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Laser-driven ion and electron acceleration from near-critical density gas targets: towards
high-repetition rate operation in the 1 PW, sub-100 fs laser interaction regime
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Ion acceleration from gaseous targets driven by relativistic-intensity lasers was demonstrated as early as
the late 90s, yet most of the experiments conducted to date have involved picosecond-duration, Nd:glass
lasers operating at low repetition rate. Here, we present measurements on the interaction of ultraintense
(~ 102°°Wem~2, 1 PW), ultrashort (~ 70fs) Ti:Sa laser pulses with near-critical (~ 1022 cm—3) helium gas
jets, a debris-free targetry compatible with high (~ 1Hz) repetition rate operation. We provide evidence of
a particles being forward accelerated up to ~ 2.7MeV energy with a total flux of ~ 10!'sr~! as integrated
over > 0.1 MeV energies and detected within a 0.5mrad solid angle. We also report on on-axis emission of
relativistic electrons with an exponentially decaying spectrum characterized by a ~ 10MeV slope, i.e., five
times larger than the standard ponderomotive scaling. The total charge of these electrons with energy above
2 MeV is estimated to be of ~ 1nC, corresponding to ~ 0.1 % of the laser drive energy. In addition, we observe
the formation of a plasma channel, extending longitudinally across the gas density maximum and expanding
radially with time. These results are well captured by large-scale particle-in-cell simulations, which reveal that
the detected fast ions most likely originate from reflection off the rapidly expanding channel walls. The latter
process is predicted to yield ion energies in the MeV range, which compare well with the measurements. Finally,
direct laser acceleration is shown to be the dominant mechanism behind the observed electron energization.

I. INTRODUCTION advances in repetition rate, which should at least approach
that of the laser system. This is the case, for example, for
achieving the high time-averaged particle fluxes needed for
nuclear astrophysical studies [18, 19] or for producing the
pulsed ion sources used for neutron-related applications and

isotope creation [12, 20, 21].

Laser-driven ion beams [1-3] are spurring increasing
interest because of their many established or potential uses
in science and industry. Not only can they serve as ultrafast
diagnostic tools of dynamic plasma systems [4—7], they can
also generate high-energy-density states of matter [8—10]

or secondary particle sources such as neutrons [11-13] or
radioiosotopes [14, 15] with possible medical spinoffs [16].
Most of these applications exploit the unique properties of
laser-driven ion beams, notably their short (~ ps) duration,
high number density, low emittance, high laminarity and
compactness [17]. Yet some of those uses require substantial
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A major current effort in the experimental laser-plasma
community is thus geared towards developing ion accelerator
setups that make the most of the high-repetition-rate (HRR)
capability of modern 1-PW-class, few-femtosecond Ti:Sa
laser systems, such as LULI Apollon (France) [22], CLPU
VEGA-3 (Spain) [23], CoReLS (Korea) [24], ELI-Beamlines
L4 Aton (Czech Republic) [25], ELI-NP HPLS (Romania)
[26], BELLA PW iP2 (USA) [27] or University of Michigan
ZEUS (USA) [28]. These are indeed designed to run at a rate
(at least one shot per second) much higher than that (about one
shot per hour) accessible to older picosecond, Nd:glass laser
systems such as LLNL Titan (USA), RAL Vulcan (UK), GSI
PHELIX (Germany) or LULI PICO2000 (France). Not only
would such a progress allow for a considerable enhancement


mailto:vale1504@usal.es
mailto:valeria.ospina@focused-energy.world
mailto:laurent.gremillet@cea.fr
mailto:joao.santos@u-bordeaux.fr

of the time-averaged particle flux over the state of the art [13],
it would also enable much more statistically robust studies of
diverse physical phenomena [29].

High-density gas jets are able to provide electron densities
close to the critical density of 0.8um wavelength Ti:Sa
lasers (n, = 1.74 x 102! cm™3) after ionization. Compared
to commonly employed solid foils, these gas systems offer
a debris-free, HRR-compatible targetry option while also
ensuring efficient energy coupling with the laser pulse. Their
practical use, however, is made difficult by the need to achieve
well controlled, reproducible density profiles that do not lead
to premature absorption of the laser pulse before reaching the
peak density region. Moreover, the laser should be shot far
enough from the nozzle not to damage it by the plasma plume
[30] and electromanetic pulse perturbations on the gas valves,
nozzles and general electronics need to be understood and
controlled [31].

Most  previous experiments on laser-driven ion
acceleration from gases have made use of low-repetition-rate
(~ 1 shot/hour), ~ 1ps duration, 1 um wavelength Nd:glass
lasers. As early as in 1999, Krushelnick et al. measured He
ions transversely accelerated up to 4 MeV energies from a He
gas jet (of peak electron density 7, max =~ 0.045n,) acted upon
by the Vulcan laser (I ~ 6 x 10" Wcm~2) [32]. Coulomb
explosion [33] in the laser-drilled channel was then invoked
as the main acceleration mechanism. More recently, coupling
the Titan laser (I; ~ 2 x 10" Wcem™2) with a high-density
(Memax =~ 2.5n.) hydrogen gas jet, Chen et al. reported
on forward acceleration of protons up to 0.6 MeV and with
a low (~ 2%) energy spread [34], which they ascribed
to ion reflection from a collisionless electrostatic shock
[35-38] as previously observed using a CO; laser [39]. Next,
Puyuelo-Valdés et al. [40] leveraged the PICO2000 laser
(I, ~5x 10 Wem™2) and a Hy gas jet (nemax =~ 2.37.)
to generate slightly peaked proton spectra extending up to
~ 6MeV. Laser hole boring [41] was held responsible for
these results. In a follow-up experiment making use of a
H,/He gas mixture, they detected transversely accelerated a
particles up to 15 MeV energies [42].

Much fewer experiments have been performed on
HHR-compatible, sub-100fs, 0.8 um Ti:Sa laser systems. In
2013 Sylla et al. observed He™ ions transversely accelerated
up to ~ 0.25MeV in a nemax =~ 0.2n. He gas jet delivered
by a supersonic conical nozzle and irradiated by LOA’s Salle
Jaune laser (I, ~ 10'°Wcem™2) [43]. Lately, Singh ef al.
were the first to investigate ion acceleration from gas jets in
the PW regime at the CoReLS facility (I, ~ 10°°Wcm™2),
using a gas jet (delivered by a Laval nozzle) made of He
and a small fraction of Hy with n, nax >~ 0.2n, [44]. Radial
collisionless shock acceleration (CSA) was invoked to explain
the detection in the transverse direction of energetic protons
and o (He®") ions up to ~ 0.75MeV, and characterized
by exponentially decaying spectra. These proof-of-concept
experiments, however, were not intended to assess the HHR
capability of the implemented gas-based setups.

In this article, we present and analyze the results of
one of the first experiments on particle acceleration from
a near-critical (1, max =~ 0.1n.) supersonic Helium gas jet
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irradiated by a PW-class, ~ 10°°Wcm™2, sub-100 fs,
Ti:Sa laser pulse. By means of extensive diagnostics and
large-scale particle-in-cell (PIC) modeling, we examine the
ion and electron acceleration processes at play as well
as the bulk plasma dynamics resulting from the strong
laser-gas coupling. In particular, we provide evidence
for forward oblique acceleration of « particles up to
~2.7MeV, which we interpret as mainly originating from
the observed fast-expanding laser-created channel, formed all
across the dense gas region. This mechanism is similar to
that accounting for the transverse ion acceleration seen in
Ref. [44]. Moreover, it better agrees with our measurements
than the target normal sheath acceleration (TNSA) that our
PIC simulations also predict to arise at the edge of the gas
down-ramp. In addition, electron energization well above the
ponderomotive scaling is detected, and attributed to direct
laser acceleration (DLA) [45-47] inside the laser-created
channel. Our simulations further indicate that the ions may
undergo significant deflections in the magnetic fields induced
by the electron currents at the plasma boundary. Finally, we
discuss the current repetition-rate capability of our laser-gas
setup and identify laser-induced nozzle damage [30] as its
main limitation factor.

II. EXPERIMENTAL SETUP

The experiment was performed at the Centro de
Laseres Pulsados (CLPU) facility using the PW-class,
ultrahigh-intensity (UHI) Ti:Sa VEGA-3 laser system. The
experimental setup is depicted in Fig. 1.

The A, = 0.8um wavelength laser pulse delivered
an energy of 184 £+ 23] on target. It had a
full-width-at-half-maximum (FWHM) duration of
7 = 72.44+ 23.6fs (monitored on each shot) and was focused
using an f/10 off-axis parabola to a Dy = 14.1 +1.2um
FWHM spot size (monitored on a daily basis). These
characteristics represent the mean and standard deviation
values from more than 40 measurements taken during the
campaign. The pulse energy is extrapolated from calibrations
at low energy. The same energy level is also used to image
the focal spot, which is assume invariant at high energy. A
peak pulse intensity of I = (8.7 £2.1) x 10 Wem™2 was
then inferred, corresponding to a normalized laser amplitude
of a;, ~ 6.3. The laser contrast was measured to be ~ 102
up to ~ —100ps prior to the intensity peak, and ~ 108 up to
—5ps [see Fig. 2(a)].

The gas jet was produced by a so-called shock nozzle,
consisting of a cylindrical Laval nozzle with an extra straight
conduct added at its exit [48]. Upon bouncing off the
latter, the converging hydrodynamic flow produces a peaked
density profile along the laser propagation direction. Both the
nozzle and gas valve were located near the target chamber
center (TCC), their position being adjusted vertically to
make the laser pulse interact with the shocked gas region.
The high-pressure gas system comprised a SL-GT-10 gas
compressor (with 400 bar backing pressure) and a gas valve,
both commercialized by SourceLAB [49]. The valve was
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Figure 1: Experimental setup. The gas jet system consists of pressurized gas bottles connected to a gas valve, itself attached to a
shock nozzle, located near the target chamber center (TCC). The main VEGA-3 laser beam, propagating in the equator plane of
the chamber, is focused in the shocked gas region, formed by the converging gas flows at ~ 500 um from the nozzle exit surface.
A ~70fs probe beam, crossing the TCC at 90° from the main beam, allows one to acquire on-shot optical interferograms of the
ionized gas at different temporal delays using a folding-wave interferometer. Interferograms of the neutral gas prior to each UHI
shot are also obtained using a continuous He-Ne laser sent through TCC and imaged onto a wavefront sensor. A bottom-view
optical line is used for nozzle alignment. It is also connected to a streak camera operated in gate mode to record snapshots of the
plasma self-emission. Particle diagnostics comprise two ion time-of-flight diamond detectors [located in an inclined plane with
respect to the equatorial plane at the angles (0,¢) = (4+17°,9°) and (—17°,9°), as defined in the schematic], two permanent
magnet electron spectrometers [placed in the equatorial place at (6,¢) = (—2°,0°) and (21°,0°), and a stack of radiochromic
films (located on axis at 6¢cm from TCC). In some shots, the latter diagnostic was replaced by a Thomson parabola placed 10cm
from TCC.

10° designed to avoid leakages in harsh UHI laser environments
= 1074 (a) by means of a normally-closed opening system adapted to the
= 1078 1 millimeter-sized throat of the nozzle. Moreover, a security
= 10-12 system [50] automatically closed the valves between the
~200 —150 —100 —50 0 50 100 vacuum chambers to protect the laser transport pipes and
t [ps] vacuum components from strong pressure rises during UHI
1020 shots.

T o] (D) .
g10 Two nozzle types were fielded, one provided by
=104 SourceLAB, the other developed within our collaboration
~ 10! | | | | | group [51, 52]. Both were designed to produce shocked gas
—6 —4 -2 0 2 4 6 regions with sharp density gradients and located as far as
t [ps] possible from the nozzle to mitigate laser damage to the latter.

Figure 2: (a) Laser temporal contrast measurement. (b) However, albeit not severe enough to disrupt the laser-plasma

Laser intensity profile used in the PIC simulation. The laser
intensity peaks at the time origin (+ = 0).

interaction, such damage turned out to be significant enough
to gradually smooth the density profiles (see orange shaded
area in Fig. 4), which hence ended up looking similar to those
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Figure 3: Atomic density map of the neutral He gas jet as
obtained before a UHI laser shot. In this case, the laser pulse
was injected along x at z ~ 650 um, targeting a maximum
atomic density of ~ 102%cm 3.

achieved with Laval nozzles.

A wavefront sensor and a folding-wave interferometer
[53, 54] allowed us to obtain two-dimensional profiles of,
respectively, the pre-shot neutral gas atomic density and
on-shot plasma electron density. The first diagnostic used
a continuous He-Ne laser while the second used a ~ 90 uJ
probe beam (a pickoff of the pump beam) sent through
TCC perpendicularly to the main laser’s path and at different
temporal delays.

Optical self-emission images of the plasma, integrated over
a 180 ps time window, were also recorded using a Hamamatsu
S20 streak camera operating in gate mode (with a wide-open
slit), combined with a 532nm band-pass filter. The same
imaging system was connected to a charged coupled device
(CCD) camera to monitor the nozzle position between shots
and adjust it if needed. The laser axis was controlled
separately by imaging the defocused beam 15cm after TCC
along the expected axis.

The particle diagnostic suite included two diamond
time-of-flight (ToF) detectors [23, 55, 56] placed on the
chamber flanges, at angles (6,¢) = (+17°,9°) and (0,¢) =
(—17°,9°) relative to the laser axis, as defined in Fig. 1
(negative 6 values correspond to clockwise rotation as
seen from top view). In addition, two magnet electron
spectrometers (MES) [57] were positioned at (6,¢) =
(—2°,0°) and (0, ¢) = (21°,0°). Both ToF [56] and MES [57]
systems were fully calibrated. Moreover, to characterize the
transverse profile of the accelerated particles on some shots,
a stack of radiochromic films (RCF) was placed 6¢cm from
TCC, normally to the laser axis. It was composed of a 10 um
thick aluminum foil followed by five unlaminated EBT-3 films
and ten standard EBT-3 Gafchromic dosimetric films. Each
layer had a 4 cm diameter exposed surface. A motorized
holder allowed several shots to be performed in a row without
opening the vacuum chamber. Finally, on some shots, an
angle-resolved Thomson parabola (TP) [58], coupled with a
Fuji BAS-TR imaging plate, was fielded on axis at 100cm
from TCC, with three horizontally aligned, 200 um diameter
pinholes at its entrance. These were spaced 3mm apart to
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Figure 4: Atomic density profile of the neutral gas along the
laser propagation (x) axis. Light orange shaded area: scatter
of five density profiles acquired before different laser shots
(from which the experimental data shown below has been
extracted). Red dashed curve: gas density profile used in the
PIC simulations.

capture ion spectra at & = £+1.7° and 0°. A manual extraction
system allowed the IPs to be replaced between shots without
breaking vacuum. All those diagnostics were successfully
tested on laser-solid shots (using 6 um thick aluminium foil
targets) [59], before moving on to laser-gas shots.

In the following, we will examine the experimental results
from five shots on a He gas jet. Figure 3 displays a typical
atomic density map of the pre-shot neutral gas jet while Fig. 4
shows (as an orange shaded area) the range of the atomic
density profiles recovered along the laser path. Maximum
atomic densities of ~ (1 —2) x 10*cm~3, corresponding to
maximum electron densities of 1, max ~ 0.1 —0.2n, at full
ionization, were achieved with a ~ 500 — 600 um FWHM.
The two shock nozzle types that were used delivered similar
gas profiles. Shot-to-shot variations due to laser-induced
nozzle damage were mitigated by adjusting the vertical (z)
position of the shocked region before each UHI shot [59].
Nevertheless, after a couple of shots, one observed the
appearance of low-density (~ (I —2) x 10" cm™3) spatial
“elbows” (shaded areas beyond |x| 2 700 um in Fig. 4). The
non-damaged nozzle profiles were similar to the one (red
dashed curve) used as input to the PIC simulations. The laser
pulse was focused either to the TCC, where the gas density
peak (GDP) was located, or ~ 250 um in front of it so as to
weaken laser self-focusing and filamentation [60].

III. PIC SIMULATION SETUP

Before discussing the experimental data, we detail the
two PIC simulations performed to interpret them. These
simulations, conducted in 2D3V geometry (two-dimensional
in configuration space and three-dimensional in momentum
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Figure 5: (a) Raw interferogram acquired ~ 15ps after

the laser pulse maximum at the focal plane. Here, as in
all panels, the green solid and pink dashed lines mark the
longitudinal (x) positions of the laser focus and gas density
peak, respectively. The inset zooms in on the region of
brightest plasma self-emission. The white dashed curves
indicate the off-axis fringe displacement. (b) Corresponding
self-emission image of the plasma synchronized with the main
laser, integrated over a 180-ps time window. The emission
is brightest around the gas density peak which, in this case,
coincides with the laser focus. (c), (d) Same as (a) and (b)
but from a different shot and recorded ~ 150 ps after the laser
pulse maximum. In (c) one clearly observes a laser-driven
channel extending longitudinally across the gas density peak,
which is here displaced by ~ 250 um from the laser focal
plane. The plasma self-emission peaks in a ~ 100 um long
region preceding the density maximum.

space) using the fully relativistic and electromagnetic PIC
CALDER code [61, 62], describe the interaction of a 0.8 um
wavelength laser pulse with 102 Wcm™2 peak intensity and
15 um FWHM focal spot. This pulse is linearly polarized
along the y-axis and injected along x from the left-hand
side (x = 0) of the simulation box. In the reference
simulation, the vacuum focal plane is located 250 ym in front

of the GDP, as in the shots corresponding to the particle
spectra reported below. The temporal laser intensity profile,
extracted from an experimental measurement, is shown in
Fig. 2(b). It comprises a ~ 6ps-long, low-intensity (Ip <
107 Wem™2) up-ramp, a < 100fs main pulse and a ~
6ps-long, low-intensity down-ramp. In order to assess
possible laser filamentation effects, a second simulation was
performed with the same setup, but with the laser focal plane
located at the GDP.

The simulation domain, of dimensions L, x Ly, = 1920 x
979 um?, is discretized into 40000 x 20400 cells with a mesh
size of Ax = Ay = 0.048 um. The time step is set to Ar =
0.15fs. The density profile of the initially neutral He gas is
taken to be uniform along the transverse (y) direction. Its
longitudinal (along x) profile is extracted from experimental
data (see red dashed curve in Fig. 4) and extrapolated below
10"cm~3 (the minimum measurable density value) down
to 10"7cm™3. The GDP is located at x ~ 955um in the
simulation box. Owing to their computational cost, our
simulations are restricted to specific density conditions. As
the shot-to-shot variations in the gas profile displayed in Fig. 4
did not profoundly alter the experimental characteristics of
the particle spectra or the bulk gas behavior, we are confident
that the simulation setup captures well the relevant interaction
physics.

The gas is initially represented by two macro-atoms per
cell and its temperature is set to a low (1eV) value. Electron
impact [63] and field-induced [64] ionization processes are
taken into account together with Coulomb collisions between
all charged particles. Absorbing boundary conditions are
applied for both fields and particles in all directions.

Each simulation was run on 40000 cores during 72 hours,
for a total number of 98000 time steps, corresponding to
~ 15ps physical time.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Let us first examine the bulk response of the ionized gas
jet to the laser drive. Figure 5(a) shows a raw interferogram
recorded ~ 15 ps after the arrival of the UHI pulse to the GDP.
The green solid and pink dashed lines mark the locations of
the focal plane and GDP, respectively. One cannot discern
the fringes around the laser path (y ~ 0) at a distance less
than ~ 100 um from the GDP (here located at x = 0) due to
intense plasma self-emission (integrated over the millisecond
exposure time of the CCD imaging the fringe pattern). This
observation suggests strong laser-gas coupling, as confirmed
by the time-integrated plasma image of Fig. 5(b) which
reveals bright optical emission within a ~ 100 um long region
encompassing the GDP. Fringe displacement, however, is
visible in Fig. 5(a) a few 10 um off axis (as indicated by the
dashed white curves in the inset), evidencing formation of a
plasma (the borders of which are marked by dashed lines)
around the bright laser channel.

Figure 5(c) shows an interferogram taken at a later time
(~ 150ps after the laser maximum), in the case where the
laser is focused ~ 250 um before the GDP. Fringes are clearly
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Figure 6: (a) Free electron density distribution as predicted
from the reference 2D PIC simulation, ~ 5.6ps after the
laser pulse has reached the GDP. (b) Free electron density
distribution as inferred from the interferogram recorded at
t ~ 150ps [Fig. 1(c)]. In both panels, the green solid and
pink dashed lines mark the positions of the vacuum focal plane
(x ~ 705 um) and gas density peak (x ~ 955 um), respectively.
The white dashed lines in panel (b) visualize the numerical
artefacts discussed in the main text.

displaced in a ~ 500um length, ~ 100um radius region
extending across the GDP, as a result of plasma expulsion
from the laser path (see below). The plasma self-emission
is then most intense in a ~ 100 um-long region of the gas
up-ramp nearing the GDP.

It should be realized that the interferometric patterns in
Figs. 5(a) and (c) correspond to snapshots of the plasma
with a temporal resolution given by the ~ 100fs probe beam
duration. Note further that the 180 ps integration time (starting
at the laser pulse’s arrival time) of the plasma images in
Figs. 5(b) and (d) is likely much larger than the timescale of
intense plasma self-emission, ascribed to nonlinear spectral
broadening of the scattered laser light [65].

It did not prove possible to reconstruct the free electron
density distribution from the early-time interferogram of
Fig. 5(a) because of too intense plasma emission in the
vicinity of the laser path. In the later-time interferogram
of Fig. 5(c), by contrast, the plasma channel has radially
expanded outside the brightest emission zone, allowing the
fringe pattern to be deconvolved in the region of interest.

The retrieved electron density distribution is shown in
Fig. 6(b). As was guessed from the raw interferogram,
one clearly sees an electron-depleted channel, extending
longitudinally across the GDP (pink dashed curve) over
a ~ 500um total length and radially ~ 100 um from the
laser axis. The white dashed lines serve to guide the eye
along outward “wings”, namely, artifacts resulting from the
cylindrical symmetry around the y = 0 axis assumed when
Abel inverting the phase map deduced from the interferogram.
Yet this assumption is only approximate as it conflicts with

the normally directed gas flow. Note that in Fig. 6(b) the
z-ordinate of the original interferogram has been changed
to y (the reconstructed density profiles along y and z being
supposed identical) for consistency with the x —y coordinates
used in the PIC simulation.

For qualitative comparison, we display in Fig. 6(a)
the electron density map predicted by the reference PIC
simulation ~ 5.6ps after the laser pulse maximum reached
the GDP (pink dashed line). Fair agreement is found between
the simulated and measured plasma channels: they share
about the same (~ 500 um) length and both extend across
the GDP. The simulated channel, though, forms earlier in
the gas up-ramp and terminates at a shorter depth in the
gas down-ramp, where the laser pulse ends up being fully
absorbed. Moreover, as expected given the earlier time of
probing considered, the channel has expanded over a shorter
transverse distance (~ 33um vs ~ 100 um) than observed
in the experiment at + ~ 150ps. Note that the reduced 2D
geometry of the simulation may also affect the late-time
transverse dynamics of the channel [66, 67]. Furthermore,
the He gas has been fully ionized over most of the simulation
domain as a result of field and impact ionization by the
laser-accelerated electrons spraying from the channel. The
diverging envelope of the electron density distribution in the
gas up-ramp visualizes the emission cone of the ionizing fast
electrons from the plasma channel.

Significant ion acceleration was detected by the two ToF
diamond detectors fielded at (6,¢) = (£17°,9°) relative to
the laser axis, with a collection solid angle of ~ 0.5mrad.
Figure 7 plots (as green solid and purple dashed curves) the
o (He>t) particle spectra inferred via the method detailed
in Refs. [23, 56]. Similar spectra were detected on the
two channels. They extend up to ~ 2.7MeV with a total
flux of ~ 10!'sr™!, as integrated over > 0.1MeV energies
and seen within the solid angle of the detectors. In
the 0.5 —2.5MeV range, the energy-differential flux varies
between ~ 1011 MeV~—lsr=! and ~ 10°MeV~1sr~! | while it
reaches ~ 103 MeV~'sr~! around the lower detection limit
(~ 0.1MeV). Although ToF detectors cannot differentiate
between charged species, we are confident that the measured
spectra are mainly associated with He?* (even though a minor
contribution of He™ ions due to recombination cannot be
strictly ruled out). Our PIC simulations indeed indicate that
the gas is fully ionized where ion acceleration mainly takes
place (see below) and that there is no energetic He™ ions in
the experimentally detected ~ 17° emission cone. It should
also be stressed that the two spectra reported in Fig. 7 were
acquired on different shots. No simultaneous ion signals
on the two ToF detectors could indeed be recorded during
the campaign, suggesting strongly anisotropic ion emissions.
Moreover, on the TP-dedicated shots, no ion signal was
retrieved on the exposed IP; only the three zero-deflection
points imprinted by the x rays coming from the interaction
zone were visible.

Figure 8(a) shows the raw ToF data associated with the
0 = —17° spectrum plotted (in purple) in Figs. 7(a) and 7(b).
The abscissa corresponds to the time of arrival of the particles
to the detector while the ordinate represents the signal voltage,
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Figure 7: (a) Experimental energy spectra of a particles
as inferred from the ToF signals detected at (green solid
line) (6,¢) = (17°,9°) and (purple dashed line) (6,¢) =
(—17°,9°) relative to the laser axis (see setup in Fig. 1).
Overlaid are o particle spectra extracted from the PIC
simulation, either around (blue curve) the right end of the
plasma channel (integrated over the |6 + 17°| < 2° angular
range), around (red dashed curve) the right edge of the
gas profile (integrated over |6 & 17°] < 2°) or around (red
curve) the right edge of the gas profile (integrated over 6| <
2°). They have been rescaled to be plotted along with the
experimental data. (b) Closeup of (a) in the < 3.5MeV energy
range.

proportional to the collected particle charge. The red arrow
points to the signal due to x rays that first reach the detector.
This so-called photopeak marks the origin of time and allows
the subsequent ion-induced signal to be deconvolved [23, 56].
In Fig. 8(b) the abscissa has been converted into energy
knowing the particle mass and distance traveled. Notice how
the signal in Fig. 8(b) already reproduces the spectral shape
seen in Fig. 7(b), where the detector’s calibration was used to

(a)
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Time [ns]

Signal [V]
= =]
] n

o 1 2 3 4 5
£ [MeV]

Experiment 6 = -17° (ion signal)
Experiment 6 = -17° (all signal)

Figure 8: Raw time-of-flight (ToF) data acquired at
0 = —17°. The ordinate represents the signal level (in V)
as recorded by a digital oscilloscope. The abscissa in (a)
represents the time of arrival of the particles to the detector,
which is converted into energy in (b), see details in the main
text. The thick curves correspond to the ion part of the signal.
The photopeak is marked with a red arrow in (a). The signal in
(b) corresponds to the spectrum plotted in purple in Figs. 7(a)
and 7(b).

obtain absolute particle numbers.

To explain the origin of the detected MeV-range « particles,
we present in Figs. 9(a)-(e) various phase-space projections
of the simulated He ion distribution. Figure 9(a) shows the
spatial ion density distribution at the final simulation time
(~ 5.6ps after the laser pulse has crossed the GDP) and,
notably, the ion depletion within the plasma channel already
depicted in Fig. 6(a) through the electron density distribution.

Figures 9(b) and 9(c), which depict, respectively, the
spatial distribution of the mean ion kinetic energy and the
x-resolved ion energy distribution, reveal three main sites
of ion acceleration. The first is located at the (mainly)
transversely expanding walls of the laser-drilled channel,
where electrostatic ion reflection can occur as reported in
Ref. [44]. Maximum ion energies of ~ 20MeV are found
in this region. While most of the ions swept up by the
channel are reflected at near-normal angles, those located
in the vicinity of the channel’s head [see dashed box in
Fig. 9(b)] are accelerated over a broad forward-directed cone.
Their p, — p, momentum distribution, displayed in Fig. 9(d),
appears to be highly anisotropic, with the fastest (~ 0.07¢)
ions propagating at ~ 75° from the laser propagation direction

To illustrate the channel reflection mechanism, Fig. 10(a)
shows the free electron density distribution, extracted
~ 5.6ps after the laser pulse has reached the GDP, from
the PIC simulation using a laser pulse focused at the GDP.
Two distinct laser-driven channels are now visible as a
consequence of laser filamentation. This contrasts with the
single channel observed in the previous simulation, where the
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Figure 9: Phase-space projections of the simulated He ion
distribution ~ 5.6ps after the passage of the laser pulse
through the gas density peak plane. (a) Spatial density
distribution (linear scale) (b) Spatial distribution of the mean
kinetic energy (logjo scale). (c) Kinetic energy distribution
(logio scale) as a function of longitudinal position. (d,e)
Px — py momentum distribution (logg scale) at the (d) right
end of the channel [dashed black box in panel (b)] and (e) the
plasma-vacuum interface [solid black box in panel (b)]. The
black dashed lines in (d) and (e) indicate the +17° lines of
sight of the ToF detectors in the experiment.
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Figure 10: (a) Free electron density distribution, extracted
~ 5.6ps after the laser pulse has reached the GDP, as
predicted from a PIC simulation using a laser pulse focused
at the GDP. (b) y — p, phase space of the He ions (logig scale)
near the right end of the laser-created channel [dashed black
box in panel (a)].

pulse was focused 250 um before the GDP [Fig. 6(a)]. The
ion acceleration associated with the transverse expansion of
the main channel is evidenced in Fig. 10(b), which displays
the ion y — p, phase space around the right end of the channel
[dashed black box in Fig. 10(a)]. A close examination
shows that the ions reflected (up to vy, ~ £0.03¢) off the
expanding channel boundaries (y ~ +20um) subsequently
experience TNSA-type acceleration in the charge-separation
field set up by the hot electrons outside of the channel.
This leads to maximum transverse velocities of v, ~ £0.07¢
(corresponding to ~ 9MeV energies) at the time considered.

Figures 9(b) and (c) disclose two other potential sources of
energetic ions, namely, at the left- and right-hand boundaries
of the gas profile (x ~ 400 um and x ~ 1500 tm), where
TNSA sets in following the arrival of the laser-generated
relativistic electrons. The ions accelerated via this process
(most efficient at the right border of the gas profile) are
predicted to reach about the same maximum energies as
the ions reflected from the channel walls, but with a more
collimated angular distribution [see Fig. 9(e) corresponding
to the solid black box in Fig. 9(b)]. The fastest (~ 15MeV)
“TNSA ions” are contained in a very narrow cone (6 < 0.7°),
yet a dilute halo of quite energetic (~ 2 — 10MeV) ions
propagating at much larger angles (6 < 30°) can also be seen.
These divergent ions, which could, in principle, be collected
by the ToF detectors, originate from deflections in the strong
(as high as ~ 1000T) transverse magnetic fields induced at the
rear edge of the gas, as shown in Fig. 11. This figure displays
the spatial distribution of the out-of-plane (B;) magnetic field
2.1ps after the laser pulse has reached the GDP. The laser
pulse has then been fully absorbed in the gas down-ramp,
as evidenced by the relatively short longitudinal extent of the
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Figure 11: Spatial distribution of B, magnetic field recorded
in the simulation 2.1ps after the laser pulse has crossed the
GDP.

magnetized plasma channel past the GDP. The strong B fields
that have developed at the plasma backside are ascribed to
both the fountain-type motion of the fast electrons exiting the
gas [68] — which induces coherent fields of opposite polarity
across the symmetry x-axis — and the unstable interpenetration
of the exiting and space-charge-reflected electron streams
[69-72] — which induces transverse field modulations with a
~ 10 — 30 um wavelength increasing at lower densities.

An ion of mass m;, charge Z, longitudinal velocity v,
and energy & = m;v2/2 travelling across a magnetic field
of amplitude B, and longitudinal extent Iz will undergo a
transverse deflection 86 ~ arctan(ZeB,lz//2m;€;) in the
weak-deflection limit. Taking B, ~500T and /p ~ 100 um as
typical values (see Fig. 11), one thus expects deflection angles
of ~ 6 — 14° for 2 — 10MeV He?" ions, roughly consistent
with the angular spread seen in Fig. 9(e).

The ~ 10MeV maximum energies predicted to be reached
by the TNSA ions along the lines of sight of the ToF detectors
are, however, inconsistent with the experimentally inferred
~ 2.7TMeV cutoff energy (Fig. 7). Worse, the dominant highly
collimated component of those ions should have been detected
by the TP fielded on axis on some shots. These discrepancies,
therefore, cast serious doubt on the effective operation of the
TNSA mechanism in the experiment. It is indeed well known
[73, 74] that the efficiency of TNSA is sensitive to the shape
of the plasma profile where the sheath field develops, i.e., the
outer region where the background electron density becomes
lower than the local hot-electron density or where the local
Debye length becomes larger than the density scale length.

Thus, the absolute value of the hot-electron density not
only controls the accelerating field strength but also the
position of the acceleration site. Here, owing to a gas profile
truncated below 10!7 cm~3 (the lower bound of the detectable
gas density) and a likely overestimated hot-electron density
(due to the 2D geometry considered) at the remote gas edge,
~ 500 um away from the plasma channel where most of the
hot-electron generation takes place, one may expect TNSA
to be greatly enhanced in the simulation compared to what
occurs in the experiment. Likewise, the B fields induced
by the fast-electron currents in the TNSA region are very
likely overestimated. By contrast, the numerical modeling
of the channel-expansion-induced ion acceleration should be
more reliable because this process operates in the vicinity of
the laser path, because our simulation captures fairly well
the shape of this channel and, finally, because the foreseen
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— 0=21°,T,=4.7MeV
—— PIC, |0| < 30°, 7, = 11.7 MeV

Figure 12: Experimental electron energy spectra measured at
(green) —2° and (light blue) 21° from the laser axis, compared
with the spectrum extracted from the PIC simulation (violet)
and rescaled to fit the experimental data range. The
experimental error bars are evaluated over three different
shots. The vertical dashed line indicates the upper energy limit
of the spectrometers. The legend indicates, for each spectrum,
the temperature associated with the best-fitting exponential
function (red dashed lines).

~ 2MeV cutoff energies associated with this mechanism
compare rather well with the measurements.

We now discuss the electron acceleration measurements.
Figure 12 plots representative electron spectra collected by
the MES fielded on axis (6 = —2°) and off axis (0 = 21°).
The error bars are computed over three different shots. The
vertical dashed line indicates the ~ 50MeV upper detection
limit. The typical spectra recorded at —2° (green curve)
exhibit a quasi-exponential shape, decreasing from ~ 5 X
101" MeV~tsr~! at ~ 5MeV down to ~ 2 x 10°MeV ! sr!
at the ~ 38 MeV cutoff energy. Assuming those spectra scale
as o ¢ ¢/ this corresponds to a best-fitting “temperature”
of T, ~ 9.7MeV, i.e., about 5x larger than the standard

ponderomotive scaling [41] T, ~ (, [1+a2/2— 1) Mec? o~
2MeV. This trend qualitatively agrees with previous related
numerical studies [62, 75, 76].

The typical electron spectra recorded at 21° from the laser
axis are plotted in light blue in Fig. 12. Their significantly
lower temperature (~ 4.7 MeV) and energy cutoff (~20MeV)
give a measure of the directionality of the fast electrons
exiting the plasma. The purple curve represents the simulated
electron spectrum, integrated over a |6| < 30° angular range
(corresponding to the full forward-emission “cone” of the hot
electrons in the simulation). Its quasi exponential shape with
~ 11.7MeV temperature is consistent with the measurements.

The angular distribution of the outgoing fast electrons can
be further assessed from the RCF data. Indeed, given the
~ 2.7MeV cutoff ion energies inferred from the ToF data and
the absence of ion signal on the on-axis TP, one can predict
through Monte Carlo simulations performed with PySTarT
[77] (a python wrapper for the SRIM package [78]) that
the emitted ions will be fully stopped by the second RCF
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Figure 13: (a) Angular dose distribution in the (deepest) 15th
layer of the RCF stack located 6¢cm beyond TCC along the
laser axis (center of the dashed cross). This layer is mainly
sensitive to > 2MeV electrons. (b) Simulated energy-angle
distribution (linear scale) of the electrons having reached the
x = 1600 um longitudinal PIC coordinate. Here, the laser
propagates along the 6 = 0° axis.

stack layer, and hence that the dose deposited on subsequent
layers is essentially due to fast electrons. The spatial dose
distributions measured deep (beyond the 10th layer) inside the
RCF stack typically exhibit several hot spots, as illustrated in
Fig. 13(a). The signal shown was recorded on the deepest
(15th) layer (mainly sensitive to > 2MeV electrons according
to GEANT4 [79] Monte Carlo modeling) during a single shot
(not associated with the electron spectra shown in Fig. 12, as
the MES and RCF stack could not be fielded simultaneously).
The dose is mainly deposited over a ~ 8° FWHM cone, with
several hot spots surrounding the laser axis (center of dashed
cross), corresponding to electron beamlets emitted at a few
(~ 3° —5°) degrees. This suggests that the MES located
at (6,¢) = (—2°,0°) and (21°,0°) may miss the dominant
components of the outgoing energetic electron population. An
estimate of the outgoing electron charge can be obtained from
the electron spectrum in green in Fig. 12 considering the ~ 5°
dose-deposition spot centered at (6,¢9) = (2°,2°) in the RCF
layer depicted in Fig. 13(a). The typical outgoing charge
above 2MeV is ~ 1 nC corresponding to ~ 0.02], i.e., ~ 0.1 %
of the laser drive energy.

We display in Fig. 13(b) the energy-angle distribution of
the fast electrons having reached the x = 1600 um “plane”
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Figure 14: (a) Electron distribution as a function of the
works performed by the longitudinal (W,) and transverse (W)
electric fields, extracted ~ 0.5 ps before the laser pulse crosses
the GDP. (b) px — py momentum distribution of the electrons
having exited the plasma channel but not yet crossed the
magnetized right-hand gas region (1400 um < x < 1500 um),
as recorded at t ~ 1.8ps. All figures are in log;q scale.

in the PIC simulation. The backward-directed part of this
distribution corresponds to the electrons reflected by the
TNSA field. The purpose of this numerical diagnostic is to
compare the angular distribution of the outgoing energetic
electrons with that inferred from the RCF signals. The angular
distribution of the fast electrons is quite inhomogeneous and
mainly contained in the |0| < 30° range.

To identify the dominant electron acceleration mechanism,
we plot in Fig. 14(a) the electron distribution resolved
as a function of the works performed by the longitudinal
(W) and transverse (W,) electric fields defined as W,, =
—e [§dt' Exy(t',x(t"))vyy(¢').  This diagnostic is extracted
~ 0.5 ps before the laser pulse has reached the GDP. Since all
plasma electrons have gained energy from the laser, we have
Wy +W, > 0, which explains the sharp linear lower boundary
of the distribution. The laser-accelerated electrons are then
mainly concentrated around the head of the laser-created
plasma channel, located around x ~ 850 um. Importantly,
a significant majority of them satisfy W), > W,; this means
that they have been mainly energized by transverse E, fields
— largely dominated by the laser field — rather than by
longitudinal, laser-wakefield-type E fields, a process known
as direct laser acceleration (DLA) [45-47].

Figure 14(b) shows the px — py momentum distribution of
the energetic electrons outgoing from the plasma channel and
then lying in the 1400 < x < 1500 um spatial range (in the
gas down-ramp), ~ 1.8 ps after the laser pulse has crossed the
GDP. The forked shape of this distribution is typical of DLA.



V.  CONCLUSIONS

Here, we have presented the results of an experiment in
which we coupled a ~ 70fs, ~ 102°Wcem—2 laser pulse to a
near-critical He gas jet, and probed the interaction region with
an extensive diagnostic suite. Our main findings are (i) the
acceleration at forward oblique angles (~ 17°) of « particles
up to 2.7MeV energies (~ 0.67MeV /amu) with a total flux
of ~ 10''sr! above ~ 0.1MeV energies; (ii) the emission
of a quasi-exponential distribution of forward-directed hot
electrons with a ~ InC total charge and a ~ 10MeV
temperature well above the ponderomotive scaling. To our
knowledge, the only other experiment on particle acceleration
in near-critical gas jets (n, = 0.1n.) driven by PW-class,
ultrashort (< 100fs) laser pulses was reported by Singh et al.
[44].

According to large-scale PIC modeling, the observed
forward ion acceleration most likely arises from electrostatic
reflection of the ions swept up by the radially expanding
laser-induced plasma channel — the formation of which across
the gas density peak was also evidenced via interferometry.
The same collisionless-shock-based mechanism was held
responsible for the transverse emission of ~ 0.8 MeV HT and
He’" ions in Ref. [44]. While this mechanism preferentially
drives ions perpendicularly to the laser path [44], our
simulations reveal that the ions initially located near the end
of the channel, in the gas down-ramp, can be accelerated over
a broad forward directed cone, including the +17° lines of
the sight of the ToF detectors, and to energies consistent with
the measurements. The simulations also predict TNSA-type
ion acceleration at the rear edge of the gas, as well as
deflection of the lower-energy ions by the local magnetic
fields. However, the high energies (= 10MeV) reached by the
fastest TNSA ions are not corroborated by the measurements.
We ascribe this disagreement to an improper description of
the fast-electron dilution far from the plasma channel and/or
to a possibly too sharp truncation of the gas down-ramp.
Furthermore, an experimental characterization of the gas-edge
B fields is needed to further assess the ion deflection scenario.
Nevertheless, our modeling satisfactorily reproduces the
quasi-exponential spectrum of the fast electrons and shows
that they are primarily produced by the direct action of the
laser’s electric field.

Finally, it is worth noting that, although our experimental
suite was not fully adapted to HRR operation, we were
able to achieve a frequency of one “UHI physics shot”
every 20 minutes. This time was required to (i) obtain an
interferogram of the pre-shot neutral gas, (ii) translate the
nozzle vertically to have the laser interact with the shocked
gas region, and (iii) perform two different acquisitions with
the on-shot interferometry CCD (one with the probe only
and another one with both gas and probe), which were
needed to deconvolve the subsequent on-shot interferogram.
Such a meticulous procedure was necessary to achieve
well-controlled interaction conditions. We also leveraged this
time to replace the passive particle detectors (i.e., the imaging
plates and radiochromic films). In addition, we succeeded in
performing up to four UHI laser shots in a row without the
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laser-induced nozzle damage severely altering the gas shape.
Although the latter exhibited fluctuations in both peak density
(=~ (1 —2) x10®cm™3) and FWHM (~ 500 — 600 um),
along with the formation of low-density (< 10" cm™)
“elbows” after a certain degree of damage, such shot-to-shot
variations remained moderate enough not tocompromise the
typical properties of the accelerated particles or the bulk gas
response to the laser drive.

Although very far from the ultimate goal of approaching
the > 1 — 10Hz shot rate of modern Ti:Sa laser systems, these
results represent, to our knowledge, the best performance
ever reported using a PW-class Ti:Sa laser coupled with a
dense gas jet. As such, they open up encouraging prospects
for future applications requiring large statistics. For instance,
once the transverse size and emittance of the ion source
have been characterized, high-precision stopping-power
measurements [80] could be made. Compared to laser-based
accelerators using solid targets, a prominent advantage
of laser-gas setups would be the ability to deliver fast
ions of any chemical element simply by changing the gas
composition. The case of «a particles, as considered in this
work, would be of particular interest for accurate predictions
of the performance of inertial confinement fusion designs
[81], a topic with far-reaching implications given the fusion
breakthroughs reported at the National Ignition Facility in
December 2022 and July 2023.
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