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Effect of a prepulse on the efficiency of gamma-ray generation
by a relativistic laser pulse obliquely incident on a planar target

D.A. Serebryakov, E.N. Nerush

Abstract. This paper examines the effect of a density gradient pro-
duced in a target by a prepulse on the efficiency of synchrotron
gamma-ray generation by a laser pulse with an intensity of the
order of 102 to 102> W cm2 obliquely incident on a planar target.
We demonstrate that the gamma-ray and hard X-ray generation
efficiency and the fraction of absorbed laser pulse energy can
exceed those in the case of a uniform target with a sharp boundary
by a factor of 1.3-2, depending on the angle of incidence. At a
moderately large preplasma size, the optimal angle of incidence is
30°. At a sufficiently large size, normal incidence is optimal.

Keywords: laser—plasma interaction, gamma-ray generation, pre-
pulse.

1. Introduction

Currently, gamma-ray and hard X-ray sources are widely
used in a variety of areas: from medicine to nuclear physics.
Such sources utilise radioactive decay of isotopes, brems-
strahlung resulting from the scattering of relativistic electrons
by nuclei [1], synchrotron radiation from electrons in a mag-
netic field [2] and inverse Compton scattering of laser light by
relativistic electron beams produced in accelerators [3].
Progress in laser technologies and laser—plasma electron
acceleration techniques allows one to avoid the use of conven-
tional electron accelerators and create an all-optical Compton
source of high-energy photons [4] or a laser—plasma betatron
source [5].

In addition, a great deal of attention has recently been
paid to gamma-ray and hard X-ray sources based on the
interaction of laser pulses with solid targets. They became fea-
sible with the advent of ultrahigh-power lasers whose output
intensity has already reached 102> W cm2, and even higher
power laser systems, with expected intensities of the order of
102> W cm™2, are planned to be put into operation in the very
near future [6, 7]. Interacting with matter, electromagnetic
radiation with such intensities almost completely ionises it. At
typical densities of solid targets, a laser pulse is, as a rule, pre-
dominantly reflected from the plasma surface, and high-order
laser harmonics can be efficiently generated on the target sur-
face through the following mechanisms: coherent wake emis-
sion (at nonrelativistic laser field intensities) [8] and a relativ-
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istically oscillating mirror [9, 10]. As a result, attosecond
pulses can be generated on the plasma surface [11]. The maxi-
mum order of harmonics thus generated is limited by the
minimum thickness of the emitting electron layer, which
ensures a maximum harmonic energy of several kiloelectron
volts.

At the same time, in addition to the generation of high
harmonics (of coherent radiation), sufficiently high laser field
intensities (of the order of 10> to 102 W cm™2) lead to signifi-
cant generation of incoherent synchrotron radiation with
photon energies from hundreds of kiloelectron volts to sev-
eral megaelectron volts. The synchrotron radiation power is
proportional to the fourth power of the Lorentz factor of a
moving electron [12], so with increasing field intensity and,
hence, electron energy, an ever-larger fraction of the laser
energy converts into X- and gamma-rays [13, 14]. The high-
energy photon generation efficiency is influenced by not only
the laser light intensity but also target parameters (density,
geometric dimensions, material and others).

One key parameter influencing the interaction process is
the shape of the plasma—vacuum interface. Solid targets are,
as a rule, taken to have a sharp boundary, but under real
experimental conditions even a weak prepulse can produce
some density gradient near the interface. Using numerical
simulation techniques at laser light intensities of the order of
102 to 102> W cm2, Nakamura et al. [15] showed that the
presence of a region with an electron density gradient and a
characteristic thickness of the order of a few microns can
improve gamma-ray generation efficiency. In this paper, we
analyse in detail the effect of density inhomogeneities on
high-energy photon emission in the cases of normal and
oblique incidences of a laser pulse.

2. Description of the interaction process

Characteristics of relativistic laser—plasma interaction are
known to depend strongly on the relationship between the
electron density in the plasma, 7., and the dimensionless laser
field amplitude @, = eE/(mcw), where w = 2mc/A is the centre
frequency of the field; ¢ is the speed of light; and 7 and e > 0
are the electron mass and charge, respectively. A characteris-
tic electron density demarcating different interaction regimes
is the 7, 1, Which is a factor of ¢ higher than the critical den-
sity in a linear approximation: n,, = mw?/(4ne?). If the elec-
tron density exceeds the relativistic critical density, the plasma
is opaque to a laser pulse, and it is predominantly reflected.
Otherwise, the pulse penetrates into the bulk of the target and
is strongly absorbed at a sufficient target thickness. This crite-
rion is approximate: it builds on the fact that the mass of a
relativistic electron exceeds the electron rest mass by a factor



Effect of a prepulse on the efficiency of gamma-ray generation

207

of y (where y =1/v'1 —v*/c? is the relativistic Lorentz factor
of an electron), which is typically of the order of a, for ay >
1. Most of the absorbed energy goes into heating electrons,
which then emit synchrotron X-rays. The ions have no time to
gain considerable energy on a femtosecond timescale, so their
dynamics typically have no qualitative effect on the interac-
tion process. Thus, to maximise the gamma-ray energy yield,
a laser pulse should be absorbed as strongly as possible. To
this end, one should use targets with an electron density no
higher than the relativistic critical one, because otherwise the
gamma-ray generation efficiency will be much lower [16].

In most solids, the electron density in the case of complete
ionisation lies in the range (150—1000)n... Consequently, to
maximise laser pulse absorption in a solid target, a laser pulse
with ay > 150 is needed. There are currently no such lasers
(but this threshold is anticipated to be overcome in the next
decade in ELI facilities [17]). Therefore, to raise the gamma-
ray generation efficiency, the electron density in the plasma
should be reduced. One approach aimed at achieving this is to
use structured targets, such as aerogels and nanowires. Owing
to inhomogeneities in targets, the density of the resulting
plasma can be tens and hundreds of times lower than that of
the solid target material. Such targets are, however, rather
difficult to produce, and density inhomogeneities can qualita-
tively change the interaction process.

Another approach to reducing the electron density in a
plasma is to produce an electron density gradient near the
target surface. When a solid target is exposed to a laser
pulse, a gradient often appears in a natural way, due to the
prepulse. In laser physics, a prepulse is usually thought to
be a parasitic effect, which should be avoided, but in some
instances it can play a positive role. Having a considerably
lower intensity than the main pulse, a prepulse heats up
and partially ionizes the material near the target surface.
At the instant when the main pulse arrives, the heated
plasma may be distributed in space over a region up to sev-
eral tens of microns from the initial position of the target
surface.

The efficiency of laser pulse absorption in a plasma (and,
hence, that of X- and gamma-ray generation) can be improved
not only by optimising the electron density but also by using
obliquely incident p-polarised laser pulses. This approach
allows gamma-ray generation efficiency to be raised by about
a factor of 1.5[18]. It is of interest to examine how the X- and
gamma-ray generation efficiency and laser energy absorption
respond to a combination of an oblique laser pulse incidence
and a plasma density gradient at laser light intensities of the
order of 10?2 to 10> W cm™2. This issue is addressed in this

paper.

3. Numerical simulation

A laser pulse penetrating a plasma layer with a density gradi-
ent experiences relativistic self-focusing, which leads to chan-
nelling of the pulse. As a result, the field intensity at the lead-
ing edge of the laser pulse increases and the electron density
decreases due to the effective ponderomotive force acting on
the electrons. This also influences the high-energy photon
generation efficiency. For this reason, a detailed analysis of
the process requires the use of numerical simulation tech-
niques even in the case of normal incidence of laser pulses.
As shown by Nakamura et al. [15], in the case of normal
incidence a density gradient drastically increases the gener-
ated gamma-ray power. The optimal size of electron density

inhomogeneities, which ensured the highest gamma-ray
power, was about 10 to 15 laser wavelengths. However, even
when the thickness of the layer with a density gradient was a
few laser wavelengths, it ensured a marked increase in laser
pulse absorption and high-energy photon generation effi-
ciency.

To simulate the interaction of relativistic laser radia-
tion with matter, we used a three-dimensional code [19]
implementing the particle-in-cell (PIC) method. The code
includes a module describing high-energy photon emission
using the Monte Carlo method (gamma-ray and hard
X-ray photons whose wavelengths are much smaller than
the grid size are treated as quasiparticles). The photon
emission probability is described by quantum-electrody-
namic formulas (see the ‘alternative’ method in Elkina et
al. [20]), which allows laser —plasma interaction to be simu-
lated with good accuracy in a very wide range of laser field
intensities (up to @y ~ 10000). The high-energy photon gen-
eration process is taken to be completely incoherent,
because the characteristic synchrotron radiation frequen-
Cies, Wgyne ~ ¢y’IR (where R is the local radius of curvature
of the electron trajectory), in the problem under consider-
ation lie in the range corresponding to energies from tens
of kiloelectron volts to several megaelectron volts, and the
emitted photon wavelengths are much shorter than the
spacing between the emitters (which are randomly distrib-
uted in space). The key features of the code were described
in greater detail elsewhere [14, Section 2].

In our numerical simulations, the target had the form of
a 4-um-thick plasma layer with constant electron and ion
densities (in one case) or electron and ion densities linearly
increasing along the x coordinate (in the other case) (the tar-
get was parallel to the yz plane). In the latter case, the target
thickness x, was 4 or 8 um. In the case of the uniform
plasma, the electron density was 40 % to 80% of the relativ-
istic critical density. As shown earlier [18, 21], it is in this
density range that gamma-rays are emitted most efficiently.
In the case of the targets with a density gradient, the maxi-
mum density was 0.9.,,. This was found to be sufficient for
a laser pulse to be almost completely absorbed in the target.
Further raising the maximum density in numerical simula-
tions is unreasonable because this only causes the point
where the electron density is of the order of the relativistic
critical density and around which effective reflection occurs
to shift to the left.

In the first series of numerical experiments, the peak laser
pulse intensity was 8.3x10?! W cm™ (amplitude a, = 55).
Such intensity has been reached to date in many petawatt
laser facilities all over the world [22]. The laser pulse was
p-polarised with a cos’(nx/20,.,) envelope (20, and 20, are the
pulse length and cross-sectional size, respectively), which is a
spatially limited Gaussian envelope approximation. The laser
pulse beam radius o, was 3 um and the pulse duration was
30 fs (o0, = 4.5 um). The centre laser wavelength was A = 1 um.
The angle of incidence of the laser pulse was 0, 18°, 30° or 45°.
The spatial grid size in our numerical simulations was 0.0154
along the x coordinate and 0.14 along the transverse coordi-
nate (the NDFX algorithm for solving Maxwell’s equations
[23] takes the x axis to be a preferential direction), and the
number of particles per cell was two (test simulations with a
smaller grid size and a larger number of particles per cell
showed no significant distinctions between results). Figure 1
shows the electromagnetic field energy density, electron den-
sity, and high-energy photon density distributions obtained in
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numerical simulations for 6 = 30° and x, = 44 at different
instants of time ¢.

The energy characteristics derived from the simulation
are the maximum laser field energy absorption coeffi-
cient,
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Figure 1. (Colour online) Numerical three-dimensional PIC simulation
results for oblique incidence of a laser pulse at gy = 55 on a plasma layer
having a density gradient: electromagnetic field energy density (red co-
lour), electron density (green colour), and high-energy photon density
(blue colour) distributions.

where W4 is the total energy of ‘low-frequency’ electromag-
netic fields (described numerically as waves) in the simulation
region; wyx is the frequency of the high-energy photon
obtained by the Monte Carlo method; and ¢4 is the instant at
which the simulation was ended. The definitions of 4 and 7
differ because the high-energy photon energy is an essentially
monotonic function of time (at the parameters under consid-
eration, the probability of photon absorption by electrons is
negligible). The electromagnetic field energy is a nonmono-
tonic function of time: as a rule, its minimum coincides with
the instant at which the laser light penetrates the plasma to
the maximum depth. It should be noted that one often consid-
ers the laser light absorption coefficient defined as the ratio of
the absorbed energy to the total energy of the radiation at the
end of the simulation. The use of this parameter is more justi-
fied from an experimental point of view, but to accurately
determine it, the simulation time and region should be
increased. Because of this, we think it is possible to measure u
and draw conclusions from the results as to the laser light
absorption.

Figure 2 shows the laser field absorption coefficient 4 and
high-energy photon generation efficiency # as functions of the
angle of incidence 6. The data were obtained for both a target
with a density gradient (x, =44 and 84) and a target uniform
in electron density (densities of 20n. and 40n.,, which corre-
sponds to 0.367¢ and 0.72n, ., respectively). It can be seen
that the presence of a preplasma markedly improves both the
laser pulse absorption efficiency and the X- and gamma-ray
generation efficiency. Note that a smoother density profile
corresponds to higher efficiency.

The dependences of 4 and 5 on the angle 8 of incidence
proved to be nontrivial. For a plasma with no density gradi-
ent and with a 4-um-thick gradient layer, increasing the angle
of incidence to 30° leads to an increase in absorption and
high-energy photon generation efficiency. The optimal angle
of incidence, 6 = 30°, agrees with that obtained previously
[18, 24]. Further increasing 6 reduces the efficiency. In con-
trast, at x, = 8 um the optimal geometry is normal incidence
(6 = 0), whereas at oblique incidence the efficiency is slightly
lower. On the whole, it is worth noting that a density gradient
increases the absorption efficiency by about 30% to 50 %.

The following physical mechanisms may be responsible
for the different () and 7(0) dependences in the cases of
sharp and smooth density profiles. At oblique incidence of a
p-polarised pulse on a sharp plasma boundary, the increase in
absorption efficiency is due to the presence of a laser light
electric field component normal to the surface, E,, which
leads to electron ‘ejection’ from the target surface and more
efficient interaction of the electrons with the laser field [25]. If
the gradient is small (and, hence, the density profile is
smooth), the contribution of this effect decreases. As a result,
oblique incidence is no longer more advantageous than nor-
mal incidence. Note, however, that understanding exact
causes of the change in u(0) and n(0) behaviours requires a
more detailed analysis.

A similar series of numerical simulations was performed
as well for a laser pulse with an amplitude increased by a fac-
tor of 4 (ay = 220, I =1.33x 102 W cm™2) and a proportionally
increased electron density in the target (according to similar-
ity laws [26], this has no effect on laser—plasma interac-
tion). The simulation results [«(6) and 7(6) dependences] are
presented in Fig. 3. Like at ay, = 55, the absorption coefficient
and gamma-ray generation efficiency increase, and the
increase in efficiency at aq = 220 is even larger: the effi-
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Figure 2. (a) Fraction of absorbed laser pulse energy, u, and (b) high-
energy photon generation efficiency, #, as functions of the angle of inci-
dence of a p-polarised laser pulse at @, = 55. The electron density in the
target varies linearly from 0 to 50n, with x, or is constant (at x, = 0).

ciency increases by a factor of 1.5-2 (compared to the target
without a preplasma). It can also be seen that there is no
monotonic decrease in efficiency with increasing 6 at a smooth
density profile, but the difference between the efficiencies at
different angles is not very large. One possible reason for this
is that the magnitude of the gradient dn./dx is a factor of
4 smaller than that in the analogous simulations at a; =
55. It seems likely that, further increasing x, to several tens of
laser wavelengths, we would also observe a change in u(6) and
n(0) behaviours, but the corresponding simulations would
require several times more computational power, more mem-
ory, etc. We plan to examine this case in greater detail in the
future.

When an ultra-intense laser pulse interacts with a plasma,
the synchrotron radiation almost always generates a wide
spectrum of high-energy photons. Figure 4 shows X- and
gamma-ray spectra at ay = 55 and 220. They are typical syn-
chrotron radiation spectra, with a rather broad maximum at
low energies (of the order of tens of kiloelectron volts at ay =
55 and of the order of hundreds of kiloelectron volts to sev-
eral megaelectron volts at g, = 220) and a rather rapid
decrease at higher energies. Thus, placing a boundary between
X- and gamma-rays at 100 keV, we can see that a consider-
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Figure 3. (a) Fraction of absorbed laser pulse energy, 1, and (b) gam-
ma-ray generation efficiency, 7, as functions of the angle of incidence of
a p-polarised laser pulse at a, = 220. The electron density in the target
varies linearly from 0 to 200n, with x, or is constant (at x, = 0).

able fraction of the synchrotron radiation energy at a, = 55 or
most of it at ay = 220 lies in the gamma-ray region. It should
be noted that the shape of the spectrum is essentially indepen-
dent of whether the plasma is uniform or not. Gamma-ray
and hard X-ray sources having a wide spectrum can be useful
in a variety of applications, e.g. in radioactive isotope detec-
tion, flaw detection, etc.
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Figure 4. Typical high-energy photon spectra obtained in numerical
simulations at ¢y = (/) 55 and (2) 220.
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It is also of interest to analyse how gamma-radiation
patterns are influenced by an electron density gradient.
Figure 5 shows radiation patterns in the xy plane (coincid-
ing with the plane of polarisation of the laser pulse) at nor-
mal and oblique (6 = 30°) incidence. It is seen that an elec-
tron density gradient has a weak effect on the shape of the
radiation pattern, which is determined primarily by the
angle of incidence of the laser pulse. At normal incidence,
the radiation pattern is symmetric. At oblique incidence, we
observe a main maximum, in a direction roughly corre-
sponding to the pulse reflection direction, and a side maxi-
mum, along the x axis (normal to the surface). Note that the
gamma-rays form rather narrow beams: their angular width
is about 20° to 30° (the angular spread of a photon pulse
along the z axis, not shown in Fig. 5, also does not exceed
20° to 30°), which makes this regime more attractive for
potential practical applications.

Figure 5. Gamma-radiation patterns in the plane of polarisation of a
laser pulse at ay = 220 for normal and oblique (0 = 30°) incidence at x, =
(1)0,(2)4, and (3) 8 um. Each value in the patterns (at angles from 0
to 2m) is the ratio of the energy emitted in a given direction to that for
isotropic radiation (the contour lines of this ratio are shown by dashed
circles).

4. Conclusions

The present simulation results highlight that, in analysing
the generation of gamma-ray and hard X-rays through the
interaction of laser light of intensity of the order of 10?? to
102 W cm™2 with solid targets, it is important to take into
account plasma density inhomogeneities. In agreement
with previously reported results [15], we have demon-
strated that an electron density gradient in a plasma
improves the synchrotron radiation generation efficiency.
At the same time, the most important result of this study is
that we have determined the laser energy absorption effi-
ciency and high-energy photon generation efficiency as
functions of the angle of incidence of laser radiation at the
intensities in question. In particular, it has been shown
that, at a sharp electron density profile, the optimal angle
of incidence of a p-polarised pulse is & = 30° (as in the case
of a sharp plasma boundary) and that, at a smoother pro-
file, normal incidence may be more attractive from the
viewpoint of high-energy photon generation efficiency. It
seems likely that the nature of the dependence changes
because the Brunel mechanism [25], responsible for the
increase in generation efficiency at oblique incidence on a

sharp plasma boundary, becomes inoperative as the size of
plasma inhomogeneities increases.

Thus, a prepulse can improve the efficiency of gamma-ray
generation through the interaction of laser light of intensity of
the order of 10?2 to 10> W cm™ with solid targets, and the
angle of incidence can be optimised depending on the pre-
pulse power and duration (which influence the electron den-
sity gradient). This is an important result, useful for possible
experiments with real targets.
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