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Abstract—In this paper, the interaction of 10-TW laser pulses,
focused at moderately relativistic intensity, with a supersonic he-
lium gas-jet has been investigated by varying gas density and jet
nozzle. We have successfully tested several advanced diagnostic
devices to characterize the plasma and the accelerated electron
bunches. Plasma densities have been measured by means of a fem-
tosecond high-resolution interferometer, while the electron beams
were analyzed with a stack of radiochromic films, a beam-profile
monitor, a magnetic spectrometer, and a nuclear activation setup
based on gamma-ray generation via electron bremsstrahlung. We
present the results as well as the basic features and relevant details
of such diagnostics whose performances can fit a large class of
experiments.

Index Terms—Advanced diagnostics, laser—plasma accelera-
tion, plasma measurements.

1. INTRODUCTION

ASER-DRIVEN acceleration of electrons in plasmas was
first proposed by Tajima and Dawson [1] in 1979. Table-
top laser systems based on the chirped-pulse-amplification
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(CPA) technique [2], with pulse duration of tens of femtosec-
onds focused to tight spots capable of producing intensities
greater than 10'® W/cm?, have made electron-acceleration
experiments possible over a wide range of laser and plasma
parameters [3]. In the early experiments, low-quality electron
bunches have been accelerated with a nearly 100% energy
spread [4]-[7]. A breakthrough from several groups reporting
monoenergetic and highly collimated bunches with energies of
hundreds of megaelectronvolts gained with a millimetric path
in gas-jets [8], [9] demonstrated that the increase of the energy
gain, drop of the AE/E, and enhancement of the charge of
relativistic electron bunches is feasible with a careful control
of ultrashort pulses interaction with underdense plasmas. More-
over, with the aid of guiding techniques, energies up to 1 GeV
have been achieved in centimeter-scale setups [11], [12].

The major issues still to be pursued are the stability and the
operational reproducibility, as well as the tunability of the gen-
erated particle bunches in terms of energy, energy spread, col-
limation, and charge, of such systems. Control of the electron
self-injection in the plasma wave has recently been enhanced
experimentally with a counterpropagating pulses technique
[13]. A key task is the in-depth study of the propagation of high-
power laser pulses in plasmas, aimed to optimize the excitement
of large-amplitude plasma waves and the injection of electrons
in regions with accelerating electric field. The laser pulse that
interacts with the target has to be carefully characterized in its
spectrum, energy, and duration. Third-order autocorrelators are
commonly used to evaluate the power-contrast ratio of the CPA
pulse with respect to the pico- and nanosecond pedestals that
likely precede it. The focal spot has to be monitored in order
to guarantee the cleanest spot shape, as the acceleration process
depends critically from the focusing conditions. Spectroscopy
and imaging of the transmitted CPA pulse (i.e., in the forward
direction, as well as in the backward direction and at 90°)
can provide a useful tool in the evaluation of propagation
instabilities. The key plasma parameters have to be measured
with accuracy: in particular, the electron-density distribution
represents one of the most important information concerning
the acceleration scenario. Other optical diagnostic tools widely
employed are Thomson scattering of laser light, shadowgraphy,
and schlieren imaging. Femtosecond interferometry provides a
detailed control of the plasma-electron-density profile produced
by the ultrashort intense pulse and/or its precursors, as will be
described in Section III. Finally, beam-profile monitors, as well
as magnetic spectrometers and integrating current transformers,
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are used to get data on the charge of the electron bunches
accelerated in the laser—plasma interaction.

Several phenomena contribute to make the acceleration
process poorly predictable. The ones that affect the laser propa-
gation in the plasma are currently extensively studied [17]-[20].
A number of groups have reported the production of relativistic
electrons in experiments in which neither the plasma electron
density matched the resonant condition for laser-wakefield
acceleration (LWFA) nor the laser peak power fulfilled the
requirements for the onset of highly nonlinear blowout regime
[8], [21]-[24]. The results obtained in those conditions identify
an interesting regime to be systematically explored, in which
nonlinear phenomena can compensate for the lack of resonant
laser/plasma parameters, enabling the production of electron
bunches with interesting parameters, including total charge,
peak energy, and collimation. The diagnostic tools the exper-
imentalists deal with must then enable a precise tuning of the
interaction conditions in terms of laser-focusing conditions and
target density.

This paper is organized as follows. Section II presents the
setup employed for the experiment, while Section III reports
the results of the interferometric data, in addition with a brief
description of the deconvolution procedure. In Section IV,
the results of electron-bunch characterization are presented,
including the results of the successful nuclear photoactivation
of a 197 Au sample.

II. EXPERIMENT

In this paper, we report on the detailed characterization of a
“laser-into-gas-jet” experiment, for what concerns the plasma
and the electron bunches. We studied the electron acceleration
in plasmas driven by a 10-TW laser pulse. The 65-fs pulse was
delivered by the UHI10 laser system of the SLIC facility at
the CEA Center of Saclay (France) with energy up to 0.8 J at
wavelength of 800 nm. The pulse was focused with an f /5 off-
axis parabolic mirror in a quasi-Gaussian spot of waist wg ~
6 pum with peak intensity of ~ 9-10'® W/cm?, accounting
for a field strength parameter of ag ~ 2. The laser pulse was
focused onto supersonic helium gas-jets flowing out from a
circular nozzle, whose diameter was varied for each series
of measurements. A variety of nozzle diameters from 0.6 to
10 mm were tested during the experiment. For each nozzle, a
variety of helium backing pressures was tested. The supersonic
nature of the gas-jet [25] enabled the production of steep gas
boundaries.

A set of advanced diagnostic has been employed either to
measure the plasma electron density at which the acceleration
process took place or the electron-beam characteristics in terms
of number, energy spectrum, and angular distribution. High-
contrast femtosecond interferometry was employed to measure
the plasma-electron-density distribution. The characterization
of the electron beams was carried out by making use of four
different diagnostics. A Lanex screen was used as beam-profile
monitor, while a magnetic spectrometer supplied shot-to-shot
the electrons’ energy spectrum. The angular distribution and
charge of electrons in the bunch were provided by a set of
radiochromic foils (RCFs) arranged in a stack with different ab-
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Fig. 1. Setup of the interferometer used for the laser—gas-jet experiment.

sorbing materials. Another measurement of the electron-bunch
parameter was eventually performed, exploiting the nuclear
activation of a 19" Au sample by means of the bremsstrahlung
photons produced by the electron beams in a suitable converter.
The obtained results are consistent with each other and confirm
the useful employment of such diagnostics in laser—plasma-
based experiments.

III. CHARACTERIZATION OF THE PLASMA: THE
FEMTOSECOND INTERFEROMETRY

High-visibility fringe patterns obtained with femtosecond
interferometry in the Mach—Zehnder configuration allowed us
to control the plasma-electron-density distributions shot-by-
shot. The optical probing of the plasma was performed with
a fraction of the femtosecond pulse doubled in frequency by a
KDP-Type-I 2-mm-thick crystal. The probe beam propagated
in a perpendicular direction with respect to the main pulse and
the gas flow. By means of an optical delay, it was possible to
vary the delay between the arrival of the main CPA pulse and
the probe pulse. The layout of the interaction chamber including
the interferometer is shown in Fig. 1.

Interferograms have been deconvolved with a fringe-analysis
technique that makes use of a continuous-wavelet-transform
ridge-extraction algorithm to extract the phase-difference map,
evidencing local phase variations with a higher degree of
accuracy than other FFT-based techniques [26]. These phase
maps are then processed with an algorithm that generalizes the
Abel inversion even to distributions that slightly differ from
axial cylindrical symmetry by truncating a Legendre polyno-
mial expansion in the azimuthal angle [27]. Electron-density
distributions are thus accurately retrieved with low noise. Inter-
ferometric patterns have been analyzed with particular attention
to some artifacts in phase-difference maps reconstruction that
can be connected with the transit time of the probe through
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Fig. 2. Interferograms obtained with three different nozzles 19 ps after the
plasma formation. (a) 0.6-mm nozzle at 20-bar helium backing pressure.
(b) 2-mm nozzle at 8-bar He backing pressure. (c) 4-mm nozzle at 20-bar He
backing pressure. The direction of laser propagation is also shown.

the plasma [28], [29]. Interferometry gave us a real-time in-
strument in order to search for the best conditions to achieve
efficient electron acceleration, by allowing us to control, in
detail, the plasma-electron-density distribution for each gas-
jet configuration. In the following, we present data obtained
from nozzles with 0.6-, 2-, and 4-mm diameter, since they
show interesting features linked with relativistic electron-beam
production. Fig. 2 shows the interferograms of the plasmas
produced with the three nozzles earlier, in conditions of backing
pressure and distance from the orifice selected in order to
achieve the best density profile with peak electron density in
the range of 2—3 - 10'° cm™3. Fig. 3 shows the longitudinal
electron-density lineouts of such plasmas [Fig. 3(a)], as well as
the 3-D reconstruction of the electron-density distribution for
the 2-mm nozzle [Fig. 3(b)]. In each case, the plasma is probed
~19 ps after its production by the pump pulse.

Concerning the 0.6- and 4-mm gas-jets, the helium backing
pressure was 20 bar, and the distance between the laser focus
and the nozzle plane was ~1 mm; in the 2-mm-nozzle case, the
pressure was 8 bar, and the distance between the laser focus and
the nozzle plane was ~0.5 mm.

The electron density has a maximum along the longitudinal
axis, since at this time, the shock wave that is hydrodynamically
set-on by the laser-energy deposition in the focal region has not
yet developed enough to deplete the on-axis region and form a
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Fig. 3. Deconvolved data obtained with the (solid line) 0.6-, (dashed line)
2-, and (dotted line) 4-mm nozzles. (a) On-axis longitudinal lineout of the
plasma electron density for the three cases. (b) Three-dimensional map of the
plasma electron density created with the 2-mm nozzle. The direction of laser
propagation is also shown.

hollow channel [18]. It has to be noted that, with the 2-mm noz-
zle, the density is almost constant in the high-density plateau.
This feature implies that no density fluctuations interfere with
laser propagation throughout the plasma. In the case of the
0.6-mm nozzle, the electron density does not reach a complete
plateau condition on the axis but the density profile is suitably
smooth with a density variation of ~20% along 0.5 mm. With
the 4-mm nozzle, the density shows some modulations in the
plateau region, accounting for variations of less than 15%,
while in the region of laser exit, the density lowers smoothly
up to half of its plateau value, because of the defocusing of the
laser beam through the gas.

IV. CHARACTERIZATION OF THE ACCELERATED
ELECTRON BUNCHES

As the interferometric data clearly show, the electron density
we have used is well above 7 - 1017 cm~2 as requested for the
65-fs laser pulse to resonantly excite high-amplitude plasma
waves within the LWFA scheme. However, also such “high-
density” conditions have been proved to be suitable for the
production of relativistic electron bunches [8], [10], [20], [22].
We produced, in fact, high-charge electron bunches in this
conditions. In the following, we present experimental data
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Fig. 4. Electron spots recorded by the beam-profile monitor for laser interac-
tion with the 2-mm-diameter gas-jet.

on electron acceleration obtained with the interaction of the
focused laser pulse with 2- and 4-mm He gas-jet, as these
configurations gave the most interesting results.

A. Beam-Profile Monitor and Magnetic Spectrometer

The first real-time measurement (useful also for the fine
tuning of the experiment) was provided by a beam-profile
monitor, made up of a scintillating Lanex plate placed 44 mm
behind the focal point and screened from laser light, X-rays, and
low-energy electrons by a 300-um Cu foil. With this technique,
a pointing stability of less than 100 mrad of the fairly collimated
electron bunches was revealed by a large number of patterns,
some of which are shown in Fig. 4.

It resulted that the mean divergence angle of the central
feature with single-shot exposition was approximately 30-mrad
FWHM. Furthermore, some radial structures are shown in
Fig. 4 (whose patterns varied shot-to-shot), whose nature will
be discussed in Section I'V-B.

The spectrum of the accelerated electrons was firstly pro-
vided shot-to-shot by the magnetic spectrometer. The magnetic
spectrometer consisted of a ~1-T 1.5-mm-aperture permanent
magnet put between the electron source and the Lanex screen.
The output of the spectrometer was imaged by the Lanex plate.
With this detector, it has been possible to monitor shot-by-
shot the high-energy component of the generated electrons,
in order to optimize the acceleration process by varying the
focusing conditions and nozzle aperture. The data provided
by the magnetic spectrometer for both 2- and 4-mm nozzles
show the presence of high-energy peaks in electron spectra,
at energies in the range from 10 to 45 MeV. Fig. 5 shows
a spectrum obtained with the 2-mm nozzle, in which energy
peaks from 15 up to 38 MeV are clearly visible.

Due to the nonlinear nature of the effects that onset in
the acceleration process, we found shot-to-shot variations in
the energy spectrum of the electrons; however, high-charge
bunches are present in almost all the shots, with energy peaked
in the range of 10-40 MeV.

B. SHEEBA Stack of Radiochromic Films

High-energy electrons accelerated in the laser—plasma in-
teraction have been characterized in number, spectrum, and
angular distribution using an RCF-based detector named spatial
high-energy electron-beam analyzer (SHEEBA) [30]. It con-
sists of an array of RCFs (specifically Gafchromic HD810 and
MD5S5) separated from each other by absorbers of different

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 36, NO. 4, AUGUST 2008

2.0e+05 T T T T
1.5e+05 | a
§
2
S 1.0e+05 1
z
=
=
3
Q
5.0e+04 g
0.0e+00 L . .
0 20 40 60 80 100
Energy (MeV)
Fig. 5. Electron spectrum obtained with the magnetic spectrometer.
R b
n 2 ST 5
& et MONTECARLO
L] Ll GEANT 4.2.0
cEm m
o
() . e m,: sl s %
£ il el % 0,016
ESieais oz Bmascal Blseil éa.ﬂu
> 0.012
; E’ 0.01
5 e
i e.068 =
B e.e08 M\
© -o? @ 8,884 |
%‘ % . ﬁ B.BB: ““ : : ‘
O © 0.1 1 108 100
Electron Energy (MeV)
Spectrum
reconstruction
algorithms
Number of
Neme Electrons
Spatial Electron
profile at a spectrum
Iven ener Electron angular

0 distribution

Fig. 6. Schematic of the analysis procedure to evaluate the key parameters of
the electron bunches that impinge on the SHEEBA detector. As a result, the
spatial profiles at given incident electron energies are retrieved.

thickness and materials: Mylar foils, aluminum, iron, and lead.
The operational principle of the SHEEBA detector is the same
as for a sampling calorimeter. RCFs are sensitive to charged
particles; in particular, the change in their optical density after
exposure is proportional to the released energy (absorbed dose).
The detector is able to provide both the angular distribution,
due to its 2-D feature (no pinholes or slit are needed), and the
spectrum of the incoming electron bunch. Indeed, the higher
the kinetic energy of a given particle, the farther the RCF layer
its energy is deposited in. Thus, once the following steps are
performed: 1) the optical density versus dose for a single RCF
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Fig. 7. Raw data extracted from the SHEEBA device after ten laser shots.
Layer number increases with distance from the electron source.

layer is known and 2) the energy released in each layer of the
actual RCFs-absorbers stack is calculated for a set of discrete
kinetic-energy points, then the spectrum of the incoming bunch
can be retrieved by means of an iterative algorithm [30]. In
particular, step 2) can be carried out by means of Monte Carlo
simulations of the electron transport inside the detector. The
whole analysis procedure is schematically shown in Fig. 6.

The optical-density distributions of the scanned images of
the RCFs are convolved with the results of a Monte Carlo
simulation performed with a code based on CERN GEANT4
libraries [31] to reconstruct the spectrum of the incoming elec-
trons. The Monte Carlo calculation simulates the energy density
released in each radiochromic layer by a monochromatic beam
of electrons impinging on the device.

As an example, a set of RCFs after exposure to the electron
flux generated by the interaction of the laser pulse with the
4-mm-diameter gas-jet is shown in Fig. 7. The patterns were
produced by the action of ten consecutive laser shots.

The raw data of Fig. 7 present, even from a qualitative
point of view, some features that deserve an in-depth analysis.
First, it is possible to notice in RCFs up to layer #10 radial
structures similar to the ones provided by the beam-profile
monitor (see Fig. 4). From the 11th layer onwards, the patterns
show basically only a spot in the center. It comes out that the
radial structures in the first layers are due to some low-energy
electron populations. In fact, they are found to disappear in
the subsequent layers on, since only the high-energy electrons
survive beyond the absorber materials. The central spot present
in all the RCFs is then the footprint of high-energy, well-
collimated, and stable electron bunches integrated over ten laser
shots. The pointing position of the electron beams is found to
remain very constant, leading to an angular divergence of less
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Fig. 8. Spatial profiles at different energies of the electron bunches produced
by the same ten consecutive laser shots as for pattern of Fig. 7.

than 100 mrad for the ten shots integration. If compared to the
single-shot Lanex data, this result is a further convalidation of
the electron-beam quality.

Fig. 8 shows six images of electron spatial profiles at dif-
ferent energies, ranging from 12 to 75 MeV, obtained after the
processing of the RCFs of Fig. 7.

Notice that, in the lower energy profiles, the radial struc-
tures already evidenced in the Lanex patterns (see Fig. 4) are
recognizable, while the central spot is still quite large with
more than 200-mrad divergence. As the energy increases, the
structures drop away, and the more collimated low-divergence
spot remains at the center of the image. It is then clear that
the electron population of lower energy is less collimated and
partially originated by unstable regions in the laser—plasma
interaction. For this particular series of shots, the analysis
reveals at high energy the presence of at least two spatially
separated lobes. These distinct components are probably due to
electron bunches produced in different laser shots (among the
ten shots) and with a slightly different pointing direction. An
angular divergence of less than 50 mrad is retrieved for most of
the peaks. The good collimation and the stability of the electron
bunches is thus confirmed by the SHEEBA data.

C. Photonuclear Activation of Radioisotopes

Photoactivation of a nuclear sample has also been used in
the experiment, in order to obtain further reliable data on
the electron-beam flux. The employed nozzle diameter was
4 mm in this case. The laser focal point was located 35-mm
upstream of the tantalum, while the Au sample was put 50 mm
behind the Ta converter. The reaction of interest in our tests was
197 Au(y,n) "6 Au. The cross section for the (y,n) reaction is
indeed relatively large for photon energies around 10-15 MeV,
due to the presence of a resonance in the nuclear photoab-
sorption amplitude, known as the giant dipole resonance [32].
The photonuclear reactions allowed us to measure the number
of useful (E > 3 MeV) electrons with a three-step process.
First, the irradiation of a gold foil by the flux of pho-
tons originating by bremsstrahlung radiation of laser—gas-jet
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Fig. 10. Counts from 96 Au decays as a function of time. The half-life ¢, /2
resulting from the fit of the data agrees with nuclear databases value.

accelerated electrons in a suitable high-Z converter (tantalum
in our case). Then, the radioactivity of the activated sample
has been measured with a high-purity germanium detector via
calibrated gamma spectroscopy. Finally, the absolute number
of incident bremsstrahlung photons and beam electrons has
been retrieved from the experimental data and the predictions
of a dedicated Monte Carlo code. The schematic layout of the
setup employed for the photoactivation measurements is shown
in Fig. 9.

The sample has been irradiated with 106 laser shots. The
postprocessing was based on the two lines at 333 and 355 keV
emitted by the decay of 'Au. As a self-consistency check,
the half-life was determined from both gamma lines to be
(6.09 £ 0.26) days, which is in good agreement with nuclear
databases value for the emission of the two primary photons
for this radionuclide [33]. The obtained decay curve is shown
in Fig. 10.

The last step in the analysis procedure concerns the calcu-
lation of the bremsstrahlung flux that gave rise to the retrieved
number of produced ?Au nuclei via (v, n) reactions. From
the bremsstrahlung flux, it is then possible to calculate the
corresponding electron-beam flux, once the relative electron-
beam energy spectrum and the differential cross section for
the 197 Au(v, n) ' Au reaction are known. To do so, GEANT4
[31] Monte Carlo package was used, taking into account the
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experimental geometry, the relative electron-energy spectrum
and divergence, and the gold photonuclear cross section as
inputs of the code. The electron spectrum was retrieved with
the magnetic spectrometer.

As a result, a number of electrons of (3.15 =4 0.13) - 101°
per laser shot with energy higher than 3.4 MeV was found.
It is worth noting that the number of electrons with energy
higher than 3.2 MeV retrieved with the SHEEBA detector was
~ 3-10" for a cumulation of ten laser shots, and thus, the
agreement between the two results is very good. These values
testify the efficiency we reached in the production of relativistic
electron bunches.

V. CONCLUSION

From the experimental point of view, the production of high-
energy electrons in laser—plasma interactions has been fully
characterized in its key parameters. The relativistic electron
bunches we produced were described in terms of spectrum,
number, and angular divergence. This was possible owing to
suitable diagnostics. We have shown how the use of high-
contrast femtosecond interferometry, in addition to a novel
fringe-deconvolution technique, can provide electron-density
profiles with high-degree of accuracy. A dedicated algorithm
accounts even for nonaxisymmetric plasma distributions. Col-
limation, pointing stability, number, and spectrum of the ac-
celerated electrons have been carefully characterized with the
employment of several independent diagnostics: a Lanex beam-
profile monitor, a magnetic spectrometer, the SHEEBA array of
RCFs, and a setup for nuclear photoactivation. A gold sample
has been irradiated with the bremsstrahlung photons generated
by the electrons in a tantalum converter, and the measured
activity was used, together with a Monte Carlo code, to evaluate
the number of the (-y,n) reactions and thus the number of the
electrons in the high-current accelerated beams. There is a very
good agreement in the total number of accelerated electrons
between the radiochromic and nuclear measurements.
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