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Abstract
A relativistic electron source based on high power laser interaction with gas jet targets has been
developed at the Institute of Plasma Physics and Lasers of the Hellenic Mediterranean
University. Initial measurements were conducted using the ‘Zeus’ 45 TW laser with peak
intensities in the range of 1018–1019 W cm−2 interacting with a He pulsed gas jet having a
0.8 mm diameter nozzle. A significant improvement of the electron signal was measured after
using an absorber to improve the laser pulse contrast from 10−10 to 10−11. A high stability
quasi-mono-energetic electron beam of about 50 MeV was achieved and measured using a
magnetic spectrometer for pulsed gas jet backing pressure of 12 bar. Supplementary studies
using a 3 mm diameter nozzle for backing pressures in the range of 35–40 bar showed electron
beam production with energies spread in the range from 50 to 150 MeV. The pulsed jet density
profile was determined using interferometric techniques. Particle-in-cell simulations, at the
above experimentally determined conditions, support our experimental findings.
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1. Introduction

Laser wakefield acceleration (LWFA) [1] is a hot topic due to
thewide variety of possible applications including, among oth-
ers, the production of betatron-type radiation, thus providing

∗
Author to whom any correspondence should be addressed.

a coherent x-ray source which is one of the most promising
backlighter diagnostics in studying high energy density phys-
ics and inertial confinement fusion [2]. Certainly, LWFA has
been one of the pioneering methods for accelerating electrons
to energies ranging from tens of MeV [3–5] up to GeV [6–12].
Modern laser systems, reaching powers of TW [13] or even
PW [14, 15] are nowadays becoming available in laboratories
worldwide, thus offering the possibility for the development
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of secondary relativistic electron sources based on LWFA.
The optimization of the electron beam characteristics of such
sources, i.e. the beam current, the energy spectrum, the max-
imum attainable energy, the monochromaticity and the angu-
lar divergence, is of vital importance. Many publications have
been reported in the literature with focus on the improvement
of the electron acceleration conditions in terms of gas target
selection and jet geometry [16–21], injection mechanism con-
trol [22–24] and laser pulse characteristics [25].

In this workwe present experimental findings for the optim-
ization of our LWFA electron source at the Institute of Plasma
Physics and Lasers (IPPL) of the Hellenic Mediterranean Uni-
versity. After the development of the source, the effort on
optimizing its operation was primarily focused on the laser
pulse contrast and the gas density profile. In terms of the laser
pulse contrast, previous studies have shown that the electron
beam pointing stability is improved by increasing the laser
pulse contrast [26]. However, these studies were performed
using different laser contrast levels in different experimental
configurations. Later studies using different laser contrast
at the same experimental configuration showed significant
changes on electron beam profiles, used for probing magnetic
fields during high-intensity laser–solid interactions [27]. Here,
we present results taken at two different laser contrast levels
acquired at the same experimental conditions, clearly showing
that the higher laser contrast level results in improved electron
beam stability conditions. In terms of the target density profile,
we performed studies using two different gas jet geometries,
corresponding to different electron acceleration lengths, thus
showing the dependence of the characteristics of the gener-
ated electron spectrum on the gas density profile. These exper-
imental findings are supported by particle in cell (PIC) simula-
tions, designed for the experimentally determined conditions.
Our relativistic electron beam source has already been applied
in testing space electronic devices as well as irradiating poly-
meric gel dosimeters [28] and biological samples. In addition,
studies of this source including the simultaneous detection of
the generated betatron-type x-ray radiation and the relativistic
electrons, have been recently reported [29, 30].

2. The experimental setup

The experiments were performed using the 45 TW fs laser sys-
tem ‘Zeus’ of the IPPL [13]. The laser system, manufactured
by Amplitude Technologies, delivers pulses with a maximum
energy of 1.3 J, central wavelength at 800 nm and duration of
23 fs, at a repetition rate up to 10 Hz. The experimental setup
developed to produce secondary relativistic electron beams
is illustrated in figure 1. The main laser beam, delivered by
the laser system in vacuum at the interaction chamber, was
focused by a 1 m focal length parabolic mirror ( f /18) result-
ing in a focal spot with a diameter of 30 µm at full width at
half maximum (FWHM). Thus, the peak intensity at the inter-
action region was of the order of 1018–1019 W cm−2. A sec-
ondary 25 fs, 10 mJ laser beam, delivered by the first stage of
amplification, was used for monitoring the interaction region
via shadowgraphy, when necessary.

Figure 1. The experimental setup of the relativistic electron source.

The target was a pulsed helium gas jet operated using an
electromagnetic valve (Parker). Two different gas profile geo-
metries were examined by replacing the nozzles at the exit
opening of the electromagnetic valve. The first nozzle was cyl-
indrical with a 0.8 mm diameter while the second was conical
having a 3 mm diameter exit. The backing pressure for the
optimum acceleration conditions was experimentally determ-
ined to be at 12 bar for the cylindrical nozzle and at 35 bar for
the conical nozzle. The relativistic electrons signal was recor-
ded in two geometries: (a) along the laser beam propagation
axis on a scintillating screen (Lanex Regular), after properly
blocking the laser light with a 13 µm thick Al foil placed in
front of the screen; (b) using a magnetic spectrometer con-
sisting of two permanent magnets (11 cm × 9 cm) placed in
parallel at a separation distance of 1 cm. The resulting nearly
homogeneous magnetic field was measured with a Hall probe
to be 0.4 T. The deflected electron beam was then guided onto
a scintillating screen (Lanex Regular) and the emitted light
from the rear side of the screen was imaged by a lens onto
a charge-coupled device (CCD) camera. The front size of the
scintillating screen was also covered with a 13 µm thick Al
foil to shield it from laser light. The electron energy spectra
were extracted from the recorded deflection of the electrons
on the scintillating screen based on the tracking of relativistic
electrons through the magnetic field geometry. By calibrating
the screen imaging system using a laser light source, we were
able to estimate the number of accelerated electrons for each
laser shot. Specifically, a continuous wave (CW) laser beam
was used as a light source having a wavelength of 541 nm
which is essentially the same with the one emitted from the
Lanex screen (545 nm). By selecting a 20 ms temporal opera-
tionwindow in the CCD camera software, 5.44× 1014 photons
were recorded. The Lanex screen electron-to-photon conver-
sion efficiency was estimated based on reports about absolute
calibration of similar electron spectrometers [31, 32]. Then, by
considering the CCD camera gain and quantum efficiency, the
correction for the solid angle of detection and the transparency
of the camera imaging lens, we estimated a typical conversion
efficiency of 6.6 × 10−5 pC/pixel in an 8 bit grayscale for the
total imaging system, i.e. Lanex screen, imaging lens and CCD
camera.
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Figure 2. Laser pulse 3rd order autocorrelation with and without
using the saturable absorber.

Figure 3. Shot-to-shot total electron beam charge for a total of 400
consecutive shots with and without using the saturable absorber.

3. The laser pulse contrast

The effect of the laser pulse contrast on the generation of the
relativistic electron beam was investigated by reducing the
level of the laser pulse amplified spontaneous emission (ASE)
pedestal. The laser system was initially delivered with a con-
trast ratio between 10−9 and 10−10. A contrast improvement
by an order of magnitude was achieved by installing a satur-
able absorber (Schott RG850) inside the laser beam path, after
the temporal stretching of the pulse. In figure 2 we present
the laser pulse 3rd order autocorrelation which clearly illus-
trates that the ASE pedestal intensity is reduced by more than
one order of magnitude for t < 100 ps before the laser pulse
peak, when the absorber is in use. This increase of the contrast
had a straightforward effect on the stability of the relativistic
electron beam. In figure 3 we present a 400 consecutive shot-
to-shot measurements of the total charge of the electron beam
deposited on the scintillating screen for both contrast cases. In
this case, the electrons were detected without the use of the

Figure 4. Shot-to-shot electron beam profiles showing the pointing
stability of the electron beam with and without using the saturable
absorber.

magnetic spectrometer along the propagation line of the laser
beam, as mentioned earlier. It is evident that using the satur-
able absorber, although the average total charge is reduced by
a factor of 4, the total electron charge production stability is
improved by a factor of 5, estimated by dividing the average
values of the total electron charge over the 400 shots of the
high contrast to low contrast cases.

Furthermore, at the same detection geometry, we examined
the shot-to-shot pointing stability of the electron beam by
recording the trace of the electron beam imaged on the scin-
tillating screen. A series of typical shot-to-shot images with
and without using the saturable absorber are shown in figure 4,
where it becomes evident that the use of the saturable absorber
improves substantially the pointing stability of the electron
beam, and therefore its quality.

4. The gas density profile

The gas jet density profile was characterized using a
Nomarski-type interferometer, the operation principle of
which is shown in figure 5. In this setup, a linearly polarized
CW He–Ne laser beam was initially expanded to a diameter
of 40 mm, with the use of a telescope, and sent through the
pulsed-jet gas target, covering a cross sectional area larger than
the one of the expanded gas (plum area). The laser beam was
then guided in a Wollaston-type birefringent prism, thus res-
ulting in two beams at the exit of the prism, slightly separated
and with perpendicular polarizations (ordinary and extraordin-
ary waves).

By adjusting the angle of polarization with a polarizer loc-
ated between the CCD camera and the Wollaston birefringent
prism and the recording time window, the interference pat-
tern between the two beams was obtained. The interference
pattern shows fringes that are spatially shifted with respect to
the background fringes, where the latter correspond to inter-
ference from the area outside the gas target. The information
about the gas density is encoded in the recorded interference
patterns through the optical phase distribution of the gas jet
plume area.

The reconstruction (figure 6) of the initial gas density dis-
tribution from the interference patterns (figure 6(a)) was per-
formed using a specialized code developed in IPPL. The first
step is to apply a two-dimensional fast Fourier transforma-
tion (2D FFT) to the interference pattern (figure 6(b)). Then,
the frequencies carrying the information for the gas plume
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Figure 5. The Nomarski interferometer setup used for the
characterization of the gas jet density profile.

Figure 6. The steps followed by the numerical code for the
reconstruction of the 2D gas density profiles from the recorded
interferograms. The images are for a gas jet with 3 mm nozzle
opening.

density are selected from the 2D FFT pattern. After this, an
inverse 2D FFT is applied resulting in a so-called ‘synthetic’
interferogram image (figure 6(c)), i.e. an interferogram hav-
ing only the frequencies corresponding to the phase shifts. As
a next step, a 2D map of the phase shifts is obtained using a
phase unwrapping algorithm that exploits the background ref-
erence ‘synthetic’ interferogram images (figure 6(d)). Finally,
an Abel inversion algorithm is applied to the map of the
phase shifts, thus resulting in the 2D gas density distribution
(figure 6(e)).

In figure 7 we present the lineouts from the 2D density map
of the two nozzles used in the experiments, taken at distance of
1 mm from the jet nozzle. In the case of the 0.8 mm cylindrical
nozzle a sharp column of gas was formed reaching a density
up to 2 × 1019 cm−3, while the 3 mm conical nozzle gener-
ated a trapezoidal gas profile with a maximum density up to
2× 1018 cm−3. The experimentally measured density profiles
for both 0.8 mm and 3 mm nozzles were fitted using a Gaus-
sian and a super-Gaussian function respectively (dashed lines
in figure 7). These fitted curves were used as an approximation
of the measured density profiles in our PIC models.

Figure 7. Experimentally measured density lineout profiles for the
two gas jet nozzles (solid lines). Dashed lines represent the fitted
curves for each profile case that were used as part of the initial
parameters in our simulation models.

Figure 8. Typical electron spectra using (a) the 0.8 mm cylindrical
nozzle without the absorber, (b) the 0.8 mm cylindrical nozzle with
the absorber and (c) the 3 mm conical nozzle with absorber.

In figure 8 we present typical electron spectra obtained
using the magnetic spectrometer geometry. The electron spec-
tra in figures 8(a) and (b) were bothmeasured using the 0.8mm
cylindrical nozzle but without the use of the absorber for the
figure 8(a) case. The effect of the saturable absorber is evid-
ent in the spectrum of figure 8(b) where a more intense elec-
tron beam is formed around the energy of 50 MeV, as opposed
to the large spread in energy and angular distribution for the
figure 8(a) case in the absence of the absorber. On the other
hand, the 3 mm conical nozzle led to a longer acceleration
distance, thus resulting in the generation of electron beams
with a maximum energy exceeding 100 MeV and a wider
energy spread (∆E/E ∼= 34%). Using this configuration, the
generation of electron beams with maximum energy exceed-
ing 200MeV has been achieved [13]. The electron beams total
charge for both nozzle configurations was determined in the
range of hundreds of pC up to a few nC. The above exper-
imental findings are supported by 3D PIC simulation results
obtained with the EPOCH code [33].
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Figure 9. Electron beam spectra simulated by the PIC code EPOCH
for both gas jet configurations.

Following the suggestions of [34] for the optimal LWFA
modeling and simulation in EPOCH, a 3D PIC model was
developed. A computational domain of 120 × 90 × 90 µm
was discretized by 2560 × 320 × 320 cells. A fully ionized
helium gas was considered to describe each of the two gas
jet density profiles, following the fitted curves of the exper-
imental lineouts (figure 7). The number of particles per cell
was 4 with a 3rd order particle shape function. The laser para-
meters were set according to the reported experimental con-
ditions. Both 0.8 mm and 3 mm nozzle cases were simulated
in a moving window configuration for a total simulation time
of 3 ps and 12 ps, respectively. Figure 9 shows the simula-
tion results of both models. The qualitative characteristics of
the experimental electron spectra are fairly reproduced, show-
ing an extension of the maximum electron energy and a much
wider spectrum for the 3 mm conical nozzle density profile, as
opposed to the 0.8 mm cylindrical nozzle density profile.

5. Discussion and conclusions

We have presented experimental findings on the optimization
of an LWFA relativistic electron source with respect to the
laser contrast and the gas density profile. For the laser con-
trast it was found that a reduction of the ASE pedestal of the
laser pulse by two orders of magnitude resulted in an improve-
ment of the electron beam total charge stability, as well as of
its pointing stability. For the gas density profile, we showed
that using a 0.8 mm in length cylindrical profile resulted in
electron beams with a narrow energy spread around an energy
of 50 MeV, while using a 3 mm in length conical profile res-
ulted in a wider energy spread exceeding 100 MeV. The data
on the gas density profile are supported by PIC simulations.

Data availability statement
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