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Improvement of hot-electron and gamma-ray yields by selecting
preplasma thickness for a target irradiated by a short laser pulse

A.V. Brantov, M.G. Lobok, V.Yu. Bychenkov

Abstract. The dependences of the temperature and the number of
hot electrons on the size of the plasma corona of a thin foil target
irradiated by a short relativistically intense laser pulse are investi-
gated by three-dimensional numerical simulations. For a 30-fs long
laser pulse with an energy of 300 mJ we have determined the opti-
mal preplasma size which maximises the yield of forward-acceler-
ated electrons capable of generating gamma-ray photons several
MeV in energy. A study is made of gamma-ray generation by such
laser-accelerated electrons in the bombardment of a converter tar-
get placed behind the laser target; the brightness of this gamma-ray
source is shown to range up to 10'5 photons s™! mrad? mm=2 x
(0.1% BW)L.

Keywords: gamma-ray radiation, laser pulse of relativistic inten-
sity, three-dimensional simulations.

1. Introduction

The sources of X-ray radiation that make use of laser meth-
ods of electron acceleration have a broad spectrum of poten-
tial applications in medicine, biology, materials science and
security (inspection) systems [1]. The possibility of employing
laser sources has already been demonstrated experimentally
for diagnostic radiology involving a phase-contrast imaging
technique [2], for inspection relying on high-contrast gamma
gamma-ray radiography [3, 4], for the production of medical
isotopes via photonuclear reactions in nuclear medicine [5]
and for the radiography of high-temperature plasmas [1].
Under broad discussion is the feasibility of employing this
X-ray radiation in medicine and biology for three-dimen-
sional pattern reconstruction in the computer tomography
with the use of X-ray photons ranging from 15 to 50 keV in
energy [6], for radiotherapy and radiosurgery with the use of
gamma rays [7]. In the latter case we are dealing with the
replacement of the traditional cobalt 60 isotope gamma-ray
source, which emits gamma-ray photons with energies of 1.17
and 1.33 MeV.
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This work is a continuation of our previous investigations
in the optimisation of laser-plasma targets irradiated by a
femtosecond laser pulse for the purpose of efficient electron
acceleration and production of secondary radiation in the X-
and gamma-ray frequency ranges [8]. The preplasma (corona)
size is the determinative parameter for the production of as
large as possible a number of laser-accelerated electrons with
an energy of several MeV and maximising the hard X-ray
yield. Previously, we showed how lengthening the preplasma
improved the yield of gamma-ray photons with energies
below 1 MeV from the converter target irradiated by laser-
accelerated electrons [8], but the optimal preplasma size was
not determined. In the present work we continue lengthening
the preplasma and find its optimal size, discuss the effect of
preplasma profile on the electron acceleration, and analyse in
detail the secondary hard radiation spectra produced by the
action of a laser-accelerated electron beam on different con-
verter targets.

2. Electron acceleration from targets
with a lengthy plasma corona

The main task of our simulations was the search for the opti-
mal layered target intended for a high-efficiency generation of
an electron beam which penetrates through the target irradi-
ated by a laser beam of relativistic intensity. We study the
electron generation from a foil with a preplasma, or plasma
corona, which may be produced at the front target surface,
because the laser pulse is preceded by a rather long, com-
monly nanosecond-long, prepulse or by a shorter laser pulse
of higher intensity. The employment of both versions permits
controlling the resultant corona parameters. Mention should
be made of Ref. [9] dedicated to the diagnostics of a prelimi-
narily produced preplasma, which permits exerting effect on
the corona parameters by controlling the prepulse intensity
and delay, the target composition, etc.

The simulation of laser radiation—plasma interaction was
performed using the three-dimensional, fully relativistic parti-
cle-in-cell Mandor code [10]. In these three-dimensional simu-
lations, a linearly polarised 30-fs long laser pulse with a
Gaussian temporal intensity distribution was focused onto
the front target surface to a 4-um diameter focal spot with a
Gaussian radial intensity distribution. The peak laser radia-
tion intensity 5 x 10! W cm™! (which corresponds to the
dimensionless laser field amplitude a, = 6 for a wavelength
A =1 um) corresponded to a laser pulse energy of 0.3 J. In all
calculations we considered the normal incidence of the laser
pulse onto a target composed of electrons of mass i, and of
heavy ions of charge Z and mass my; (Zm./m; = 1/3672), the
electron density being equal to 100 times the critical density.
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The preplasma was modelled with a linearly increasing profile
of the electron density, which grew from zero to the critical
electron density n, over a length varied in our simulations
from 10 to 60 um. The thickness of the principal target was
equal to 0.05 um. Along with the linear profile, we also con-
sidered an exponential preplasma profile, n, = 2n.exp(—x/L),
where L = 5 um for a preplasma thickness of 20 um and
10 um for a preplasma thickness of 40 um.

In our three-dimensional simulations, use was made of a
spatial grid step x x y x z=10.02 x 0.05 x 0.05 um, where x (the
longitudinal direction) corresponds to the propagation direc-
tion of a laser pulse polarised in the z-direction. The entire
simulation domain dimension was equal to 20 um in both
transverse directions and was varied from 60 to 100 um in the
longitudinal direction, depending on the preplasma size.
Recorded in the simulations was the spectrum of electrons
escaping into a cone opening angle of 90° behind the target.

The simulation results of electron acceleration from tar-
gets with different linear preplasma profiles are shown in
Fig. 1. One can clearly see that a preplasma length of 20 um
corresponds to the generation of practically the maximum
number of high-energy electrons. Increasing the preplasma
length to 40 um results only in an insignificant growth of the
number and energy of the highest-energy particles. The fur-
ther preplasma lengthening does not entail a gain in energy
and number of accelerated electrons, which is due to deple-
tion of the laser pulse. Therefore, the preplasma with a char-
acteristic thickness of 20—40 um is optimal for the electron
acceleration by a femtosecond laser pulse with an energy of
300 mJ. The spectrum of accelerated electrons, strictly speak-
ing, is not a Maxwellian spectrum with a single temperature.
However, as is evident from Fig. 1, the average accelerated
electron energy (temperature) lies between 5 and 7 MeV. The
total charge of the beam of electrons ejected behind the target
is equal to ~1 nC and its characteristic transverse size is equal
to ~10 um. We note that the preplasma profile has only a
slight effect on the efficiency of particle acceleration. In par-
ticular, it is possible to select an exponential density profile
(Fig. 2) which provides virtually the same number of hot elec-
trons as a linear profile. The highest-energy electrons (40 MeV
or above) fly in the direction of laser beam propagation into
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Figure 1. Spectra of electrons ejected into a cone opening angle of 90°
behind the target by the instant of simulation termination (¢ = 320 fs) in
the irradiation of a 0.05-um thick target with a preplasma with a linear
density profile varying from zero to the critical density over a preplasma
length of (/) 10, (2) 20, (3) 40 and (4) 60 um. The straight lines cor-
respond to Maxwellian distributions with temperatures of (5) 7 and (6)
5 MeV.
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Figure 2. Comparison of the spectra of electrons ejected behind the tar-
get in the irradiation of the target (0.05 um) with a preplasma with a
linear density profile ( /, 2) and a preplasma with an exponential profile
(3, 4), with the preplasma density varying from zero to the critical den-
sity over a length of (7, 3) 20 and (2, 4) 40 um.
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Figure 3. Angular distribution of the electrons ejected behind the target
in the irradiation of the target with a preplasma with a linear density
profile varying from zero to the critical density over a length of 20 pm.
Each contour corresponds to about a five-fold decrease in electron con-
centration.

an angle 6 < 10° (Fig. 3), while the bulk of above-10 MeV
electrons are rather poorly collimated (6 < 40°).

As noted in our previous work [8], the electron accelera-
tion in a corona takes place due to stochastic heating in com-
plex laser-plasma fields, which is caused by the emergence of
a standing laser field, a longitudinal electric field, and the
radial electric field in the plasma channel of the preplasma, as
well as by the development of plasma instabilities.

3. Use of accelerated electron beams
for generating gamma-ray radiation

The electron beams accelerated by a short laser pulse were
used for calculating the production of gamma-rays from the
second target (converter target) placed immediately behind
the laser target. We note that the bremsstrahlung generation
of hard radiation in the corona is heavily suppressed because
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of the low preplasma density and the low ion charge. The pos-
sible collisionless production of hard photons by betatron
radiation [11, 12], which in principle may be significant for a
rather lengthy corona, is insignificant in the case under con-
sideration owing to the relatively small preplasma size.

To analyse the generated gamma-ray radiation, the elec-
trons accelerated in the laser target, which were obtained by
the three-dimensional simulation with the Mandor code, were
employed as input to the GEANT-4 code. The function of the
converter was fulfilled by tantalum, gold and copper foils
400 um and 2 mm in thickness. Our calculations served to
numerically record the gamma-ray radiation transmitted
through the converter as well as backward propagating
gamma-rays (in front of the converter). In addition, we
recorded the transmitted electron flux.

The spectra of the secondary radiation transmitted
through the target are depicted in Fig. 4 for all kinds of con-
verter targets of thickness 2 mm. All characteristic lines of the
metals are readily seen in the low-energy part of the spectrum
(see the inset in Fig. 4). The ‘temperature’ of gamma-ray radi-
ation caused by the bremsstrahlung is independent of the con-
verter target and amounts to 4 MeV in our case. At the same
time, the number of high-energy photons rises with the atomic
number of the converter; for gold and tantalum it turns out to
be higher by about an order of magnitude than for copper. It
is possible to estimate the total energy of gamma-ray radiation
transmitted through the converter target. For the gold target it
amounts to 14.3 uJ, which corresponds to a laser-to-gamma-
ray energy conversion coefficient of ~5 x 10, The use of a
copper target lowers the X-ray radiation energy to 7 uJ.
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Figure 4. Spectra of X-ray radiation from converter targets made of (/)
tantalum, (2) gold and (3) copper irradiated by the electrons which are
accelerated from the target with a preplasma of length 20 um. The con-
verter target thickness was equal to 2 mm. The straight line is the expo-
nential spectrum for a temperature of 4 MeV. The inset shows the low-
energy domain, which exhibits the lines corresponding to the character-
istic radiation.

Figure 5 shows the dependence of the gamma-ray radia-
tion spectrum on the thickness of the gold converter target.
Thinning the target to 400 um results in a lowering of the total
gamma-ray radiation energy to 11 wJ. In this case, the spec-
tral power density in the low-energy part of the spectrum and
the intensity of the characteristic radiation lines become
somewhat higher. At the same time, the characteristic radia-
tion turns out to be even stronger for the backward gamma-
ray radiation from the converter, in whose spectrum the
bremsstrahlung radiation is heavily suppressed (see the curves
in Fig. 5). We emphasise that the low-energy part of the spec-

trum (below 100 keV), which comprises the characteristic
radiation, accounts for an energy of no more than 0.1 wJ. The
pulse duration of the X-ray source depends on the converter
target thickness [13] and amounts to about 7 ps for the 2-mm
thick target; for the target of thickness 400-um it amounts to
only 1.5 ps.
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Figure 5. Spectra of (7, 2) transmitted and (3, 4) reflected X-ray radia-
tion from the gold converter target of thickness (2, 4) 2 mm and (/, 3)
400 um irradiated by the electrons which are accelerated from the target
with a preplasma of size 20 um. The inset shows the low-energy domain
of the hard X-ray spectrum with the lines corresponding to the charac-
teristic radiation.

The angular distribution of the secondary radiation
depends on the photon energy. In the energy domain of about
several MeV it amounts to ~10°. The source coincides in size
with the electron beam, provided the converter target is
located immediately behind the laser target. This permits esti-
mating the gamma-ray source brightness, which amounts to
about 103 photons s™' mrad? mm~=2(0.1% BW) ! at a gamma-
ray photon energy of 0.5-1.5 MeV. As the photon energy
increases to 5 MeV, the source brightness lowers by about
two-fold. We note that the use of a thinner converter target
provides, despite a decrease in the total number of 1-MeV
photons by 20%-30%, a higher source brightness due to a
shortening of the source duration.

To estimate the efficiency of energy transfer from the inci-
dent electron beam, the spectra of electrons transmitted
through the converter target are shown in Fig. 6. One can
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Figure 6. Spectra of the electrons transmitted through targets of thick-
ness (/) 400 um and (2) 2 mm as well as (3) incident electron beam spec-
trum.
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clearly see that a large fraction of the hot electrons, which
account for approximately 60% of the incident beam energy,
are transmitted through the 400-um thick target. Thickening
the target to 2 mm results in a significant decrease in the num-
ber of transmitted electrons and their energy: the transmitted
beam accounts for only 4% of the incident beam energy.
Therefore, a further increase in target thickness would not
entail an appreciable growth of gamma-ray generation effi-
ciency.

4. Conclusions

With the help of three-dimensional numerical simulations we
determined the optimal preplasma size for the efficient elec-
tron acceleration by a femtosecond laser pulse with an energy
of 300 mJ. By optimising the electron acceleration from a tar-
get with a preplasma, as shown here, it is possible to signifi-
cantly increase the number of accelerated electrons and their
energy, thereby improving the laser-to-gamma-ray energy
conversion efficiency by a factor of five in comparison with
the previously studied case of electron acceleration in the pre-
plasma whose length was different from the optimal one
determined here [8]. (We emphasise that an error was made in
Ref. [8] as regards the total number of hard X-ray photons
generated: instead of 4 x 10° one should read 2 x 107 X-ray
photons with energies ranging from 0.1 to 2 MeV.)

Our simulations with the optimal target predict the gen-
eration of 4 x 107 gamma-ray photons with energies ranging
from 0.1 to 15 MeV and a temperature of ~4 MeV. Assuming
the laser operation at a kilohertz repetition rate, this source
may be employed for the radiography of dense static objects
with penetration to a depth of several centimetres. In this
case, the source brightness peaks in the ~1 MeV energy
domain in the forward direction and amounts to 10" pho-
tons s™! mrad~> mm~2(0.1% BW)~!. Consequently, for a laser
with a pulse energy of 30 J one might expect a brightness com-
parable with the brightness of third-generation synchrotrons
at a gamma-ray energy of ~1 MeV.
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