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Energetics of ultraintense laser-matter interactions are strongly characterized by production of large

currents of high energy electrons. We describe recent progress in diagnostics of such electrons and

related processes. We use an Energy Encoded Pin-Hole Camera, a novel X-ray imaging technique based

on single photon detection to investigate generation and transport of such high energy electrons

following the interaction of femtosecond laser pulses with solids at intensities exceeding 5 �1019 W/

cm2. The imaging system was configured to work in a single-photon detection regime to identify the

energy of the X-ray photons and to discriminate among different X-ray emission processes.

& 2010 Published by Elsevier B.V.
1. Introduction

The development of chirped pulse amplification (CPA) lasers
[1,2] has opened a new interaction regime characterized by
ultrashort and ultraintense laser pulses and steep density gradient
plasmas [3]. Recently, most of the applications of laser–plasmas
rely on the efficient production of energetic electrons driven by
the interaction of ultraintense laser pulses with plasmas created
from solids or gases. In fact, in these interaction conditions, laser
energy is efficiently transferred to electrons generating a popula-
tion of so-called fast or hot electrons.

Generation and transport of fast electrons driven by ultra-
intense laser pulses are the key to inertial confinement fusion
(ICF) in the fast ignition (FI) approach [4]. In view of this, a large
effort is ongoing at large and smaller scale high-power laser
laboratories to develop experimental techniques applicable to
fast-ignition relevant experiments and planned future full scale
installations like the European High Power Laser Energy Research
facility (HiPER) [5]. Fast electrons also provide the basic mechan-
ism for emission of Ka ultrashort X-ray pulses [6–8]. Moreover,
fast electrons play a crucial role in laser driven ion acceleration [9]
that has gained considerable attention because of the extremely
diversified potential applications.

In all these experiments fast electron currents are well above
the Alfven limit [10], and therefore transport strongly depends
upon the conductivity of the medium [11] which must support
propagation by supplying a balancing cold electron return
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current. Understanding of these phenomena requires accurate
measurements, mainly based upon imaging and spectroscopy in
the X-ray domain. The process of fast electron generation mainly
takes place near the critical density (the density at which the laser
frequency o0 equals the local plasma frequency ope) surface
[12,13] due to resonance absorption or vacuum heating [14], but
may also arise from collisionless damping of electron plasma
waves generated in the underdense plasma by laser-driven
instabilities. Measurements of the angular distribution of fast
electrons can be used to trace back the process and identify the
originating mechanism as discussed in Ref. [15]. These hot
electrons, with energies ranging from some tens of keV up to
the MeV range, can penetrate the underlying cold target material,
leading to inner shell ionization of the target atoms. Successive
de-excitation of the ionized atoms through radiative transitions
leads to the emission of characteristic K shell lines, in particular
the Ka line. As the production of energetic electrons only occurs
during the laser pulse, in principle, Ka sources with sub-
picosecond pulse duration can be achieved [16]. Extensive
experimental studies on Ka sources were reported by several
groups, regarding X-ray yield measurements [17,18], polarization
dependent laser absorption studies [19,20], spatial [21,22],
temporal [23] characterization of the X-ray emission and the
effect of prepulses on the X-ray conversion efficiency [6,24].

Here we describe an experimental investigation of fast
electron transport in solids irradiated at relativistic laser inten-
sities. Basic diagnostic techniques are briefly presented along with
their limitations, followed by an introduction of single-hit
spectroscopy. Techniques based upon space-resolved spectro-
scopy are introduced in view of their application to both
ultrashort Ka X-ray sources and fast ignition studies. Spectro-
scopy based upon single-photon detection is unveiled as a
2010), doi:10.1016/j.nima.2010.04.145
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complementary technique to well established bent crystal
spectroscopy. Application of this technique to the study of X-ray
fluorescence emission from fast electron propagation in multi-
layer targets is reported and explored as an example case.
2. Basic spectroscopy techniques

Fast electron transport is mainly being investigated in
experiments in which fast electrons, with energies ranging from
some tens of keV up to the MeV range, generated by the laser
interaction at the target surface, penetrate the underlying cold
target material, leading to X-ray emission through fluorescence,
the so-called Ka emission via inner shell ionization of the target
atoms. As a consequence, Ka emission can be considered as a
fundamental diagnostics for these electrons [25,26]. The basic
mechanism behind this process is the dependence of the
fluorescence yield upon the energy of the electrons.

As an example, in Titanium, the cross-section [27] has a
pronounced peak between 10 and 100 keV. Above this value, the
cross-section decreases rapidly, reaching a minimum around
1 MeV and increases logarithmically for relativistic energies.
Similar behaviour is found for different materials making it
possible to estimate the expected response of each target material
to a given energy of the fast electrons. Additionally, complemen-
tary information on the transport of fast electrons may be inferred
from the X-ray Bremsstrahlung emission from the fast electrons
undergoing collisions in the material or deflection due to the
strong, self-generated magnetic fields as discussed in Ref. [28].

From an experimental viewpoint, several techniques are
traditionally employed depending upon the required spectral
and spatial resolution. Recently, schemes based upon grazing
incidence optics have been successfully employed for microscopy
of laser–plasmas in relatively soft X-ray range [29]. Bent Bragg
crystals coupled either to X-ray films or to CCD detectors are
among the mostly used X-ray diagnostics for spectroscopy of
laser-produced plasma X-ray emission. Configurations with
spherical crystals have been successfully used now for several
years for fluorescence emission in fast electron transport experi-
ments [30]. While allowing micrometer-scale spatial resolution to
be achieved, bent crystals in the Bragg configuration suffer from
some important limitations. In general, their use in relativistic
laser–plasma interaction environments is made difficult by noise
issues [31], especially in those configurations requiring short
distances between source, crystal and detector. Another impor-
tant limitation is the small range of Bragg angles typically
available in configurations for 2D monochromatic X-ray imaging.
This is of a key importance when dealing with fluorescence
emission from fast electrons in solids. In fact, the material from
which Ka originates may undergo heating and subsequent
ionization that can result in a spectral blue shift of the observed
Ka line due to the reduced screening effect of the nuclear charge
by the outer electrons due to ionization. This effect may result
in a reduction of the collection efficiency of the spectrometer
whose central wavelength is set on the unshifted fluorescence
wavelength.
Fig. 1. Spectrum of X-ray emission from a 12mm thick Ti foil irradiated at an

intensity of 5� 1017 W=cm2. The spectrum was obtained from accumulation of 30

laser shots (see text for details of the irradiation conditions).
3. The single photon detection technique

The use of CCD detectors in the so-called single-photon regime
for ultrashort and ultraintense laser–plasma X-ray spectroscopy
[7,15], is now being considered in particular in sub-PW or PW
laser interaction regimes [32]. As it is well known, CCD detectors,
while still limited in spatial resolution when compared to X-ray
films, offer a number of advantages such as high linearity,
Please cite this article as: L.A. Gizzi, et al., Nucl. Instr. and Meth. A (
dynamic range and quantum efficiency, as well as, with some
respects, a higher ease-of-use [33]. When used in the single-
photon regime, a CCD detector enables the spectrum of the
impinging X-ray radiation to be obtained without any additional
dispersing device. This is basically due to the fact that each X-ray
photon absorbed in the sensitive layer of the CCD gives rise to a
signal (charge) proportional to the photon energy. Due to the
large number of pixels in a conventional CCD chip, a few laser
shots (ideally one) are required to get an X-ray spectrum in a large
energy interval, with a typical resolution well below 10% in the
energy range from 1 keV to a few tens of keV.

In principle, a CCD detector enables the X-ray spectrum of a
given source to be retrieved, regardless of the X-ray pulse
duration, provided that an average of no more than one photon
hits each pixel. In practice, due to the charge spreading around
neighbouring pixels, the average number of photons per pixel
must be typically much less than 1 [34]. This condition can be
achieved either by increasing the source-to-detector distance or
by placing appropriate filters to attenuate the incident flux on the
CCD to the required level [35]. This technique has recently been
demonstrated to be effective even at high photon energies, up to
around 100 keV [36], making it useful for the study of Brems-
strahlung emission in the ultra-high intensity interaction regime.

The raw image typically consists of a collection of spots (each
with its own shape and signal amplitude) corresponding to a
single photon interaction with the CCD detector. Images are
processed and the charge corresponding to each photon event is
measured and converted in incident photon energy through a
calibration curve obtained using a set of known X-ray photon
energies from both reference radioactive sources and well
characterized laser-driven sources [37]. In order to obtain a full
spectrum using this technique, a large number of frames are
required to reduce the statistical noise. This is typically obtained
via acquisition of data from several laser shots. More recently, due
to the large area and number of pixels available in commercial
CCDs, single shot measurements are becoming possible. The plot
of Fig. 1 shows a typical X-ray spectrum obtained from laser
irradiation of a 12mm thick Ti foil at an intensity of 5�
1017 W=cm2 using the ILIL fs Ti:Sa laser system which delivers
up to 150 mJ in a 65 fs duration pulse. In this case the angle of
incidence was 551 and the CCD (Peltier cooled at �5 3C in this
2010), doi:10.1016/j.nima.2010.04.145
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case) detector was looking at the target from the front side, on the
horizontal plane, at 101 from the target normal axis.

Clearly visible in the spectrum are the Ka and the Kb
components of X-ray emission generated by fast electron
propagation in the substrate of the Ti foil target. Also visible in
the spectrum is a small feature at 2.7 keV due to a small number
of events in which a Ka photon from an excited atom of the Si
substrate of the CCD array escapes from the detector sensitive
area. We observe that since this detection technique is based
upon a position sensitive device (typically a CCD), it also provides
information on the landing position of each X-ray photon.
Therefore, depending on the specific experimental set-up, this
information can be used to recover the angular distribution of
incident X-ray photons or the spatial distribution at the source
position. Our energy encoded pin-hole camera (EEPHC) [38], i.e. a
pin-hole camera coupled to the CCD detector working in single-
hit mode, can therefore be used to obtained full spectral and
spatial information on the X-ray source. A detailed account of the
instrumental aspects of the technique and the first results
obtained with multi-shot operation are given elsewhere [39,40].
Here we focus on the application of this technique to a fast
electron transport experiment in single-shot operation typical of
large (high energy) laser-systems. In particular we report on
recent preliminary results obtained at the Prague Asterix Laser
and at the Petawat Laser at RAL.
4. Single-shot, full spectral resolution X-ray imaging

As anticipated above, the same detection principle discussed in
the previous sections can be applied to the standard pin-hole
camera imaging where the use of small aperture pin-holes
enables energy resolved X-ray image reconstruction of a laser
plasma X-ray source with high spatial resolution. In fact, provided
that the X-ray flux at the image plane is sufficiently low to allow
single-photon identification, one can obtain a full, spectrally
resolved image by collecting a large number of photons, either by
accumulating images over many shots or by collecting many
images simultaneously. The final spatial resolution that can be
achieved with this new kind of technique is set by the pin-hole
aperture (diameter) while the final X-ray contrast of the images is
set by the opacity of the substrate in which the pin-hole is drilled.
For this reason it is of a fundamental importance to have micron-
sized aperture pin-holes on a thick and high Z metal substrate. In
the case of interaction experiments with a 10TW laser system
mentioned above, a 25mm thick substrate of Pt was enough to
Fig. 2. (Left) Ensemble of several hundreds of X-ray images obtained from interaction of

was 4.8 and the detector was filtered with a 6mm thick Al foil plus a 100mm thick plastic

Ti Ka,b photon energy. The image was obtained in the same interaction condition of (lef

regime.
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ensure a good contrast, but for the case of a PW laser system, the
energy of the produced hot electron is higher and requires higher
thickness up to 200mm of metal like W or Pt. This kind of pin-
holes on very thick substrates require a special laser manufactur-
ing technique as described in details in Refs. [41,42]. Another
important feature of large laser system is the low repetition rate,
of the order of 5–10 laser shot/day. In such circumstances it is not
possible to collect the data required for the technique to work
taking hundreds of shots. This situation calls for a single-shot
approach to this diagnostic technique.

The solution presented here was proposed by the ILIL group as
a diagnostic for the experiments of the preparatory phase for the
European HIPER project [43]. This set-up enabled us to collect, in a
single shot, hundreds of single photon images of the plasma X-ray
source. The experimental validation of this single shot diagnostic
was carried out in two experiments at the Prague Asterix Laser
System (PALS) and at the Vulcan Petawatt Laser (RAL). In both
experiments, the technique was successfully used to obtain, for
the first time, a fully spectrally resolved image of the X-ray source.
Basically the idea is to collect several hundreds of images in a
single hit by using a pin-hole array and a large area CCD camera.
4.1. High-energy, long pulse interaction regime

A first use of the energy resolved X-ray imaging working in
single shot regime was carried out at the Asterix laser system in
the PALS facility in Prague. In this case the 100 J, third harmonic
(438 nm) pulses of the iodine laser were focused on target at an
intensity of about 2�1014 W/cm2 at normal incidence. The high
energy content of the laser pulse was enough to give an high flux
of X-rays even in presence of very small aperture pin-holes (about
5mm). Fig. 2 (left) shows the ensemble of several hundreds of
X-ray images obtained in a single shot from interaction with a Ti
foil target and with a geometrical magnification factor of about
4.8. The image was filtered with a 6mm thick Al foil plus 100mm
thick plastic.

The image of Fig. 2 (left) shows the X-ray images at high flux,
i.e. away from the single photon counting regime. In this case only
the overall X-ray source shape can be recovered as in a normal
pin-hole camera while the energy of individual X-ray photons is
lost due to the high flux. Starting from images like this, additional
filtering is needed to reduce the X-ray flux and enter the single
photon counting. Fig. 2 (right) shows the reconstructed X-ray
images at the Ti Ka,b photon energy as obtained in the same
condition of Fig. 2 (left) by adding 90mm of Al. The image has a
a single-shot of the 100 J laser at PALS with a Ti foil. The image magnification factor

foil. (Right) Full X-ray image after reconstruction and selection of X-ray photons at

t), but adding 90mm of Al to reduce the photon flux at the single photon counting
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size of 60� 60mm2 in the object plane. In this case the X-ray
images are indeed in single photon regime and it was possible
to distinguish the energy of single photons on the entire image.
The dimension of the source at the Ti Ka,b photon energy was
measured to be about 30mm. The X-ray spectra were dominated
by the Ka,b fluorescence line of the Ti and no high energy photons
were present because of the relatively low laser intensity of
2�1014 W/cm2 and the relatively short laser wavelength that
contribute to a small value of Il2 and, therefore, to a low hot
electron temperature.
4.2. High energy, short pulse interaction regime.

A second, highly demanding, validation test of the EEPHC
working in single shot regime was carried out at the Vulcan laser
system of the RAL Laboratory (Didcot, UK). In this case two
counter propagating beams were focused on both sides of the
same Ti target. The angles of incidence were 203 for the first beam
of 60 cm in diameter focused with an f/3 off axis parabola on the
front side and 203 for the second beam of 20 cm in diameter
focused with an f/3 off axis parabola on the rear side, the angle
Fig. 3. The utilized set-up for the EEPHC at the Petawat target area, the two beam

directions and CCD angle of view are visible.

Fig. 4. (Left) Full CCD image (shot 090731-003) showing individual X-ray photons from

each pin-hole of the array. (Right) Raw image showing the final result from superpositio

plasma plane.

Please cite this article as: L.A. Gizzi, et al., Nucl. Instr. and Meth. A (
between the opposed beams was therefore 1403. The nominal
focal spot diameter was about 5:5mm in both cases and the pulse
duration was 700 fs FWHM. The total laser energy on both beams
was 350 J. Fig. 3 shows a schematic set-up of the experiment with
the two beam directions and EEPHC angle of view clearly visible.
The CCD used for single photon counting and spectrally resolved
imaging was a large area detector consisting of 4700�2200 pixel
of 20� 20mm2, Peltier cooled at �50 3C and equipped with a
500mm thick Be window.

Because of the ultra-high intensity, high energy electrons are
produced in the interaction which, in turn, generate, via
Bremsstrahlung from interaction with solids surrounding the
target, a large background noise of hard X-rays. Shielding the
EEPHC from this noise was a particularly challenging task for
the ultra-high intensity interaction regime of the Petawatt Laser.
To avoid noise on the CCD, fast electrons must be stopped without
generating high energy Bremsstrahlung. This was done by using
magnets and plastic stoppers along the line of sight of the
detector. Also, to obtain a reasonable X-ray image contrast, a
200mm Pt substrate was necessary for the custom made PHA.
Here we present preliminary results of a shot in which the main
beam had an energy of about 340 J. In this shot the focal position
of the first beam was moved 200mm from the best focus to
balance the intensity on the target for the two counter-propagat-
ing beams.

Fig. 4 (left) shows the full CCD acquired multi-image (shot
090731-003) with the nominal position of each hole superimposed
on the image. Fig. 4 (right) shows the final result from
superposition of all sub-images in a 140�140 pixel window. The
potential of the technique is clearly visible from the images of
Fig. 5 which shows the raw X-ray spectrum where the TiKa
and CuKa emission line are superimposed on a broad high energy
Bremsstrahlung emission. The explanation of the physical
mechanisms responsible for these observations is very complex
and beyond the scope of this work. However, a detailed analysis of
these results shows that very high energy photons originate from a
small central region, most likely corresponding to the region
directly heated by the laser pulse. In contrast, X-ray emission in the
4–10 keV region where, in our case, most of the fluorescence
emission (we recall that the TiKa is 4.5 keV), originates from
peripheral regions, away from the laser irradiated region. This is
most likely due to the combined effect of fast electrons and
self-generated magnetic fields that give rise to the so-called
each image. Superimposed on the image are also visible the reference positions of

n of all sub-images; the image corresponds to a 180� 180mm2 wide region in the

2010), doi:10.1016/j.nima.2010.04.145
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Fig. 5. Raw X-ray spectra where the TiKa and CuKa emission lines are clearly

visible over a broad high energy bremsstrahlung emission.
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fountain effect, in which fast electrons escaping from the target are
pulled back onto the target by the action of magnetic fields
and penetrate in the cold target substrates producing X-ray
fluorescence.

These results show, to our knowledge for the first time, that
the X-ray single photon counting mode can be combined with a
pin-hole camera concept, extended to a pin-hole camera array
configuration in a new Energy Encoded Pin Hole Camera (EEPHC)
concept. Here we have shown an example in which this EEPHC
was used to acquire information on the different region
characterized by different contributions to the X-ray emission.
5. Summary and conclusions

In summary, we discussed the main issues concerning
experimental investigation of fast-electron transport in solids
irradiated at ultra-high intensity using high-power, femtosecond
laser pulses. Limitations of basic spectroscopic diagnostic techni-
ques based upon well established Bragg crystal spectrometers can
be overcome by a novel experimental technique, the Energy
Encoded Pin Hole Camera (EEPHC), capable of full imaging with
spectral resolution of the X-ray emission from laser irradiated
targets. The technique, based upon a pin-hole camera equipped
with a pin-hole array and a CCD detector operating in the so-
called single-photon regime, allows the image in any given
spectral window in the keV range to be obtained, provided the
X-ray response of the CCD has been previously characterized.
Preliminary results were presented from validation experiments
of the EEPHC for single shot experiments. These results show for
the first time an X-ray image of laser interaction at an intensity
exceeding 1019 W/cm2 from which the different X-ray emission
regions dominated either by direct laser irradiation or by X-ray
fluorescence due to fast electron energy deposition can be
identified.
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J.L. Fuegeas, X. Rybeire, A. Schiavi, G. Schurtz, J. Breil, Ph. Nicolaı̈, Nuclear
Fusion 49 (2009) 055008 (7pp).

[6] A. Rousse, P. Audebert, J.P. Geindre, F. Fallies, J.C. Gauthier, A. Mysyrowicz,
G. Grillon, A. Antonetti, Phys. Rev. E 50 (1994) 2200.

[7] L.A. Gizzi, A. Giulietti, D. Giulietti, P. Audebert, S. Bastiani, J.P. Geindre,
A. Mysyrowicz, Phys. Rev. Lett. 76 (1996) 2278.

[8] L.A. Gizzi, A. Giulietti, D. Giulietti, P. Köster, L. Labate, T. Levato, F. Zamponi,
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