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Abstract

In this report, we present the experimental results on the generation of x-ray emission and particle
acceleration using high temporal contrast (~107? at picosecond time scale), ultrashort (~ 30fs),
relativistic (ag =~ 5) near-IR laser pulses interacting with Titanium foils. Complex diagnostics,
including the energy spectra of accelerated electrons from both front and rear target sides, electron
angular distribution and x-ray spectroscopy of the plasma emission were employed. Analysis of the
characteristic radiation produced by highly charged Ti™*° ions led to the conclusion that laser-plasma
interaction, which leads to the generation of keV hot plasma, occurs at plasma densities 10x higher
than relativistic critical electron density. Numerical simulations, including hydrodynamic calculations
to model pre-plasma, generated on nanosecond-picosecond time scale under our experimental
conditions and relativistic particle-in-cell simulations for main pulse interaction with the plasma
reproduce well electron energy and angular distributions. They show the onset of hole boring effect
under near normal incidence that leads to plasma density steepening and enables penetration of high
intensity laser radiation into the overcritical plasma to much higher densities (up to 30 n,,), whatisina
good agreement with the results of x-ray spectroscopy.

1. Introduction

The developments in the table-top terawatt lasers, based on the Chirped Pulse Amplification technique (CPA)
introduced more than thirty years ago (Strickland and Mourou 1985), have opened up a revolutionary era in
High Energy Density Physics (HEDP) enabling us to address some of the most fundamental questions regarding
light-matter interaction and to study matter at extreme conditions on the ultrashort timescale at intensities in
which the motion of electrons is governed totally by relativistic effects (Kumar 2010). Such university-scale
laboratory lasers have emerged as attractive tools among researchers particularly over the last few decades due to
their exceptional potentials in numerous applications. They are being widely employed in laboratory
astrophysics (Huang et al 2019, Parigger 2020), fast ignition in Inertial Confinement Fusion (ICF) (Roth et al
2001, Kemp et al 2014), medical therapy (Bulanov and Khoroshkov 2002, Ledingham et al 2007, Karsch 2017)
and medical isotope production (Ma et al 2019), neutron radiography and tomography (Strobl et al 2009),
charged particle production and acceleration (Macchi et al 2013, Yogo et al 2017, Higginson et al 2018, Rosme;j
etal 2019), x-ray and gamma ray production (Rousse et al 2004, Chang et al 2017, Rosmej et al 2019), and so
forth.

© 2023 The Author(s). Published by IOP Publishing Ltd
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The process of intense laser radiation—solid interaction is extremely complex and strongly depends on
parameters of the radiation (intensity, pulse duration, wavelength, polarization), focusing geometry, and
characteristics of the solid (material, thickness, morphology of the surface etc.) (Umstadter 2003). One of the
main effects, determining regimes of interaction and efficiency of laser energy absorption, is the formation of a
critical density layer of plasma near the surface. This layer screens the penetration of the laser radiation into the
target volume and limits the absorption efficiency of the laser energy. The formation of the pre-plasma layer is
directly linked to the temporal contrast in the laser pulse. CPA-based high-power laser systems suffer relatively
low temporal contrast of laser pulse arising from the amplified spontaneous emission (ASE) and pre-pulses
generated during the amplification process (Keppler et al 2016). The ASE and pre-pulses are interacting with the
target on a nanosecond/ picosecond timescale leading to expansion (melting and ionization) of the target surface
long before the arrival of the main pulse.

A typical technique to improve the temporal contrast is by frequency doubling of the laser radiation.
However, the advantage of using frequency doubling for contrast cleaning is compromised by a reduction in the
laser pulse energy (thus intensity) due to the low conversion efficiency of the Second Harmonic Generation
(SHG) process for femtosecond pulses as well as by shortening the wavelength. The consequence of wavelength
reduction is a relatively low effective temperature of hot electrons due to quadratic scaling with the laser
wavelength according to Tj,,, = [1 + I)\i /1.4 x 10'8] x 511keV, whereIisin W /cm?*and A, isin microns
(pum) (Wilks 1993, Rosmej et al 2018). Simultaneously, the normalized vector potential, which specifies the
regime of interaction, a, = 0.85 x 10~°+/I\, with I being the laser intensity in W /cm? and ) the laser
wavelength in microns (1m), also drops with the decrease in laser wavelength. Additionally, the reduced laser
energy by frequency conversion also diminishes the laser intensity and then subsequently Tj,,, and a,
accordingly.

In this report, we present the results of the experimental investigation of the interaction of relativistically
intense, high temporal contrast (~10~" at nanosecond-picosecond time scale) near-IR (without frequency
doubling!) femtosecond laser pulses with Ti foils, employing a complex diagnostic that includes simultaneous
measurements of energy spectra of electrons, protons and x-ray radiation. Furthermore, we compare the results
of the measurements with our previous work which was conducted with frequency-doubled output of the same
laser system, resulting in contrast improvement by several orders of magnitude (Rosmej et al 2018). Our results
provide a reference for experiments on ultra-intense laser-solid interaction of ultrashort (femtosecond) laser
pulses, generated by modern high energy laser systems with high temporal contrast. These results are especially
interesting for experiments aiming at relativistic interaction with nanostructured solid targets, where issues
related to the temporal contrast have critical importance. The paper is organized as follows: section 2 describes
the employed experimental setup and conditions; section 3 presents experimental results on the measured
electron energy and angular distribution, proton energy distribution and x-ray spectra from Ti plasma together
with evaluation of plasma parameters using the generalized population kinetics and the spectral modeling code
FLYCHEK; section 4 presents the results of hydrodynamic simulation (HD) of the pre-plasma formation under
conditions of the experimentally measured temporal laser pulse contrast and also particle-in-cell simulations of
relativistic laser-plasma interaction with this pre-plasma. Finally, section 5 summarizes and concludes the
obtained results.

2. Experimental setup

The experiment was carried out using the multi-terawatt Ti:Sapphire laser facility JETI-40 at the Institute of
Optics and Quantum Electronics (I0Q) in Jena, Germany (FSU, IOQ Jen ). The system delivers p-polarized laser
pulses with an energy of ~1.2 J (before the compressor) and ~30 fs pulse duration at the central wavelength of
~800 nm. We compare experimental results for near normal incidence (15°) and for 45° focusing geometries
and the corresponding experimental layouts are shown in figures 1(a), (b). The temporal contrast of pre-pulses
at nanosecond-picosecond timescale was measured with a third-order cross-correlator Sequoia (Amplitude
Technologies) and is shown in figure 1(c) (Almassarani et al 2021). The femtosecond pre-pulse at around 0.3 ns
has too low intensity and does not affect the final parameters of the pre-plasma. The laser beam was focused onto
the target surface for two different focusing conditions: nearly normal to the target (15°) and under oblique (45°)
incidence angles using 90° and 45° Al off-axis parabolic mirrors (both having f/2.3), respectively. The laser
energy on the target was measured to be around 520 m]J. The focal spot size was maintained at 3.5 pm (FWHM)
and the corresponding spatial profile was optimized through an adaptive mirror in the beamline. The beam
profile in the focus was measured at low energy by an imaging system including a 20x microscope objective and a
CCD camera (figure 1(d)). The output energy was reduced by changing the timing in the amplification chain but
keeping pump power the same as for the full energy shots. The acquired images of the intensity distribution in
the focal spot were spatially integrated subsequently for accurate estimation of the peak intensity in the laser

2



10P Publishing

Phys. Scr. 98 (2023) 115615

E Eftekhari-Zadeh et al

“““ N Toroidally bent @, *
oty iy
YA 5
[ “Electron
| 'spectrometer
5 ) N Moﬁ-ax]’s- : .";.'" gr;g:l:;t?cmbuﬂoa e ‘ Q) N / §Angular'd|smbuuon ([ o
':._parabolicmirror:.’:f,.g__‘:; - " i diagnostic " -

""'Al45.°off—a>&s"": U
s parabolic mirror

i . \__# 157

Focus camera K
© & @ =

;-_-. 107 Main puls;e____‘, ” ‘ 0.8000
8 1072
> -3 ~ 0.6000
= 10 NE 08
g 10% g
€ 10:: Pre-pulse ? 06
L 2
s 10° 2
< 10 D o4
w ) :
K7 10_ %‘
s 10° "
B 107 2"
= 10-11 s 0

10-12 Y . 5 . ¢

-0.6 04 -0.2 0.0
Time (ns)

Figure 1. Schematic top view of the experimental layouts for (a) near normal and (b) 45° focusing geometries illustrating the laser

beam path, focusing by the off-axis parabolic mirror onto the target and the arrangement the particle and x-ray emission diagnostics.
GaAs crystal together with a CCD camera, served as an x-ray detector, were employed to measure x-ray spectra; (c) temporal contrast
in the laser pulse measured by the third-order autocorrelation technique; (d) the spatial distribution of the intensity in the focal spot.

pulse. The estimated peak intensity on the target reached ~5 x 10" W cm ™2, resulting in the normalized vector
potential value of ay =~ 5, indicating relativistic regime of interaction, and IX ~ 3.2 x 10'* W-um?. The targets
were 50 um thick Ti-foils placed in a vacuum chamber.

Targets were also mounted on an XYZ-translation stage in order to ensure a fresh spot on the targets for each
laser pulse as well as to align the laser focus. Moreover, it should be noted that the measurements of particle and
X-ray energy spectra were accumulated over multiple shots.

In this experiment several diagnostic tools were employed in order to simultaneously detect x-rays, electrons
and protons. The energy distribution of run-away electrons from the front and rear side of the targets with
energies from 100 keV up to 10 MeV was measured by electron magnetic spectrometers (ESM) with magnetic
field of 250 mT. Electron spectra were registered using BASF MS image plates (IP), which were absolutely
calibrated in the mentioned range (Bonnet et al 2013, Boutoux et al 2015), and their measured signal was
accumulated over 10 laser shots. For the near normal focusing geometry, with an angle of incidence of 15°, ESM
1 was located 27 cm behind the target in laser direction under an angle of 12° from the target normal and ESM 2
was located 33 cm from the frontside of the target in laser specular direction under an angle of 8°. For 45°
focusing geometry, ESM 1 was located 30 cm behind the target again along laser propagation direction in an
angle of 43°, ESM 2 was located 32 cm in front of the target again along the laser specular reflection in an angle
of 30°.

An ion magnetic spectrometer (ISM) with magnetic field of 990 mT charged with BASF RS image plates (IP)
was used to measure the distribution of proton energies under 45° focusing geometry behind the target. A
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Figure 2. Energy spectra of electrons measured at the front side (blue line) and the rear side (black line) of the Ti-foil (a) near normal
incidence and (b) 45° incidence geometry. At the rear side the spectra were measured in the direction of the laser beam propagation,
whereas at the front side the spectra were measured under 10° for (a) and 30° for (b). The red lines correspond to the exponential fits
(Maxwellian distribution) providing an estimation of the hot (T},,) electron temperatures. Raw IP images obtained by the

spectrometer in rear (c) and front (e) sides of target under near normal incidence geometry as well as rear (d) and front (f) sides of the
target under 45° incidence geometry.

detailed description of the magnetic spectrometer was reported in (Rosmej et al 2019). The spectrometer was set
22 cm away from the rear side of the target in the normal direction.

For measurements of the angular distribution of accelerated electrons, a cylindrically bent BASF RS image
plate with a cylinder axis on the target position and radius of curvature of 200 mm (Rusby et al 2015, Rosmej et al
2020) was used and enabled electron flux detection within a cone 4= 40° in the horizontal plane relative to the
laser beam direction. IPs were shielded against protons and ions by a 0.5 mm thick Copper foil. In the laser
incidence plane, a central vertical 3 mm slit allowed for electron and ion energy spectra measurements behind
the cylinder. The direction of laser propagation was also marked by a needle that was attached to the upper IP, as
will be pointed out in the experimental results. Measurements of the angular distribution in electron flux
provide insight into the dominant mechanism of laser energy absorption. Resonance (Forslund et al 1975) and
Brunel absorption (vacuum heating) (Brunel 1987) mechanisms would result in electron acceleration
predominantly along the target normal direction, whereas the J x B absorption mechanism (Kruer,
Estabrook 1985) would generate electrons accelerated in the laser propagation direction.

The K-shell x-ray emission spectra were measured using an imaging crystal spectrometer with a charged-
coupled device (CCD) as a detector. The x-ray crystal spectrometer comprised the 111 reflections of a toroidally
bent GaAs crystal, with a horizontal bending radius of 1600 mm and vertical of 101 mm. Dimensions are 32 mm
horizontally and 12 mm vertically and the Bragg angle for He-like titanium is 23.6°. The CCD camera was
located outside the vacuum chamber, separated by a 50 pim thick Kapton window. This imaging spectrometer
provides x-ray spectra with /& 2 eV spectral resolution and ~ 10 m spatial resolution.

3. Experimental results

3.1. Particle spectra and angular distribution

The measured electron spectra from both the front side and rear side (ESM 2 and ESM 1 in figure 1, respectively)
of the 50 pum thick Ti-foil target for different focusing conditions are displayed in figure 2. A Maxwellian
distribution function (d*N/(dE.dQ2) oc exp(E/(kg.T.)) was fitted on the spectra to estimate the temperatures of
the accelerated electrons. As can be seen in the electron spectra, the first part of the hot electron temperature

(11, 1ot) at the front side of the target is almost similar for both focusing conditions and estimated about 0.3 MeV,
whereas it is two times higher at the rear side of the target under 45° incidence angle (~0.6 MeV).

At the same time, the second part of hot electron fraction (73, j,,) shows two times higher temperature under
the near normal focusing condition for the front (~2 MeV) and rear (<3 MeV) sides of the target in comparison
to the front (~1 MeV) and rear (~1.5 MeV) sides under 45° incidence angle. Additionally, the total number of
electrons generated under a near normal incidence angle is also two times higher than for the 45° incident for
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Figure 3. Measured angular distribution of the electron flux using the cylinder-stack diagnostic. (a) A raw IP image and (b) angular
distribution (horizontal line cut along the beam maximum) under near normal focusing, (¢) and (d) is the same for the 45° incidence
angle. In polar plots, the laser beam direction is marked by the red arrow. The yellow dotted line in (b) shows double Gaussian fit.

both the front and rear sides of the target. Measured electron spectra imply that the conversion efficiency of the
laser energy into the hot electrons under a near normal incidence angle is larger than for the 45° incident under
our experimental conditions. The temperatures of hot electrons, generated in the forward direction along the
laser propagation for both geometries, are in a good agreement with an estimation made by the Ponderomotive
hot electron temperature scaling for femtosecond laser-plasma interactions. This has resulted in ~1.98 MeV for
hot electron temperature for the laser parameters used in our experiment (Wilks 1993), similar to our previous
experimental results at the 400 nm wavelength (frequency doubled output of the same laser system) (Rosmej et al
2018). An electron temperature enhancement of up to six times was observed in this experiment using 800 nm
wavelength (2.52 MeV) in comparison to the experiments with 400 nm wavelength with the same Titanium
targets (~0.4 MeV), in agreement with expected \* scaling and lower (1.7 x 10"* W ¢cm ™) intensity used in the
former case.

The angular distributions of the electron beam fluence under the near normal as well as 45° focusing
conditions are displayed in figure 3. The shadow of the needle on left-side of the upper IP in figure 3 (a) and on
the left-side of the lower IP in figure 3(c) shows the direction of the laser beam propagation. The half-shape of a
hexagon on the lower IPs marks the normal to the target direction, corresponding to zero angle. As can be seen in
figures 3(b), (d), the peak of electron distribution behind the target is almost along the laser direction for both
focusing geometries.

Unfortunately, in the case of 45° incidence angle, half of the angular distribution profile was cut due to
geometrical constrains in the experimental setup (mainly arising from the third dielectric mirror in figure 1(b)),
preventing from accurate analysis of the width in the angular distribution. For near normal focusing the angular
distribution of the electron flux can be fitted with high precision (R-square COD 0.99972) by a bi-Gaussian
distribution (figure 3(b)), suggesting two electron beams with the full-cone angle of ~12° (FWHM) and ~67°.

Finally, a spectrum of protons ejected from the rear side in the normal to the target direction under 45°
focusing conditions is shown in figure 4. The spectrum features a clear cut-off energy at ~1.2 MeV, suggesting
the target normal sheet acceleration mechanism (TNSA) of proton acceleration. This maximum energy is in
good quantitative agreement with predictions by an empiric scaling law of proton energies in ultra-short laser
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Figure 4. Energy spectra of protons, measured at the rear side of the Ti-foil in the normal to the target direction, under 45° focusing
geometry (a). Raw IP images obtained by the spectrometer aligned along the laser beam direction (b).

plasma acceleration, suggested in (Zeil et al 2010), considering twice lower energy and three times larger foil
thickness in our experiments in comparison to (Zeil et al 2010). Also, the maximum proton energy has been
estimated using Mora’s model (Mora 2003). Using the hot electron temperature 1.5 MeV, retrieved from the
electron energy spectra measurements, and the laser radiation parameters, the maximum proton energy E .«
~1.3 MeV is retrieved, which is in very good agreement with the measured value retrieved from the
measurements.

3.2. Measured and simulated x-ray emission spectra

X-ray line emission spectra from highly charged ion states are very well suited for estimating the plasma bulk
electron temperature and density (Basov 1985, Rosmej et al 2018, Samsonova et al 2019, Eftekhari-Zadeh et al
2022). In this experiment, the K-shell x-ray spectra of low and high charge states in the Ti plasma were used as a
complementary diagnostic to the particle spectroscopy. The measured spatially resolved (in one dimension)
x-ray spectra in the range of 4.5-5.0 keV, emitted from the 50 pm Ti-foil irradiated by 800 nm (1w) laser pulses,
are shown for both focusing geometries on figure 5(a) together with the spectrum, measured from a 25 pim Ti-
foil, irradiated by the frequency-doubled output of the laser system (400 nm, 2w) and ap = 1.4, (Rosmej et al
2018). The time and space integrated spectra are presented in figure 5(b). The spectrum in the low energy region
(up to = 4.55 keV, see figure 5(b)) and also above 4.9 keV consists of K-shell emission lines with satellites from Ti
ions with charge states up to 12+. These emission lines, originating in overdense plasma with moderate electron
temperature under influence of hot electrons, usually overlap forming a broad spectrum with a shoulder
towards higher photon energies (blue shift). Analysis of this spectral region provides access to the temperature of
warm dense matter (WDM)—relatively cold and low charge state plasma underneath the thin interaction layer
at the surface (Stambulchik et al 2009, Zastrau et al 2010). This plasma has a much larger volume (radius and
depth) than the interaction region with the laser radiation, as can be seen in figure 5(a), and is generated by fast
particles, high-energy photons, and a heat wave from the interaction layer. The spatial extent of this plasma is
also larger in the case of 800 nm irradiation in contrast to 400 nm irradiation (figure 5(a)). The larger size of the
K-shell emission source in case of 1w can be explained by stronger refluxing of hot electrons in Ti-foil, caused by
four times higher Ty, than in 2 w case (Zastrau et al 2010, Neumayer et al 2010).

To estimate WDM temperature, we followed the approach developed in (Schonlein 2015). We simulated
‘cold’ titanium K, doublet lines using the generalized population kinetics and the spectral modeling code
FLYCHK (Chung et al 2005) and using the bulk plasma temperature as a fit parameter. The calculated emission
lines were convoluted with the spectrometer apparatus function, described as a Voight profile with a width of
2eV.
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45° focusing (bottom) geometry; (b) Corresponding calibrated single shot x-ray emission spectra.
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2

To achieve the best agreement between the measured and calculated spectra, we calculated the emission
spectra for two different electronic temperatures and composed a total synthetic spectrum as a superposition of
the two with different weight factors. This procedure mimics the averaging over the spatial distribution of
plasma temperature that is integrated in the experimental measurements (Stambulchik et al 2009). Figure 6
shows a comparison of simulated line profiles and measured spectra for different experimental conditions. The
simulated spectra match very well with the experimentally measured ones and result in the following values:
Te(h""‘) =120V (70% fraction) + 30 eV (30% fraction) under 45° incidence angle and Te(b“lk) =150€eV (65%
fraction) + 50 eV (35% fraction) under near normal incidence angle both with 5 eV accuracy corresponding to
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Figure 7. Time dependent evolution of the He-like line intensity in transient plasmas (a). Curves are simulated for different electron
densities that were kept constant in time with a time-dependable electron temperature profile similar to 2w case (see figure 8(a) in
Rosmej et al (2018) see). The electron densities were chosen to obtain experimentally measured Ti He-like relative intensities 100 2w):
1 (1w, 15°): < 0.1 ( 1w, 45°) shown in figure 5(b); Simulated spectra of He-like(w) and Li-like Ti ions with plasma parameters, used for
a) (left-hand side-FLYCHK) and also measured spectra in the same range (right-hand side-Experiment) (b).

Tiion solid density (ny5;g = 5.6 X 10*2cm~3) with a mean charge of Z; = 11and Z; = 12, respectively. For the
experiments at the second harmonic, the best agreement in simulations was achieved for the bulk electron
temperature Te(b k) — 7.5 eV (80% fraction) 4 70 eV (20% fraction) with 2.5 eV accuracy corresponding to Ti
ion solid density with a mean charge of Z; = 4. Thus, we conclude that the temperature of WDM under near
normal focusing conditions is about 20% higher than the temperature under 45° focusing geometry.

The spectrum between 4.55 and 4.8 keV in the high energy region is represented by resonance line emission
from highly charged Tiions of Li-like Ti*'?, and He-like Ti"** ions (figure 5). The appearance of these high
charge states in ultra-short laser-matter interaction is evidence of keV-level temperature and near-solid dense
plasma, generated in the interaction layer (Rosmej et al 2018). As follows from figure 5, emission from He-like
and Li-like Tiions is pronounced at 1w for the case of near normal focusing (blue line in figure 5) and hardly
measurable for the 45° focusing geometry. It was shown that in the 2w case (Rosmej et al 2018), due to very high
contrast, the relativistic laser pulse interacts with plasma of 1.7 x 10°> cm ™ electron density and heats it up to
1.8 keV. In the present 1w case, due to lower temporal contrast, the pre-plasma shields the target surface,
enabling penetration of the main pulse up to the relativistic critical density point. For the relativistically intense
main pulse with ag &~ 5 and smooth (L, > \) plasma density gradient, the critical density can be estimated,
according to (Weng etal 2012),as n/% & n/1 + 0.79a¢ ~ 4.6n,. Detailed time-dependent analyses of the
spectra evolution show nevertheless that the observed Ti*** -radiation occurs in plasma with 10 x higher
electron density than /.

Figure 7(a) shows results of time-dependent simulations of the He-like Ti-line intensity using the
generalized population kinetics and the spectral modeling code FLYCHK (Chung et al 2005). Curves are
simulated with a time-dependent electron temperature profile similar to 2w case (see figure 8(a) in Rosmej et al
2018) considering in addition a small fraction of hot electrons (1% of hot electrons with the temperature
300keV, accelerated from the plasma layer with the critical density. The temperature is taken from the
experimentally measured energy distributions, see figure 2). The bulk electron density was kept constant in time
and was used as a fitting parameter to match the ratios of He-like emission lines measured in the experiments
with second harmonic and in the current experiment 100 : 1 for the near normal incidence and 1000 : 1 for the
45° incidence angle shown in figure 5(b). The simulations suggest densities of 1.7 x 102 cm~3, 7.5 x 1022 cm 3,
5 %X 10%2 cm~3 for experiment with 2w beam, 1w beam with near-normal and 1w beam with 45° incidence angles,
respectively. The corresponding simulated emission spectra of He- and Li-like titanium ionic states are shown in
figure 7(b) and show very good agreement with the experimentally measured spectra. Moreover, our numerical
analysis suggests that the plasma density equal to the relativistic critical density 8 x 10*'cm =2 is too low to
produce a measurable yield at the He-like emission line as shown in figure 7(a) by green curve. Instead, order of
magnitude higher density is required to reproduce the measured experimental spectra. It is noteworthy that the
results of simulations are highly sensitive to the plasma density—variations on the level of several percent from
the best fit values given above lead to significant disagreement between the simulated and measured spectra. In
contrast, the simulation results were less sensitive to variations of temperature providing a good fitin the
temperature range 1.8—3.6 keV. The reason for this is that in ultra-short laser-plasma interaction, the
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Figure 8. HD simulation of pre-plasmas generated by pre-pulses of JETI-40 laser. The laser irradiates the target from the right side.
The color maps show the spatial profile of the electron density by the end of pre-pulse under 45° (a) and near normal (b) incidence
angles correspondingly. Solid lines mark the non-relativistic critical density levels.

populations of ion ground states (ion charge distribution) and excited states (line radiation) grow exponentially
in time with the increment defined by the electron—ion collisional rate. In addition, the line intensity is
proportional to the number/density of ions with charge Z, which can be substituted by the electron density. That
is why in transient plasmas the line emission intensity has very sharp dependence on the electron density. Thus,
we conclude that the experimentally observed differences in the emission spectra from He-and Li-like Tiions
originate primarily from distinctly different plasma density, heated up by the laser radiation.

4. Numerical simulations

To explain the measured experimental results, complex numerical simulations of pre-plasma, generated at sub-
nanosecond time scale before the peak intensity, and relativistic interaction of the main pulse with this pre-
plasma and the target were carried out.

4.1. Pre-plasma simulations

To estimate parameters of the pre-plasma, generated by the laser pulses with the measured temporal contrast
shown in figure (figure 1(c)), under different focusing conditions, target interaction with the laser pre-pulse was
simulated using the two-dimensional (2D) radiation-hydrodynamic (HD) code RALEF2D. This code has been
widely used for simulations of various experiments (Basko et al 2012, Tauschwitz et al 2013, Wagner et al 2014,
Faik et al 2014, Torretti et al 2020, Malko et al 2022). RALEF-2D is a two-dimensional numerical code that solves
the 2D single-fluid, one-temperature hydrodynamic equations and the spectral radiation transfer equation,
using opacity tables generated with the THERMOS code (Nikiforov et al 2005). In our simulations, we used the
equation-of-state from the equation-of-state package for high energy density matter FEOS (Faik et al 2018). HD
simulations were performed in axial symmetry geometry using the experimental laser parameters and
experimentally measured spatial laser pulse profiles. The temporal intensity in the laser radiation was scaled
based on the experimentally measured temporal contrast in the laser pulse (figure 1(c)). The initial thickness of
the foil was chosen at 2 yum and the foil is encased by alow-density (10~ bar) gas. The equation-of-state data
were constructed by using a wide-range FEOS model (Faik et al 2018) including the ionization degree, which is
computed within the Thomas-Fermi model of the electron gas. For the near normal incidence angle, the critical

densityis defined as 1, o(\) = ::; ~ 1.1 x 10?!(\/pum)~2 cm—3, whereas for an incidence angle 6 it becomes

ferg = Mo c05%(0), where m, is the electron mass, e is the electron charge, w is the angular frequency. For the
A =800 nm laser wavelength this results in critical densities of 8.5 x 102 cm ™ >and 1.72 x 10?'cm " for 45°
and near normal incidence angles, correspondingly. As follows from figure 8, the pre-plasma generated under
conditions of both focusing geometries is nearly identical. Namely, the critical density layer is in both cases
located roughly 2.5 sm (3 X\) away from the target’s surface.

The results of pre-plasma calculations show that it has a rather smooth gradient by the moment of the main
pulse arrival. Therefore, at the value of the parameter I >‘/21m ~ 3.5-10" W-um?/cm? under conditions of our

experiment, | x B is suggested as the main laser energy absorption mechanism (Wilks and Kruer 1997). This
suggestion is confirmed by the simulations of relativistic main pulse interaction with the pre-plasma, presented
in the following section.
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Figure 9. PIC simulations of the laser pulse intensity (red line) and the ion density (blue line) at different positions of pulse
propagation. (a) Normal incidence, the peak intensity is at the target surface, (b) normal incidence, the peak intensity would be deeply
inside the target, () 45° incidence, the peak intensity would be deeply inside the target. The black dotted line shows an exponential fit
to the skinned intensity, the vertical magenta line marks the position of the e ' intensity level (skin depth).

4.2. Particle-in-Cell simulations of relativistic laser-plasma interaction

To simulate the main laser pulse interaction with plasma, we used the full three-dimensional electromagnetic
particle-in-cell (PIC) code VLPL (Pukhov 1999, Pukhov 2015). The simulation box sizewas X X Y x Z =

64 pm x 40 pm x 40 pm. The grid steps were h, X h, x h, = 0.008 ym x 0.16 ym X 0.16 ym and the
timestep 7 = h,/c = 26.7as. The pre-plasma density and ionization state profile were taken from the
hydrodynamic simulations of pre-plasma. The high-density part of the target has been extended over 50 ym,
corresponding to the foil thickness used in the experiments, where the unperturbed titan density has been
assumed with ionization state Ti 3. The laser radiation is modelled as a Gaussian profile beam with the waist 3.5
pm (FWHM) and sin” profile pulse of 30 fs duration with the peak intensity 5 x 10" W cm ™2, thus all
parameters match the experimentally measured ones. The laser pulse was propagating from along the X — axis in
the positive direction. The laser was Z— polarized and focused on the position of the critical electron density.
The PIC simulation also included the further field ionization of Titanium.

The results of simulations for evolution of the intensity in the laser pulse and the plasma density along the
E*+B?
™

averaging) and the plasma density is the total charge density N; = 37, Z;N; where Z; and N; are the density and

propagation path are shown in figure 8. Here the intensity is defined as I (t) = ¢

(without carrier cycle

the charge number of ions with different charge states. For normal incidence, figures 9(a), (b) shows harmonic
generation by the oscillating mirror mechanism (Baeva et al 2006) (the high frequency modulation on top of half
wavelength oscillations in intensity in figure 9(b)) and steepening of the plasma density caused by the laser pulse
pressure. We define the penetration point of the laser energy into the overdense plasma as the point at which the
intensity starts to decay exponentially, and the corresponding decrement defines the actual skin depth. When the
peak of the laser pulse arrives at the critical density position, located at ~5.8 ym in figure 9(a), the skin depth is
~0.277 um and the field penetrates plasma to the point where the density reaches ~10n,, ~ 2.17n/
by the end of the laser pulse, due to the density steepening, the critical density point shifts to ~5.84 ym and the
skin depth increases to ~20.6 ;um, enabling field penetration to the point up to ~30n,, ~ 6.51" (figure 9(b)). In
the case of 45° incidence focusing, no obvious steepening of the plasma density is observed, the skin depth is
~0.3 ym and the field penetrates up to the point ~127,, ~ 2.6n" (figure 9(c)). Thus, we conclude that in the

cr

. However,

case of normal incidence the light pressure leads to the steepening of the plasma spatial profile and penetration of
the laser energy into the region with at least twice higher plasma density than in the case of 45° incidence. The
corresponding plasma density value ~5.2 - 10** cm ™ is in a good agreement with the value estimated from the
analysis and FLYCHK simulations of x-ray emission from He-like Tiions. It is worth noting that the steepening
is a precursor to the hole boring effect that would be expected at higher values of the I )\fm parameter (I )\imm

10*° W-pum?/cm? is required for well-developed hole boring) and sharper plasma density gradients (Pukhov and
Meyer-ter-Vehn 1997, Hornung et al 2021). Also, the difference between the plasma density profiles under
normal and 45° incidence geometries can be readily explained by the twice lower normal component in the
radiation pressure in the latter case.

The simulated energy spectra and the angular distribution of electron flux are shown in figure 10. For normal
incidence, the calculations predict roughly equal number of electrons and electron temperature ~1.5 MeV for
both forward and backward directed electrons (figure 10(a)). This temperature is in a good agreement with the
experimentally determined ~2 MeV temperature within the same 2—9 MeV electron energy range (figure 2(a)).
It is noteworthy that, as follows from our simulations, the ratio between the temperatures of forward and
backward directed electrons is quite sensitive to the density gradient in the pre-plasma. For steeper gradient
backward directed electrons have higher temperature than the forward directed ones, whereas the ratio reverses
for smoother plasma density gradient. Thus, fairly good agreement of simulated electron energy spectra,
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Figure 10. PIC simulations of the electron energy spectrum (a) and angular distribution of the electron flux (b) under normal focusing
conditions. Red line is the energy distribution for forward directed electrons, blue line is the energy distribution for backward directed
electrons. The black dashed line in (a) shows the linear fit that defines the electron temperature. The magenta dashed line in (b) shows
the Gaussian fit.

suggesting roughly equal temperatures, with the measured spectra points out on good estimate of pre-plasma
parameters, calculated with the 2D hydrodynamic model.

The calculated angular distribution of the electron flux suggests a well-directed along the laser beam axis,
that can be fitted with high precision by a Gaussian distribution with the angular FWHM width ~33°
(figure 10(b)) . The measurements suggest bi-Gaussian distribution corresponding to a beam with ~12° FWHM
width and 67° FWHM width (see section 3.1 and figure 3). The discrepancy between the simulated and
measured distributions might be explained as follows. In the experiment, the IP for electron flux measurements
was covered by a 500 pm thick Cu foil. According to stopping power calculations using ESTAR database
(ESTAR), only electrons with energies above 0.75 MeV would penetrate through the foil. Thus, we can expect
that the low energy electrons will not contribute into the signal or will be strongly scattered within the foil,
whereas high energy electrons would propagate through with minor changes in the divergence. That is why the
angular distribution can be very well fitted by the two Gaussian beams. In contrast, the distribution in the
numerical simulations considers all electrons emerging from the back side of the target.

5. Summary

In summary, we present the results of the experimental investigation of relativistic interaction of ultra-short
laser pulses with Ti foils, employing a complex diagnostic that includes simultaneous measurements of particle
and x-ray emission spectra. The interaction is investigated under two different focusing conditions: near normal
to the target and under a 45° incidence angle on the target surface. We observe two times increase in hot electron
temperature on both, the front and the rear, sides of the target for the near normal focusing geometry compared
to 45° incidence. The spatial distribution of electrons ejected at the rear side of the target peaks in the direction of
the laser beam propagation for both focusing geometries. Analysis of x-ray emission spectra suggests 1.5 times
higher density of plasma generated under the near normal incidence focusing in comparison with 45° incidence
angle. Detail numerical simulations of characteristic x-ray emission from Tiions, as well as pre-plasma
formation at the sub-nanosecond pre-pulse time scale and relativistic interaction of the main pulse with this pre-
plasma and the target were conducted. Emission simulations, using FLYCHK population kinetic code,
reproduce well the measured spectra and predict at least 1.5 times higher plasma density under near normal
incidence focusing in comparison to a 45° incidence angle. Pre-plasma simulations, based on the 2D
hydrodynamical model, show that insufficient temporal contrast in the laser pulse at sub-nanosecond time scale
leads to pre-plasma formation with the density gradient on the scale 223 X. PIC simulations of relativistic laser
pulse-plasma interaction show onset of hole boring effect under normal focusing that leads to steepening of the
plasma density profile and enables penetration of laser radiation deeper into the overdense plasma, where
densities reach up to 30 1., (or ~7n%). This effect is absent for 45° incidence angle geometry and the maximum
plasma density, interacting with the laser field, is about 2 times lower, what can be explained by a twice lower
laser light pressure at this incidence angle. The predicted electron density, interacting with the intense laser
pulse, as well as the temperature of high energy electrons, emerging in the laser propagation direction from the
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rear side of the foil, and angular distribution of electron flux are in a good agreement with values, measured
experimentally and estimated from spectroscopic simulations. The pre-plasma conditions and well directed
along the laser beam axis spatial distribution of the electron flux, measured experimentally and reproduced in
simulations, suggest that ] x B as the major mechanism of the laser energy absorption in our experiments.
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