a laser field. According to this model, the probability
of tunnel ionisation of the atomic ion will be close to unity if
its ionisation potential satisies the relation:

3 G\
2 &, ’

Uy < UH( (7

where Uy is the Nth ionisation potential of the atomic ion;
Uy = 13.6 eV is the ionisation potential of the hydrogen
atom; &, = 5.14x 10° Vem™! is the atomic unit of the
electric field strength. According to the calculations, in the
case of the laser pulse action with the intensity [, =
10" W cm ™2, the maximum electric-field amplitude &, on
the frontal surface of the target achieves ~ 10> V .em™!. By
substituting the value &, into expression (7), we obtain
Uy = 598 eV, which corresponds to the gold atom with the
ionisation degree 22 (the potential U,, = 587.1 eV for gold
is calculated by the mean-ion method [23]). The exact
values of the ionisation degree of the target atoms as well as
the distributions of the electron density in the target can be
obtained in simulating the interaction of the laser pulse with
the target taking into account the ionisation kinetics, which
is beyond the framework of the present research. Never-
theless, we will consider the problem of the influence of the
ionisation degree of gold ions on the average energies of the
electrons and gamma quanta generated by these electrons
under assumption that the ionisation degree N is the same
for all the target ions and does not change in time, while the
distribution of the electrons and ions across the target is
uniform at the initial instant.

Figure 11 shows the dependences of the maximal average
energy of electrons [curve (/)] and the average energy of
gamma quanta generated by these electrons [curve (2)] on
the ionisation degree N. The theoretical dependence of the
average gamma-quanta energy [curve (3)] obtained from
curve ( /) by recalculating expression (6), well correspond to
curve (2) (the discrepancy is less than 20 %). One can see
that when the ionisation degree increases, the average
energies of the electrons and gamma quanta decrease
starting saturation at N > 5. This is explained by a decrease
in the absorption length of the laser pulse in the target and,
hence, by a decrease in the region of radiation — electron
interaction with increasing the ionisation degree of plasma.
In this case, the relative number of accelerated electrons and
their average energy decrease. The processes of multiple
ionisation in relativistic laser plasma will be studied in detail
elsewhere.

<K>max’ (E)/MCV
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Figure 11. Dependences of the maximum average energy of the electrons
(K)max (1) and the average energy of the gamma quanta generated by
these electrons (E,) (2) on the ionisation degree N of the target atoms.
Curve (3) was obtained from curve ( /) by recalculating expression (6).
Dashed curves show extrapolation of the curves in the region of larger N.

5. Conclusions

We have simulated the generation of bremsstrahlung
gamma quanta in the case of oblique incidence of ultra-
intense femtosecond laser pulse on a thin-film gold target.
Simulation has been performed by using a two-dimensional
xz version of the relativistic electrodynamic PIC-code
KARAT with the bremsstrahlung generation module. It
is shown that in the case of the thin-film target, the gamma-
quanta energy is twenty five times smaller than the average
energy of the electrons. We have proposed simple
approximating expression (6) establishing a one-to-one
relation between these energies.

We have studied the angular distributions of the
electrons and gamma quanta, which reached the simulation
region boundaries. It has been found that the angular
distributions of the high-energy electrons leaving the target
have two maxima — in the directions of the incidence of the
laser pulse on the target and in the direction of its specular
reflection. Unlike the electrons, the angular gamma-quanta
distribution is symmetric. This is caused by the fact that
many gamma quanta are generated by relatively low-energy
electrons, which do not leave the target during the calcu-
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lation time. Frequently changing the direction when moving
along the target, these electrons have a probability of
emitting gamma quanta in different directions. However,
in the case of high-energy electrons leaving the target and in
the case of high-energy gamma quanta generated by these
electrons, their angular distributions repeat each other.

We have estimated the probable ionisation degree of
target atoms for the laser interaction parameters under
study. We have shown that when the ionisation degree of the
target atoms increases, the average energies of the electrons
and gamma quanta generated by these electrons significantly
decrease.
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