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ABSTRACT The results of an experiment aimed at studying
hot electrons emerging from a target rear side in ultrashort
laser-based Kα sources are described. In particular, forward ac-
celerated fast electrons propagating through a Ti foil are found
to be emitted in a cone perpendicular to the target surface.
The energy of these electrons is estimated as well as their di-
vergence. A comparison of the experimental findings with the
results of a PIC simulation is also reported, aimed at identify-
ing the physical processes responsible for the production of this
forward propagating electron population.

PACS 52.38.-r; 52.38.kd; 52.38.Ph

1 Introduction

Laser-produced plasmas are currently recognized
as one of the most promising ultrashort X-ray sources
(see [1, 2] and references therein). Indeed, the development
of powerful femtosecond laser systems based on the chirped
pulse amplification technique [3] allowed a new interaction
regime to be explored, characterized by high laser intensity
and ultrashort pulse duration, which leads to the production
of X-ray radiation in the keV energy range due to inner shell
transitions in the cold target material [4]. In principle, X-ray
pulses with a duration comparable to the laser pulse duration
and source size comparable to the laser focal spot size can be
achieved [5, 6].

As it is well known, the primary process for X-ray produc-
tion from intense laser irradiation of solids is the generation
of one or more populations of fast, or hot, electrons, hav-
ing energies of the order of some tens to a few hundreds of
keV [7–9]. Several mechanisms can be responsible for the
generation of such electrons (see for example [10] and [11]).
In particular, for the interaction parameters typical of the ex-
perimental regime considered in this paper, resonance absorp-
tion and vacuum heating are expected to be the dominant
conversion processes of laser energy into hot electron kinetic
energy [12–14]. In fact, in the case of p-polarized laser radia-
tion, efficient energy transfer of laser energy to the plasma can
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occur through resonance absorption [15], giving rise to lon-
gitudinal electrostatic electron plasma waves. The subsequent
damping of the plasma wave, occurring through collision-
less processes, leads to the generation of a population of fast
electrons. These energetic electrons can penetrate into the un-
derlying cold target material, where they knock out electrons
preferentially from the inner electronic shells of the atoms
or ions [16, 17]. The radiative transitions of electrons from
the outer shells finally leads to the generation of characteris-
tic K lines. In the presence of very steep density gradients,
the resonance absorption process is less effective and vac-
uum heating [18] can be responsible for the generation of hot
electrons [19].

Since the main characteristics of Kα based ultrashort
X-ray sources, such as photon yields as well as duration and
size, strongly depend upon the production and transport pro-
cesses of the fast electrons in matter, the understanding of
this issue plays a crucial role when laser-plasma based Kα

sources have to be modeled and their applications have to
be considered (see [20] and references therein). In turn, Kα

emission spectroscopy of neutral or partially ionized atoms,
possibly with spatial resolution, can be exploited for study-
ing the fast electron transport through matter with micrometer
resolution [21, 22]. Furthermore, the transport properties of
fast electrons play a major role in the fast ignition approach to
the inertial confinement fusion [23, 24]. In view of these con-
siderations, a major effort has been devoted in the last years
to the study, both theoretical and experimental, of important
physical issues, such as the return current and the influence
of the self-generated electromagnetic fields on the electron
transport [12, 25–27]. From the point of view of applications,
this effort yielded important advances like the generation of
monoenergetic fast electrons produced in ultrashort laser in-
teraction with solids, as demonstrated by recent dedicated
electron diffraction experiments [28, 29].

From an experimental viewpoint, an extensive study of
the energy and angular distribution of the fast electrons has
been carried out in the last few years. In particular, well
defined angular peaks [30, 31], coming from different pro-
cesses [32, 33], were identified in the investigation of fast
electrons emerging from the front side of laser irradiated tar-
gets. Fast electrons propagating forward through the target are
also currently studied [30, 34], to investigate the issues related
to their transport through the solid. This has been done, in par-
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ticular, by looking at the Bremsstrahlung emission of these
electrons during the propagation through the target [31, 35].

In this paper we report on the direct observation of fast
electrons on the rear side of a Ti thin foil irradiated by an ultra-
short laser pulse at a moderate intensity (a = pe/mec � 0.15),
typical of many high repetition rate laboratory Kα sources.
The Kα emission from the target was also monitored. In the
following section an overview of the experimental setup is
given and the basic diagnostics for the detection of the fast
electrons generated in the forward direction is described. The
Kα emission diagnostics are also briefly introduced. The ex-
perimental results are then presented and discussed. A com-
parison with a PIC simulation is also made, followed by a dis-
cussion of the physical processes accounting for the forward
electrons.

2 Experimental setup

A schematic view of the experimental setup is
shown in Fig. 1. The laser pulse is generated by a Ti:Sa system
delivering an energy up to 15 mJ on the target at a repetition
rate of 10 Hz. The FWHM of the temporal profile of the pulse,
measured by means of a second order auto-correlator, is about
65 fs. The pulse is focused using an f/20 lens onto the sur-
face of a 12.5 µm thick Ti foil at an angle of incidence of about
40◦. The target is moved horizontally or vertically to ensure
a fresh interaction surface for each laser pulse in multi-shot
measurements. The size of the focal spot was evaluated by
means of an equivalent plane monitor technique to be of about
15 µm. The Rayleigh length is approximately 400 µm. Con-
sidering these values, the peak intensity on the target can be
estimated to be IL � 5 ×1016 W/cm2. We observe here that
the relatively long Rayleigh length ensures that a plane wave
is interacting with the target, even for small displacements
from the focal spot, so that a well defined laser wavevector
exists whose direction can be safely identified with respect to
that of the detected electrons.

FIGURE 1 Schematic view of the experimental setup

FIGURE 2 X-ray emission spectrum around the cold Ti Kα line. Adjacent
to this line at 4.51 keV, the Kβ line at 4.93 keV is also visible. The broad peak
around 2.7 keV is due to Kα or Kβ escape events

The fast electrons generated during the interaction, and
passing through the Ti foil, were detected by means of a stack
of radiochromic films placed behind the target, at a distance of
about 5 mm from it. The energy and the angular distribution of
the electrons could be retrieved by means of an original recon-
struction algorithm [36] based upon a Montecarlo simulation
employing the CERN library GEANT 4.2.0 [37]. In particu-
lar, two HD810 radiochromic layers were used in our case,
packed in a 12.5 µm Al foil. We observe here that energetic
particles leaving a detectable signal onto the radiochromic
films were identified as electrons since the usage of proton
sensitive CR39 films led to a null result.

The X-ray emission from the Ti target was also analyzed
using a back-illuminated cooled CCD detector placed at about
1 meter from the source. This distance allowed the CCD de-
tector to operate in the so-called single photon regime. As it
is well-known, provided the detector response to different en-
ergy photons is known, this detection technique enables the
spectral properties as well as the incident X-ray flux to be
simultaneously measured [38]. Therefore, a reliable estimate
of the X-ray photon yield without an independent calibra-
tion was possible in our experiment. Figure 2 shows a typical
spectrum of the X-ray emission from our p-polarized laser ir-
radiated target around the Ti Kα line at 4.51 keV. Taking into
account the solid angle of view of the CCD detector and as-
suming an isotropic distribution of the emission, we estimated
that approximately 107 Kα photons per pulse are emitted by
our source.

3 Discussion of the experimental results

The first layer of a couple of radiochromic (rc)
films, shown in Fig. 3, shows the signal obtained from a se-
quence of 100 p-polarized laser shots. A broad spot is visible
in the lower part of the rc film image. According to the geom-
etry of the experiment, the center of this spot corresponds to
the direction of the target normal. Therefore, this spot is due
to the presence of energetic electrons accelerated in this di-
rection and passing through the target. The smaller, darker
spot visible in the upper region, is a marker obtained by fir-
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FIGURE 3 Image of the first (that is, nearest to the target) rc film obtained
from a sequence of 100 p-polarized laser shots

ing a sequence of some shots while keeping the target in the
same position (and thus producing a hole). This marker thus
provides a reference for the direction of the laser beam, at
around 40◦ with respect to the target normal. According to
these considerations, we can conclude that in our experiment
the electrons are emitted forward in the direction perpendicu-
lar to the target plane.

The energy of the electrons forming the broader spot can
be estimated by means of Monte Carlo simulations account-
ing for the energy deposition in each of the rc film layers as
stacked in our experimental conditions. Figure 4 shows the
energy released by an electron in the first two rc layers as
a function of its kinetic energy when leaving the rear side of
the target. According to the plot and taking into account the
detection threshold of the rc films, since no detectable signal
was typically observed in the second layer, an energy of some
tens up to hundreds of keV can be estimated for the electrons
emitted forward and perpendicular to the target surface, which
are responsible for the signal visible in Fig. 3.

As discussed above in Sect. 1, the production of a pop-
ulation of hot electrons is a basic issue in the interaction of

FIGURE 4 Energy released by an electron in each of the first two rc films
in our experimental conditions as a function of the electron kinetic energy.
Calculations are shown based on the Monte Carlo library GEANT 4.2.0 [37]

ultrashort laser pulses with solids. Depending on the domin-
ant mechanism leading to the production of these electrons,
different scaling laws have been proposed for the electron
temperature as a function of the laser intensity, either on the
basis of PIC simulations or based upon experimental data.
In our experiment the hot electron temperature which can
be deduced from the above considerations agrees quite well
with the one proposed in [39]. In that work, the scaling law
Thot � 110(I17)

1/2 keV, where I17 stands for the laser intensity
in units of 1017 W/cm2, has been given, based upon PIC sim-
ulations. In our case, this would give an electron temperature
of about 77 keV. As we will see below, this was also our find-
ing from PIC simulations for the temperature of the electrons
having their momentum in a well-defined cone with respect to
the target normal. A different scaling law has been suggested
in [22], based upon experimental data. In our case, this law
would give a lower electron temperature compared to the ob-
served one.

Beside their temperature, the distribution of the initial
propagation direction of the fast electrons is of a major con-
cern when considering the size of the X-ray emission region
in ultrashort laser-plasma Kα sources. This is a quite complex
task, as it depends upon a number of parameters (see for ex-
ample [40] and references therein).

An estimate of the angular spread of the electrons pass-
ing through the target can be retrieved, neglecting the space-
charge effects of the electron bunch, by considering the size
of the spot produced onto the rc film. By making simple ge-
ometrical considerations, the signal in Fig. 3 gives an aper-
ture angle of 17◦ HWHM for the direction of the observed
electrons.

In order to gain some insights into possible physical
processes responsible for the observed features, 2D simula-
tions were carried out by means of a PIC (particles-in-cell)
code. The initial density map was set according to the re-
sults of hydrodynamics simulations performed using the code
POLLUX [41]. In fact, the hydro-code was used to predict the
properties of the pre-plasma generated by the pedestal (due
to the amplified spontaneous emission) of the main pulse and
low level prepulses. According to these simulations, the dens-
ity scalelength at the critical density layer is expected to be
of the order of the laser wavelength. PIC simulations carried
out using this value of the scalelength at the critical density
show that most of the fast electrons are generated in a thin
layer around the critical surface. Since we are interested here
in the electrons detected at the rear side of the target, we report
in Fig. 5 the energy distribution, as gained by the PIC simula-
tions, of the electrons having the direction of their momentum
in a cone of semi-aperture of 17◦ with respect to the nor-
mal to the target surface. The distribution was fitted using the
sum of two Maxwellian functions, whose resulting tempera-
tures were about 13 and 83 keV. The presence of two different
temperatures for the hot electrons is already known and can
be attributed to different generation processes [19, 42]. Ac-
cording to this fit, a temperature of about 83 keV is expected
for our rear side electrons. As already anticipated above, this
value of temperature agrees with theoretical and numerical
models given in the literature (see for example [19, 42, 43]).
This agreement implies that a major role is played in our ex-
perimental conditions by either the resonance absorption or
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FIGURE 5 Energy distribution of the electrons having their momentum ori-
ented in a cone of semi-aperture of 17◦ with respect to the inward normal to
the target surface, as retrieved by a PIC simulation. The curve resulting from
a fit with the sum of two Maxwellian functions is also shown

the vacuum heating processes. In these circumstances, we also
expect that the process is sensitive to the polarization of the
laser pulse. In fact, although the rippling of the critical sur-
face due to target surface imperfections can account for the
production of hot electrons in the plasma even in the case
of s-polarized laser beams [10], Kα emission yields strongly
depend upon the laser polarization. In addition, the small aper-
ture of our focusing optics and the long Rayleigh length used
in our experiment are expected to enhance the difference be-
tween s and p polarizations. A study of the Kα emission yield
as a function of the laser polarization was carried out by in-
serting a rotating half-wave plate in the beam path before the
focusing lens. The laser system is p-polarized at the exit of
the laser system. By rotating the half-wave plate, the polar-
ization of the laser radiation can be changed continuously
from p to s. In our experiment, the polarization was changed
stepwise from p to s and again to p. For each polarization
configuration, the signal from the CCD detector was consid-
ered as a measure of the Kα emission signal. Figure 6 shows
this signal as a function of the rotation angle of the half-
wave plate. A strong dependence of the X-ray signal on the
polarization of the laser light is clearly visible, being more
than one order of magnitude higher for p-polarized laser light
than for the s-polarized light. This result indicates that the
process playing the dominant role in our experimental con-
figuration is sensitive to the polarization of the laser light, as
expected in the case of resonance absorption or vacuum heat-
ing. A possible way to discriminate between these two effects
is to take into account the fact that a typical signature of res-
onance absorption in these experiments is the generation of
second harmonic emission in the direction of specular reflec-
tion, as previously observed [14]. Although a conclusive study
of optical scattering is still in progress, preliminary observa-
tions indicate that no detectable second harmonic emission
is found in the conditions discussed here. Also, the value of
the scalelength at the critical density predicted by the hydro-
code could be significantly lower than the conservative value
used here. Both of these considerations would make vac-
uum heating the preferred mechanism to explain the observed
features.

FIGURE 6 X-ray emission yield as a function of the polarization angle of
the laser beam. The angle ϑ = 0◦ corresponds to an s-polarized beam and the
angles ϑ = ±90◦ correspond to a p-polarized beam

4 Summary and conclusions

The observation of a population of forward accel-
erated electrons through Ti foils irradiated at an intensity of
about 5 ×1016 W/cm2 has been reported. The electrons were
observed at the rear side of a 12.5 µm thick target by means of
an rc film stack detector. The electron energy and their angular
spread was estimated. The temperature of the observed elec-
trons fits well with previously suggested scaling laws based on
the assumption that the main process responsible for their pro-
duction, in conditions similar to the ones of this experiment, is
resonance absorption or vacuum heating. This was confirmed
in our work by the Kα emission yield dependence on the laser
polarization showing a strong dependence on the polarisation
and with a much higher yield for p-polarized laser light. PIC
simulations carried out on our interaction regime show that
the temperature of the electrons having the same propagation
direction as the ones observed at the rear side of the target is
in quite a good agreement with the one estimated experimen-
tally. The propagation direction of the electrons was found to
be perpendicular to the target surface, i.e. parallel to the ex-
pected plasma density gradient, which also confirms that the
main responsible processes for their production are either the
resonance absorption or the vacuum heating. Additional con-
siderations based upon optical scattering and laser contrast
indicate that vacuum heating may be the most likely to occur.
This study can be useful for the investigation and the opti-
mization of ultrashort laser-based Kα sources, in particular for
those issues related to the hot electrons transport through the
solid target.
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