
Introduction
The generation of fast electrons during the interaction of
ultraintense and ultrashort laser pulses with solid materials
and the transport of the fast electron beam through matter
is currently studied for its importance in a wide range of
applications, such as the development of ultrashort X-ray
sources [1, 2], proton sources [3] and the Fast Ignition (FI)
scheme for Inertial Confinement Fusion [4, 5].

In the FI scheme such an ultra-high current fast electron
beam is required to travel through an outer low Z plasma
layer in order to deposit its energy in the core of the fusion
pellet, creating a hot spot and such igniting the fuel [5]. A
detailed knowledge of the physical phenomena underlying
the fast electron energy deposition in conditions relevant
to FI is therefore of fundamental importance.

The generation of fast electrons and their transport
through matter has been studied for many years both
experimentally and numerically [6-12]. Previous experiments [13]

indicated enhanced stopping of the fast electron beam in
plastic materials. The contribution to the enhanced
stopping power by physical phenomena dependent on the
atomic number Z, such as instabilities [4], could not be
excluded in these experiments, as conductive and dielectric
target materials with different Z were used.

The joint experiment described here was designed to
address fast electron energy deposition phenomena in
conditions relevant for the FI scheme. Dielectric low Z
(plastic) and mid Z (SiO2) materials and in metallic (Al)
targets were irradiated in the experiment, thus allowing to
distinguish between effects arising from the different
atomic number Z of the target material and those due to
different resistivity of the targets.

Objectives of the experiment and target choice
The idea of the experiment was the investigation of the
transport of the energetic electrons generated during the
laser-matter interaction in the target material, with
particular attention to differences of the electron transport
in conducting/dielectric materials with similar atomic
number Z and in dielectric target materials with different Z.

Therefore, sets of multilayer targets containing a metallic
(Al), a dielectric (SiO2 or plastic) layer respectively, have
been used.

The first set of targets consisted of two layers each. The
laser-irradiated layer was made of Al, SiO2 or plastic of
two different thicknesses (25 µm or 50 µm), while the
second layer, that is the so-called tracer layer, consisted of
1 µm thick Cu. The transverse dimensions of these targets
were some mm2.

The second set of targets, the so-called mass-limited
targets, were made of three layers and had transverse
dimensions of 400 µm × 400 µm. The laser-irradiated layer
was made of Al, SiO2 or plastic respectively, with
thicknesses varying between 1.6 µm and 4 µm. The second
layer, made of 1 µm thick Ni, was the tracer layer and the
last layer consisted of 1 µm thick plastic material.

Experimental setup
The experiment described here was carried out with the
Vulcan Petawatt beam. The laser pulse (λ =1.054 µm) has
a pulse duration of 500 fs and an energy per pulse of
700 J. Throughout the experiment a pulse energy of 450 J
(measured before the compressor gratings) was used in
order to reduce the noise on the diagnostic devices. The
laser beam was focused by means of an f/3 off-axis
parabolic mirror on the target surface. 50% of the energy
was contained in the slightly elliptical focal spot of
6 × 4 µm2 size. The average laser intensity in the focal spot
was therefore about 5 × 1020 W/cm2.

A wide range of diagnostic devices has been set up in the
experiment. A frequency-doubled part of the laser beam
was used as a probe beam for shadowgraphy. The probe
beam direction was parallel to the target surface.

The scattered light emitted during the laser-target
interaction in the reflection direction of the laser light
from the target surface was collected by means of an
optical system and was analyzed with a spectrometer. The
spectrometer was tuned to detect the emission at 3/2ω and
2ω harmonics of the laser radiation to gain information
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about the electron density scalelength and therefore on the
plasma formation before the arrival of the main pulse.

Another optical system collected the radiation emitted
from the rear surface that is, the side opposite to the laser-
irradiated one, of the target foil.

Two X-ray pinhole-cameras equipped with Imaging Plate
detectors were mounted on either side of the target surface.
An Al foil or a similar material was used to stop visible and
infrared radiation. The pinhole diameter was 5 µm and the
magnification was 12.3 +/- 0.4 for the front pinhole camera
and 11.5 +/- 0.4 for the back pinhole camera.

A spherically bent Quartz crystal was used to perform 2D-
imaging with a magnification of about 20 of the Cu Kα
emission (for the thick targets containing Cu) and the Ni
Lyα emission (for the mass-limited targets containig Ni)
respectively. The same spectral range, that is the X-ray
radiation around 8 keV was spectrally resolved by the use
of a spherically bent Mica crystal in FSSR-1D
configuration working in the 11th order of diffraction.
Both these diagnostics were equipped with Imaging Plates
for the detection of the X-rays. The spectral resolution of
the X-ray spectrometer was better than 1/1000.

In some of the experimental shots, in addition to these
diagnostics, forward accelerated electrons and protons
were detected by means of a custom-made detector called
SHEEBA [14]. The detector has been used in direction of
the laser beam as well as in the direction normal to the
target surface.

Preliminary results from the X-ray
measurements
In this section we will describe some preliminary results from
the interaction of the laser pulse with the first set of targets,
the so-called thick targets. These targets consisted of two
layers each. The laser-irradiated layer consisted of Al, SiO2
or plastic material and was 25 µm or 50 µm thick. The rear
side of the targets was coated with a 1 µm thick Cu tracer
layer for spectrally resolved X-ray emission measurements.

First we will present some of the results obtained with the
front and back pinhole cameras and afterwards we will
show results from the Kα measurements.

Figure 1 shows the raw data for the front (the one looking
from the laser-irradiated side) and the back pinhole-camera
respectively. The images have been obtained from the

irradiation of a target with an Al propagation layer of
50 µm thickness. After calculation of the center-of-mass of
the X-ray emission region, the average intensity over the
circle was calculated for each radial distance from the centre
in 10 µm steps. The radial lineouts obtained in this way are
displayed together with a gaussian fit in figures 2 and 3
respectively. The front pinhole-camera image shows an 
X-ray source of about 24 µm FWHM diameter size,
whereas the X-ray source seen with the back pinhole-camera
has a diameter of about 31 µm FWHM. The peak intensity
of the emission is about a factor of 3 less on the back
pinhole-camera with respect to the front pinhole-camera.

Figure 2. Lineout of Fig.1 (left) and Gaussian Fit. Details
see text.

Figure 3. Lineout of Fig.1 (right) and Gaussian Fit. Details
see text.

The Kα radiation originating from the Cu tracer layer has
been characterized with a 2D imaging crystal. In addition,
a bent crystal spectrometer has been used for spectrally
resolved measurements of the X-ray emission around the
same Kα lines at about 8 keV.

In figure 4 the peak intensities of the monochromatic Cu
Kα images obtained with the 2D imaging crystal are
shown for targets with an SiO2 (blue triangles) and an Al
(red circles) propagation layer vs. the propagation layer
thickness. The FWHM source size was measured to be
around 70 µm for all data shots.
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Figure 1. Front (left) and back (right) pinhole camera
images obtained from the irradiation of a layered target
consisting of a 50 µm thick Al propagation layer with a 
1 µm thick Cu coating on the rear surface.



Figure 4. Peak intensity of the Kα emission vs. propagation
layer thickness measured with the 2D monochromatic
imaging crystal. Data obtained from the irradiation of
targets with an Al (red circles) and with an SiO2 (blue
triangles) propagation layer are shown.

The most evident feature in the graph in figure 4 is the
bright Kα radiation detected in some of the experimental
data points obtained from the interaction of the laser
pulse with an SiO2 front layer. The peak intensity of the
Kα line in these data shots is higher by a factor of about 8
with respect to the Kα emission intensity obtained from
the targets with an Al front layer.

The X-ray spectra detected with the bent crystal
spectrometer  show the Kα1-line at 1.5406 Å (8.048 keV)
and the Kα2-line at 1.5444 Å (8.028 keV) originating from
the copper back layer. The intensity ratio of the two
components is about Iα2/Iα1=1/2 as expected [15]. No
continuous radiation was observed in the whole spectral
range diffracted from the crystal.

Discussion
We will now briefly discuss the pinhole camera images and
the Kα measurements.

With respect to the front pinhole camera image, the back
pinhole camera image (figure 1) show less intense X-ray
emission and a larger emission source size (figures 2 and 3).
The X-ray emission observed with the front pinhole camera
is mainly due to plasma emission. The X-ray photon energies
of the plasma emission are expected to be a few keV, e.g. for
a plasma electron temperature of 1.5 keV bremsstrahlung
emission peaks around 3 keV [16]. These X-rays will be
attenuated to a level below the detection threshold of the
back pinhole-camera by the target material itself, as the
transmission for radiation up to 4 keV is at most a few
percent. Therefore the contribution of the plasma emission
to the back pinhole-camera images is negligible.

The radiation detected by the back pinhole camera can
be attributed to bremsstrahlung emission from collisions

of the fast electrons with the target atoms.
Bremsstrahlung from electrons with relativistic energies is
emitted in the direction of the fast electron beam in a
cone with aperture 1/γ, where γ is the relativistic Lorentz
factor of the fast electrons.

The different X-ray source size measured by the front and
the back pinhole camera can therefore be explained by the
fact, that different physical phenomena are at the origin of
the detected X-ray emission.

The Kα measurements presented in the previous section
show an enhancement of Kα line intensity by a factor of
about 8 in some of the experimental data shots on targets
with an SiO2 propagation layer with respect to the Kα
emission intensity obtained from the irradiation of the
targets with an Al front layer.

The Kα radiation is generated by inner shell ionization of
the target atoms in the Cu tracer layer and successive
radiative decay of the atoms in the excited state. The Kα
emission intensity is proportional to the number density of
fast electrons and to the K shell ionization cross section.
The Kα emission detected in the experiment gives
therefore information about the fast electron distribution
function after the transport of the fast electron beam
through the propagation layer.

The fast electron distribution function could not be
measured directly in the experiment. The temperature of
the initial fast electron population expected from the
ponderomotive scaling [17] is around 6.5 MeV for the
average laser intensity 5 × 1020 W/cm2 used in the
experiment. Measurements in previous experiments
indicate [18] a lower fast electron temperature between 1 and
2 MeV and conversion efficiencies between 40 and 50%.

In figure 5 the K shell ionization cross section is shown as a
function of the incoming electron energy. The graph exhibits
a maximum around a few tens of keV. For higher energies the
cross section decreases, having a minimum at around 1 MeV.
For even higher, relativistic energies the K shell ionization
cross section increases again. From the graph in figure 5 it is
evident that a different fast electron temperature after
propagation in the SiO2 layer and in the Al layer respectively
can at most result in an increase of the Kα emission intensity
by a factor of about 3. Therefore, propagation effects, such as
enhanced stopping of the fast electron beam in dielectric
targets cannot completely explain the observed differences.

On the other hand, the interaction conditions at the arrival
of the main laser pulse for the SiO2 target might differ
significantly from those for the Al target due to different
preplasma formation. SiO2 has a high ionization threshold
(around 1012 W/cm2, whereas in metallic materials such as
Al, free electrons are always present and no ionization
threshold exists. Preplasma formation is therefore more
important in Al than in SiO2 and the plasma expansion
before the arrival of the main laser pulse leads to less steep
density gradients for metallic targets.

Clearly, the plasma density profile at the arrival of the
main laser pulse affects the fast electron generation. In
steeper density profiles the skin depth is reduced leading to
less penetration of the electromagnetic fields and thus to
less energetic fast electrons [21]. On the other hand,
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conversion efficiencies might not be effected by the density
profile, thus leading to a higher number of fast electrons in
the case of a steeper density profile. This would result in a
higher Kα emission yield.

Conclusions
We reported on X-ray measurements for the study of fast
electron energy transport in laser-solid interactions on the
Vulcan Petawatt beam.

The back pinhole camera images show a larger X-ray
source size with respect to the front pinhole camera
images. This difference is attributed to the different
physical phenomena at the origin of the X-ray emission
detected by the two pinhole cameras.

Enhanced Kα emission generated by the passage of fast
electrons in the tracer layer after propagation in an SiO2
layer was observed. The possible origin of the
experimental measurements was preliminarly discussed,
taking into account some physical mechanisms occurring
during the fast electron transport and the effect of
different preplasma formation on the two target types.
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Figure 5. K shell ionization cross section in barn for copper as a function of the incoming electron energy in keV. The
experimental data points have been taken from [19] maintaining the same labelling for references therein. The theoretical curve
has been plotted according to the formula given by Quarles [20].


