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Abstract

Laser plasma created by intense light interaction with matter plays an important role in
high-energy density fundamental studies and many prospective applications. Terawatt
laser-produced plasma related to the low collisional and relativistic domain may form
supersonic flows and is prone to the generation of strong spontaneous magnetic fields. The
comprehensive experimental study presented in this work provides a reference point for the
theoretical description of laser-plasma interaction, focusing on the hot electron generation. It
experimentally quantifies the phenomenon of hot electron retention, which serves as a boundary
condition for most plasma expansion models. Hot electrons, being responsible for nonlocal
thermal and electric conductivities, are important for a large variety of processes in such
plasmas. The multiple-frame complex-interferometric data providing information on time
resolved spontaneous magnetic fields and electron density distribution, complemented by
particle spectra and x-ray measurements, were obtained under irradiation of the planar massive
Cu and plastic-coated targets by the iodine laser pulse with an intensity of above 10'® W cm™—2.
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The data shows that the hot electron emission from the interaction region outside the target is
strongly suppressed, while the electron flow inside the target, i.e. in the direction of the incident
laser beam, is a dominant process and contains almost the whole hot electron population. The
obtained quantitative characterization of this phenomenon is of primary importance for plasma
applications spanning from ICF to laser-driven discharge magnetic field generators.

Keywords: hot electrons, laser plasma, plasma, complex interferometry, polarimetry

(Some figures may appear in colour only in the online journal)

1. Introduction

Under the action of intense laser radiation above 103
10> W cm™2 matter instantly ionizes to a plasma state and
behaves as a medium of charged particles. As it is normally
neutral on the spatial scales above the Debye length, it can
contain spatially distributed magnetic fields. The generation
of those so-called spontaneous magnetic fields (SMF) is asso-
ciated with currents of various origins in nonequilibrium laser-
produced plasma. This is one of the most important phenom-
ena accompanying the interaction of the intense laser radiation
with matter. It affects many aspects of plasma behavior, modi-
fying transport of charged species, spatial and temporal dis-
tributions of their density and temperature, and defining the
physics of the interaction processes.

First reported in [1, 2], SMF generation is being actively
studied both theoretically and experimentally. A number of
mechanisms relevant to different interaction parameters were
discussed, such as the generation of thermoelectric currents
produced by crossed gradients of plasma temperature and
density [2, 3]; the generation of strong currents of hot electrons
by resonance laser energy absorption [4, 5]; and the devel-
opment of parametric instabilities [6]. Generally, the phys-
ics under these mechanisms may vary from being primarily
of a hydrodynamic or kinetic nature, with the kinetic effects
becoming more important for higher intensities [7]. The full
description of the interaction process is, however, rather chal-
lenging. In this context, the SMF in the expanding plasma may
give an insight into the electron currents generated inside the
plasma, and related to those escaping outside the interaction
region.

It is evident that SMF generation is associated with the gen-
eration of fast electrons. The experimental observation of hot
electrons at the Prague Asterix Laser System (PALS) facility
at a laser intensity of around 3 x 10'® W cm~2 showed sig-
nificant discrepancies between electron temperatures in this
and other subrelativistic and ultrarelativistic intensity exper-
iments. Scaling laws derived from various models indicated
that these discrepancies could be ascribed to the self-focusing
of the laser beam in coronal plasma which increases the ori-
ginal nonrelativistic laser intensity to an adequate relativistic
value [8]. Also, experimentally observed values of maximum
proton energy reaching values up to 5 MeV correlate with this
conclusion. The occurrence of other nonlinear forces in laser
pulse interaction with generated plasma was also observed, as
surveyed in [8].

During the plasma expansion into the vacuum, a part of the
electrons is accelerated to energies much above the average,
and a small part of them can leave the plasma, causing the
slower plasma and thus the target to be positively charged [9].
The total number of escaping electrons is defined by dynam-
ical competition between the high energy of escaping electrons
and the electric potential increase due to the electron escape
[10]. The resulting target potential ¢ could be larger than the
characteristic energy of electrons given by the temperature T,
of hot electrons: ®>Ty/e, where e is the elementary charge
[11]. The separation of charges results in the creation of a
double layer, where the resulting potential divides electrons
into free and trapped (or reflected) [12]. If the target is groun-
ded then its positive charge may be gradually neutralized by a
return target current flowing from the ground. Then the target
potential is established by a balance between the rate of elec-
tron ejection and the amplitude of the return current flowing
through the target holder. The low energy electrons supplied
by the grounded target holder to the plasma are subjected to
thermalization in order to fill vacancies in the energy distribu-
tion function [13].

It is generally assumed that the trapped electrons transfer
a part of their energy to ions, which are thus accelerated. As
a result, the trapped electrons should have low energy and
the number of fast electrons should decrease. However, the
use of a multifaceted diagnostic of laser-produced plasma,
which made possible the estimation of the number of hot
electrons produced by laser-plasma interactions, revealed sig-
nificant differences between the individual diagnostics. The
measurement of the electron distribution functions gave a sur-
prisingly low number of hot electrons (~10°), compared to the
number of electrons needed to accelerate a number (~10'%) of
the MeV deuterons in the direction opposite to the laser beam
propagation [8]. A difference of several orders of magnitude
probably indicates that the hot electrons are partially retained
in the plasma by a hitherto unaccounted mechanism. A sim-
ilar difference was also found when comparing the number of
electrons delivered to the neutralization of the positive charge
of the target [14]. Even in this case, it is certainly a complex
process of electron escape from the plasma and their simul-
taneous reflection into the plasma, as evidenced by the long
discharge time, which is much longer than the duration of the
laser-plasma interaction, as has been experimentally demon-
strated for laser intensities ranging from 10° to 10'® W cm—2
[13, 15]. In addition, the experimentally observed return cur-
rents neutralizing the target reached a maximum value of only
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a few kA [16] compared to the currents reaching a value up
to 800 kA, which were calculated from the magnetic field and
electron density distribution observed inside the plasma [7].
This again indicates that most of the hot electrons could be
retained in the plasma. These facts suggest that some phenom-
ena have hitherto not been covered by the theory.

Plasma expansion strongly depends on electron energy dis-
tribution. Roughly, in the 1D approach, the density and velo-
city profiles of the expanding plasma are defined by models
proposed in [17, 18]. However, the discussed question of the
boundary condition on the expanding plasma edge is beyond
the 1D approach. The 1D approach may be valid at the ini-
tial time, when the expansion distance is less than the scale
of a transverse inhomogeneity, e.g. the focal spot size. There,
the plasma potential linearly grows up, which in the 1D model
would prevent an electron current at large distances, so that no
electrons would be registered in distant spectrometers, contra-
dicting observations. In a real situation, the current and elec-
tron distribution is defined by the 3D potential barrier height.
Experimental characterization of the number of escaping elec-
trons, i.e. in a model approach, the electron currents at the dis-
tances, where 1D expansion switches to the 3D one, and their
correlation with the internal currents in the expanding plasma
is the main goal of the paper.

The experimental study presented in this work was per-
formed at the PALS [19]. The main diagnostics used benefits
from the application of a three-frame complex interferometer
driven by an auxiliary Ti:Sa femtosecond laser, an upgraded
version of that reported in [20]. This unique tool provides
time-dependent information on the laser plasma density and
the SMF distributions with micrometer-scale spatial and
femtosecond-scale temporal resolution. The optical diagnostic
technique is based on the amplitude-phase analysis of com-
plex interferograms [20-22], the information on both the dens-
ity and magnetic field distributions are collected at a given
moment by a common channel. In order to obtain a descrip-
tion of the hot electron distribution that is as detailed as pos-
sible, massive and layered Cu targets (massive Cu coated by
different thickness layers of plastic) were used, facilitating an
application of the 2D imaging of the K« line emission from
Cu. Data on spatial distribution of the hot electrons emitted
outside the interaction region was obtained using the multi-
channel magnetic electron spectrometer. The complex collec-
ted data map the SMF distribution, determine the hot elec-
tron currents inside the expanding plasma, and relate them to
the outside emitted fast electron spectra. Their analysis sheds
new light on the phenomenon of the hot electron retention
and provides a boundary condition for the plasma expansion
models.

2. Experimental setup

The ablative expanding plasma was produced from massive
flat targets made of Cu (in the shape of a cuboid with dimen-
sions of 5 X 5 x 50 mm) irradiated by the linearly (vertic-
ally) polarized PALS iodine laser beam at the main frequency
(1315 nm), with the pulse duration of about 350 ps at the

FWHM and energy of ~500 J. It was focused to the focal spot
of ~100 pm in diameter, normal to the target surface, provid-
ing the intensity level on the target up to 2-10'® W cm™2, as
schematically shown in figure 1.

Figure 1 illustrates the location of principal diagnostics
used, the target structure and the temporal and spatial intensity
distribution of the unfocused laser beam. One of the key dia-
gnostics was the three-frame complex interferometric system
which provides information on SMF and electron density dis-
tributions in the expanding plasma. The ten-channel array of
magnetic electron spectrometers characterized the energy dis-
tribution of electrons emitted from the target at different angles
with respect to the incident laser beam direction. Finally, the
2D x-ray imaging system showed the hot electron distribution
inside the dense target based on detection of the Cu K« line
emission diffracted on the spherically bent quartz crystal.

2.1 Three-frame polaro-interferometric system

To obtain information about space-time distributions of SMF
and electron density, the three-frame polaro-interferometer
shown in figure 2 has been implemented. This system con-
sisted of three independent channels, modified for operating
in the complex-interferometry regime [19, 23]. In accordance
with the general ideas described in [19], in order to obtain
a complex interferogram the analyzing polarizer (analyzer)
must be rotated by a suitable (usually quite small, ~2° in
this setup) angle away from the direction perpendicular to
the input polarizer. The three complex interferograms were
separated by a time delay of ~400 ps by an optical delay
line. The polaro-interferometer was driven by a Ti:Sa femto-
second laser with FWHM pulse duration of 40 fs and energy
of 10 mJ. The temporal position of the initial frame was adjus-
ted to the maximum intensity of the main laser pulse. The
PALS and Ti:Sa laser pulses were synchronized with accur-
acy =100 ps by the method of electronic synchronization
described in [24]. The interferograms were registered by high-
resolution CCD cameras driven by the GigEV protocol and
controlled by a custom-built application PALS Vision GigEV
[25]. The algorithm of the optical data analysis is presented
in [19, 26].

2.2. Ten-channel magnetic electron spectrometer

The parameters of hot electrons emitted from the interaction
region were obtained by a ten-channel magnetic electron spec-
trometer, as shown in figure 3.

Each module consists of a permanent ferrite or neodymium
magnet, magnetically soft steel poles, lead shield and plastic
aperture inserted in a brass block. It covers electron energies in
the range of 50 keV-1.5 MeV or 0.25 MeV-5 MeV, depend-
ing on used magnets. The ten-channel spectrometer covered
the total angle of approximately 130 degrees, see figure 3. The
electron spectrometer on the axis was placed in the beam path
at a distance 48 cm from the target. Spectrometers placed out-
side the focusing beam were placed at a distance of 30 cm from
the target. In front of the focusing lens, a rectangular metal
mask was placed, shadowing the electron spectrometer from
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Figure 1. Experimental setup: (a) scheme of diagnostics location in experimental chamber, (b) single and double layer targets irradiation,
and (c) temporal profile of the 1 w iodine laser beam and intensity distribution in its cross section.
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Figure 2. The three-frame complex interferometric system: (a) the optical scheme of the module operating in complex-interferometry
mode, and (b) the scheme of the radiation splitting to individual interferometric channels illustrating the space-time separation of frames.

the infrared laser beam. The effect on the focal spot size was  out the beam profile in the focus. Electron fluxes were recor-
minimized by the use of a phase randomizing plate, smoothing ded by the image plates located on the top of the magnetic
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Figure 3. Ten-channel magnetic electron spectrometer: (a) location of the dipole magnet array in the experiment, (b) the construction of

individual magnetic dipole modules and (c) the calibration curve.

dipole module (see figure 3(b)). Based on the calibration of
the spectrometer energy range and the imaging plate response
function (see figure 3(c)), and given the distance and aper-
ture diameter, absolute electron energy spectral density was
obtained.

2.2. 2D imaging of the K« line emission from Cu

The 2D x-ray (Cu K«) imaging system with the spherically
bent crystal of quartz was applied for the characterization of
the total population and energies of hot electrons propagating
into the dense material of the target from the irradiated region
[23]. The experimental setup is shown in figure 4 and bene-
fits from a near-coincidence of the quartz crystal (422) inter-
planar spacing 2d = 0.15414 nm with the wavelength of the
hot-electron-induced Ko emission (0.15406 nm) from the Cu
target.

This results in a quasi-normal incidence configuration of
the imaging system with the central Bragg angle g = 88.15°
and consequently in a small distortion of 2D-resolved images
mapping the hot electron interaction with the cold target
material [26]. The magnified images (M = 1.73) of the Cu
Ko emission from hot electron-affected areas of the substrate
were observed at the angle of ¢ = 46° (in the horizontal plane)
from the surface of the laser-irradiated flat targets. The images
were recorded using the absolutely calibrated imaging plates
Fuji BAS MS and SR, the signal distribution on exposed plates
was mapped using the Fujifilm BAS 1800 scanner with the
pixel size 50 x 50 um?. With respect to the given magnifica-
tion of the imaging system and the angle of Cu Ko observa-
tion, this pixel size corresponds to the area of 40.2 x 28.9 um
(horizontal x vertical direction) on the source. The conversion
efficiency of the laser light into hot electrons was determined

from the quantitative evaluation of images taken on bare Cu
targets, whereas to determine the energy of the hot electrons,
the Cu targets coated with different thickness layers of the
CH plastic (Ap] =15, 25, 50 and 100 pm) were used. The
details on the evaluation procedure can be found below and in
[22, 26].

3. Experimental results

A number of three-frame sequences of raw complex inter-
ferograms was obtained for the interaction of the laser beam
with an energy of about 500 J with the Cu planar massive tar-
get (figure 1(b)). The full set of interferograms, obtained in
the experiment and used for the detailed analysis, covered the
range from r = —200 ps up to about ¢+ = 1000 ps related to
the laser pulse maximum. Figure 5 shows an example of four
complex interferograms selected from three-frame sequences
that were taken in three shots of the iodine laser. These com-
plex interferograms correspond to the characteristic stages of
the plasma expansion time, namely: before the maximum laser
intensity (r = —108 ps), around its maximum (¢ = 19 ps),
before (r = 226 ps) and after the end (r = 449 ps) of the laser
pulse. All complex interferograms exhibit an antisymmetry
related to the combination of the Faraday effect with the initial
rotation of the analyzing polarizer. The brightening is notice-
able in the upper half of the expanding plasma. Here the rota-
tion direction of the probe beam polarization is consistent with
the direction of the initial rotation of the analyzing polarizer
from the orientation perpendicular with respect to the input
polarizer. In contrast, the darkening in the lower part of the
expanding plasma occurs due to the rotation of the diagnostic
beam polarization in the opposite direction. This observation
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Figure 4. Scheme of the hot electron diagnostic based on 2D x-ray imaging of Cu K« emission and an example of the measured data

showing the hot electron distribution along the target surface.
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Figure 5. Four complex interferograms selected from three-frame sequences that were taken in three shots of an iodine laser beam
delivering energy of about 500 J to planar massive Cu targets. The moment of shooting, , is related to the peak intensity of the laser pulse.

is consistent with the physically expected azimuthal structure
of SMF distribution with respect to the target normal.

The registered interferograms demonstrate virtually axial
symmetry of the expanding plasma, enabling calculation of the
SMF distributions using for the Faraday rotation angle () and
the phase (§) distributions by Abel equation [26]:

R B, (F)n, (r)d
p(y) =524 10—”.A2{—*”(’32”_(;2 )
5(y) =8.92-10~14. A (r) rdr )

VAR

where: B, (7) is the azimuthal magnetic field distribution, n, ()
is electron density distribution, A is the wavelength of a probe
beam. In accordance with [26], the distribution of the SMF is

determined by the expression:

17107 [rfz(r)
R
where:  f, (r) =4.46- 107 - A\Rn, (r) and f3(r)=2.62-

10717 \2R Mrn‘m are determined by the abelization

of the phase distribution §(y) and the normalized rotation
angle distribution ((y)/y respectively. Distributions of phase
d(y) and the normalized rotation angle @(y)/y are extrac-
ted from the data according to the methodology described
in [20-22]. The information extraction procedure is based
on the analysis of the spectrum of the interferograms after
using the 2D Fourier transform and takes into account that the
intensity distribution of the complex interferogram contains
information about a distribution of amplitude ~(y,z) of the
probing laser beam while the shift of interferometric fringes
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Figure 6. Distribution of the phase (a) and the rotation angle (b) obtained from Fourier analysis based on the selected complex

interferogram from figure 5.

d(y, z) depends on the phase shift distribution of the dia-
gnostic beam. Then the distribution of Faraday rotation angle
is o (y,z) = arcsin (v (y,z) - sinp,), where g is the initial
angle of the rotation of the polarizer (see figure 2(a)). Calcu-
lated distributions of phase §(y,z) and the rotation angle ¢(y,z)
corresponding to the characteristic moments of the ablation
plasma expansion are presented in figure 6, while figure 7
shows the electron density n,.(r,z) and the azimuthal magnetic
field B, (r, z) resulting from these distributions.

The quasi-spherical nature of the ablative expansion of the
plasma occurring in the early phase (—108 ps) of the laser-
plasma interaction is shown in figure 7(a) by the spatial distri-
bution of the electron density. Later on, a directional disparity
appears and evolves with time, see figure 7(a) for 19, 226, and
449 ps, which may be related to diverse mechanisms including
plasma instabilities, SMF pressure gradient, and partially also
a nonideality of the irradiation process.

Regarding SMF distributions, figure 7(b), they are charac-
terized by the maximum magnetic field values on the plasma
front in the area near the symmetry axis. The amplitude
reaches the value of 9 MGs in the early phase of plasma expan-
sion (t = —108 ps) when the laser intensity increases and
then decreases after passing its maximum. A similar struc-
ture is maintained until the end of the pulse. At the end of
the pulse, the SMF amplitude decreases to about 2 MGs (for
t = 449 ps) due to the radial expansion of the plasma and the
weakening of the SMF generation mechanisms. In this con-
text, an important issue is the accuracy of the data obtained.
A deviation in symmetry, which is inevitable in experimental
data, leads to an error of about 5%—10% for the extracted phase

and rotation angle distributions, used to obtain information
about the SMF with equation (3). The assumption of the axial
symmetry works in this procedure as an uncertainty factor,
mainly in the central region, thus increasing the error in the
magnetic field near the axis to +/— 20%-30% [19].

For the present study, the exact distribution of the SMF
is not critical. It was verified that the integral current of
hot electrons is not sensitive to the detailed distribution of
the SMF, but rather to the total magnetic field flux. The
latter is an integral value, for which the thin axial region
is too small to have a significant effect. Note that calcu-
lated in this way, the current includes all the magnetic field
sources, including hot electrons, thermo-currents, etc. The cur-
rent density distributions jr(r, z) were calculated using the
Ampere law [7] based on the obtained SMF distributions, see
figure 8(a).

The calculated currents were artificially separated into cur-
rents of electrons flowing from the target, i.e. direct cur-
rents j;7 < 0, and backflowing from the edge of the plasma
bulk to the target, i.e. return currents jr > 0 [7]. Figure 8
shows that the maximal current density connected to the emis-
sion of electrons from the target is located near the axis
and can reach values larger than 10'* A m~2. Such cur-
rent density values correspond to the electrons with ener-
gies of several tens or even hundreds of kiloelectronvolts
recorded by the spectroscopic Ko measurements presented
below.

To link these current density distributions with the Ko
emission, distributions of the integrated current along z-axis
in different times were calculated using the relationship:
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with the size of the K, emitting area, see figure 9.

I.(z) = 27 [8}. (r,z) rdr with a finite R. Figure 8(b) shows the
total current (R = 00), and the current in the central region of

400 pm, which corresponds to the characteristic size of the K,
signal, see figure 9.



Plasma Phys. Control. Fusion 62 (2020) 115020

T Pisarczyk et al

#52985

E =481 J E =464 J

Vert dimension [mm]
Vert dimension [mm]

0 1

Hor dimension [mm]

Hor dimension [mm]

4.0
3.0

intensity [10° ph/pixel]

2.0

1.0

E =516 J #52990

#52991

Vert dimension [mm]

D) . 0 1 2 0.0
Hor dimension [mm]

Figure 9. Dimensions of spots characterizing the area of the fast electron interaction with the target material as visualized by K« imaging,

for shots from figure 5.

a)

E‘SO T T T T T

3 "
_ICS .

- 60 - i
c

2 .

O

Saof . 4
o]

o u

c "

Q20 i
=t

©

=

=

[ )] 1 1 L 1 I

g 0 20 40 60 80 100

Electron energy [keV]

b
) 4x10° T T T
'; Fit of Cu Ka imaging data
© . = signal abqve_noise
= 3x10% - — exponential fit |
[}] [ ]
2
g 1
g 2X105_ . EHE=58 +/' 10 kev
0 {l
=] = ™
© 5 i | = B~ .\‘\\
= x10° R e i 1
© =, e el
2] \ if B
7] . S il |
0 50 100

Plastic thicknes [um]

Figure 10. Dependence of the attenuation coefficient L, on the hot electron energy (a) and exponential fit of experimental data as a function

of the plastic thickness layered on massive Cu targets (b).

The direct and return currents in the expanding plasma
reconstructed with the use of SMF distributions form closed
circuits only if the magnetic field outside the plasma region
is absent. The low density in the edge plasma regions does
not allow to determine the magnetic fields with a sufficient
accuracy [22]. Consequently, the optical diagnostics provide
a reliable value for the currents in the dense plasma volume
and underestimate currents at larger radial distances, which
mainly relate to the return currents. It means that these return
currents are partly nonobservable in this type of diagnostics,
but they significantly reduce the number of electrons escap-
ing from the target, as observed using electron spectrometers
reported below. From figure 8 we can conclude that there is a
current of electrons in the direction from the target, containing
~10" electrons, which may be to some extent closed by the
partly nonobservable return current in the opposite direction,
and likely distributed further from the plasma axis. Consider-
ing the nature of the observed currents, we may refer e.g. to
[7], where they were ascribed mainly to nonthermal kinetic
electrons.

We can estimate the total amount of the return hot elec-
trons, propagating within the plasma in the direction ‘to’ the
target, using the 2D imaging data of the K« line emission from
Cu. To obtain the data information on conversion efficiency of
the laser energy to hot electrons and their characteristic energy

Table 1. The laser energy conversion to hot electron energy for
different shots with copper targets.

Shot # Er (J) Signal HE dose (J) Conversion (%)
52985 481 1.72E5 2.87 0.6

52986 479 2.90E5 4.84 1.01

52989 458 7.99E5 13.3 2.90

52990 516 5.871E5 9.81 1.90

52991 464 2.45E5 4.07 0.88

52992 452 2.16E5 3.61 0.80

from the K« imaging, the massive targets of bare copper and
those coated with different thickness plastic layers were used.
It should be noted that the conversion efficiency is determined
by using bare Cu-massive targets whereas copper coated with
different thickness plastic layers were used only to determine
hot electron energy. The K« intensities detected as a function
of the plastic layer thickness were fitted with the exponen-
tial function I(x) = A exp(-x/L,) where: A is the fitting con-
stant, x the thickness of the plastic layer and L, the attenu-
ation coefficient. The values of L, in dependence on the hot
electron energy were derived from the Monte Carlo simula-
tions performed with the Penelope code [26], the computed
values fitted using the second degree polynomial are plotted in
figure 10(a). The spatially integrated signals in Cu Ko images
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recorded by laser-irradiating the bare and plastic-coated Cu
substrates are depicted in figure 10(b).

Their best fitting using the above defined exponential func-
tion provided the hot electron energy of 58 £ 10 keV (cf thick
best-fit central line and thinner dashed lines corresponding to
the defined energy uncertainty in figure 10(b)). We note that
this energy was derived from the x-ray signals observed in
the emission of targets coated with a 15-100 pm thick plastic
layer. More details on the experimental approach and data
evaluation procedure can be found e.g. in [27-29].

Quantitative analysis of the Ka-emission data show that
about 0.6%-3% of the laser energy converts to the energy
of hot electrons, propagating from the interaction region in
the expanding plasma to the target bulk, see table 1. Fluctu-
ations in conversion efficiency correlate with experimentally
observed shot-to-shot fluctuations, which are also independent
of deposited laser energy for other plasma parameters.

The recorded Cu Ko images shown in figure 9 indicate
that a prevailing part of energetic electrons is distributed in
the central $400 um region. The observed dose of hot elec-
trons iscomparable with currents deduced from the optical data
which give a similar amount of hot electrons in the central
region. The electrons outside of this region are probably not
energetic enough to generate an observable signal. Some of the
hot electrons, with energies exceeding the electrostatic barrier
of the charged target, may leave the expanding plasma plume.
The number of these electrons is determined from the mul-
tichannel spectrometer data, presented below.

These electron fluxes were measured by ten electron spec-
trometers positioned around the target at a distance of 30 cm.
The data obtained in a typical laser shot is presented in
figures 11-13. Figure 11 shows the electron energy spectra
emitted at different angles of observation for the shot 52991.
The method of their extraction from spectrograms is described
in [30]. The strongest electron flux is emitted for all energies

in the direction normal to the target surface, the energy extent
of the spectra significantly depends on the emission angle. The
energy of electrons emitted in the normal direction reaches the
value of several hundreds of keV and the electron temperatures
obtained with exponential fitting are shown in figure 12.

Figure 13 shows an angular distribution of different-energy
electrons extracted from individual electron spectrometer
channels for the shot 52 991. Based on electron energy spectra
(cf figures 12 and13), we present in table 2 the total number
of hot electrons escaped from the plasma and average electron
currents at a large distance from the target. These currents were
estimated from the ratio of the total charge collected by elec-
tron spectrometers to the laser pulse duration (350 ps).

The total charge was calculated by interpolating the meas-
ured angular distribution of the electron flux over full solid
angle assuming the symmetry in the axial direction. As fol-
lows from table 2, the number of hot electrons escaping the
plasma into the vacuum is much smaller than the number of hot
electrons returning to the target. The comparison of the total
number of hot electrons in the expanding plasma and outside
it shows that the number of electrons overcoming the electro-
static potential and leaving the plasma plume is less than 0.5%
of the total number of hot electrons.

4. Interpretation of experimental results

Obviously, the results of all three diverse diagnostics used
for the characterization of hot electrons, namely the polaro-
interferometric, electron spectrometers, and K« data, need to
be agreed within frames of one common model of the plasma
expansion. The number of electrons participating in the excit-
ation of the magnetic fields (polaro-interferometry) and in the
Ka-signal are in quantitative agreement. This agreement indic-
ates that the number of hot electrons returning to the target
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(Ko data) is close to the number of hot electrons being gener-
ated under laser irradiation (polaro-interferometric data). At
the same time, the electron spectrometers display a consid-
erably smaller number of hot electrons, although the energy
range is quite consistent. The data presented in table 2 may
be used for a rough estimate of the total average current of
hot electrons outside the plasma region. The values ~400 A
are about three orders less than the numbers obtained in two
other diagnostics. Note, however, that the data from electron
spectrometers cannot provide the currents itself: even having

the number and velocity (calculated from energy) of electrons,
we do not know their density.

The number of hot electrons measured by optical dia-
gnostics and the K« signal is consistent with the internal cur-
rents and may be considered in terms of several models of
hot electron production [7, 31-33]. The main mechanisms dis-
cussed in the context of the hot electron generation are reson-
ant absorption and parametric instabilities. For the parameters
of the current study, the resonant absorption was earlier found
to be of great importance and may explain the total number of
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Table 2. Deposited laser energy, total electron number, and average electron current for different shots with copper targets obtained from

electron spectrometer measurements.

Shot number Laser energy (J) Total number of electrons over 47t sr Average electron current (A/sr)
52985 481 8.21 x 101 375
52989 458 1.07 x 10 490
52990 516 7.5 x 10! 343
52991 464 7.10 x 10" 325

hot electrons [7]. In [7], the numerical calculations were per-
formed using the ATLANT-HE code, which in axisymmetric
geometry provides the solution of the hydrodynamic equations
under the inverse bremsstrahlung and resonance absorption
mechanisms by taking into account the refraction of laser light.
The code calculates the conversion of laser energy absorbed by
the resonance mechanism into the energy of hot electrons due
to the dissipative process on plasma waves, taking into account
the profiling of the density distribution near the plasma res-
onance region. At the intensity of 10'® W cm~2 at the first
harmonic, the calculations for a plastic target showed the con-
version of about 3% of the laser energy into the energy of hot
electrons with an average energy of about 70 keV. The signi-
ficant conversion of the energy of the first harmonic radiation
of PALS-laser into the energy of hot electrons, consistent with
the presented results, was also measured in the experiments
[34-36], devoted to the study of laser energy transfer into the
energy of a shock wave propagating in the bulk target.

In the case of the resonant absorption mechanism, the gen-
eration of hot electrons occurs along the plasma expansion,
and the direction of propagation of plasma waves, which is in
general consistent with the observed angular spectra. The stim-
ulated Raman scattering and two-plasmon decay processes
[32, 33] generate hot electrons in the direction of the laser
radiation incidence on the target and in the transverse direc-
tion. So, the angular spread of the hot electron distribution may
become rather wide. However, the hot electron distribution is
modified self-consistently in the plasma plume to finally have
the dominant direction away from the target, as follows from
the measured magnetic field orientation (see figure 7(b)) and
symmetry of angular distributions in electron spectrometers.

The explanation of the evident difference between the num-
ber of hot electrons in the expanding plasma, consistent within
optical diagnostics and Ka-imaging and the number of the hot
electrons detected by electron spectrometers, may shed light
on the actual efficiency of the hot electron emission and reten-
tion. The effect of suppressing the escape of electrons may be
rather strong and at the same time has a complex nonstation-
ary character which in a simplified qualitative manner may
be described as follows. At the first stage, plasma expands
according to the 1D model proposed in [17, 18]. The fast elec-
trons create a potential jump at the Debye length defined for
their characteristic energies €, as rp ~ /€. /4mn,e?, forming
adouble layer. At this stage, the expansion is 1D, and the field
is confined as in a flat capacitor. Here, the ruling parameter is
the spatial scale D of the interaction spot, i.e. the laser focus
size. Once the plasma front with the fast electrons on its edge
reaches the scale D, expansion tends to change its geometry

to 3D, and the double layer structure deforms, allowing some
of the hottest electrons to escape. A new potential structure is
then formed around the charged interaction zone: with almost
the velocity of light a discharge pulse propagates in the tar-
get material to start charge density reorganization which may
compensate the lack of electrons in the expanding plasma.
After propagation of the discharge front, the target surface may
create a net potential, the value and time evolution of which is
defined by the target structure. In the limiting case of a finite
mass flat L x L target free-standing in vacuum, until expand-
ing plasma passes the characteristic scale L of the target the
plasma expansion would proceed again in the ~1D potential
of the charged target.

The plasma expansion on the distance X takes the time of
T~ X/+/T,/m;, where T, is the electron temperature and m; is
the ion mass. If the duration 7 corresponding to the size of the
target L is not sufficiently longer than the duration of the laser
pulse, fast electrons are generated under conditions of strong
retention by the potential of the target. Even in the stage of the
quasi-spherical expansion, before the plasma radius reaches
the characteristic scale of the target surface, which is about
5 mm in the considered setup (see figure 7), the potential where
hot electrons are retained is still quasi-1D, provided the expan-
sion is smaller than the light velocity and the laser irradiation
is quasi-stationary at this time scale.

To elucidate some features of the electron retention effect
at the stage of plasma expansion up to the characteristic tar-
get linear size, qualitative 1D particle-in-cell simulations were
performed using the code SMILEI [37]. A simulation box
of the size of L, = 1024 um was filled on its L,/3 with ions
(charge state Z = 3, mass of 27 proton masses, zero tem-
perature, density np— 6 10%2 cm™?), cold electrons (density
of 0.9 Zny cm 3, temperature of 100 eV), and hot electrons
(density of 0.1 Zny cm 3, temperature of 50 keV). The resol-
ution was 10 nm in space and 0.02 fs in time. There were 100
particles per cell for each type of electron and 10 particles per
cell for ions. The simulation box had an open boundary for
particles and fields on the right and reflective on the left. The
open boundary allowed electrons to leave the box, particles
disappear after the boundary and do not create any electro-
static fields in the simulation box. This quantitatively mimics
a switch to 3D expansion, when the electric field is not any
more proportional to the electron density. For this simulation,
the length scale was in the order of the simulation right edge.

Figure 14 shows that already, from the very first moment,
some of the electrons escape the plasma very quickly and
go to infinity. It is seen that these are the hottest electrons
from the distribution tale, as the electron expansion velocity
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Veer ~ 207 2.4 % 10" cm s™! is of the order of the light

velocity. The escaped electrons excite the electrostatic field
which in general decelerates the process further. However, the
number of escaping electrons is still growing all the time. The
maximum electric field scale in the double layer, formed by
electrons and ions, is of the order of E. ~ f—m according to
[18]. However, the direct substitution of electron energy and
density gives Eqax ~ 10'°V cm—!, the value of about an order
of magnitude greater than that in figure 14. This is probably a
consequence of a more complex plasma expansion process in
the case of two-temperature electron distribution [38]. Com-
parison of the ion position and electric field profile shows that
the field is growing for some time while electrons are still
passing to infinity. This is evident for 10 ps; for later times
some of the electrons already escaped the box, and the electric
field does not further grow noticeably. As we see from panels
(a)—(c), the electron current exceeds the ionic one. This is also
confirmed by the two lower panels (d) and (e) in figure 14. It
indicates that in the simple model introduced above, the three
phases of the expansion process are probably strongly over-
lapping and cannot be separated quantitatively. We may con-
clude that the electron current in the plasma, i.e. up to the dis-
tance of 500-600 pm from the surface, is not stopped after
the initial fast electron breakthrough. During all the observed
time, charge density of electrons passing the flight distances of

600, 700, 800 and 900 pm marked with lines 1-4 is on aver-
age slightly greater than that of ions. For the initial parameters
of this simulation, where 10% of fast electrons with 50 keV
energy was considered, one can extract the value of the cur-
rent of the order of ~ 10!7 electrons in ~ 100 ps, which means
hundreds of kA. Later, a part of those electrons in 3D would be
further decelerated and returned by the target potential, but it is
difficult to estimate their fraction from the 1D simulation. Note
also that due to technical reasons, in this illustrative simulation
the number of hot electrons equals to 10% of the total electron
number, and consequently the obtained current is overestim-
ated. For current experimental conditions, the fast electron part
is much less, which would scale down the observed current.
Considering the process integrally, the total number of
escaped electrons may be estimated as follows. Using the
simple model presented above, consider an expanding plasma
of radius R (¢), increasing in time with a sound velocity [17].
Let the plasma flow from the interaction focal spot with radius
r on the target with a characteristic surface scale L. An elec-
tric charge of hot electrons may be found from the energy
conservation relation as Q () ~ eEjaser (¢) %1 (t) /€., Where e
is the electron charge, Eus (?) is the laser energy, delivered
to the target up to the time moment ¢, 7 (¢) is the conver-
sion efficiency, ¢, is the characteristic energy of hot elec-
trons. The conversion efficiency and characteristic electron
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energy are the quantities to be determined considering the
laser-plasma interaction. The charge Q(¢), which tends to
escape the plasma and therefore the target, varies in time.
Assume r <~ R (t) <~ L, the target is already charged, which
corresponds to quasi-spherical expansion, starting very early,
according to figure 6. The potential of the target is related
to the target charge as ® (1) ~ Q(¢) /L, L ~ 5 mm is the tar-
get spatial scale in the experiment. The potential ® (¢) on the
other side allows us to relate the number of escaped elec-
trons in expression for Q () to their energy as e, ~ e® (r).
The estimate for €, ~ 200 keV gives the number of electrons
N, ~ 5 ~ 7 x 10", consistent with the results in table 2.
For the estimated number of electrons N, and their energies
€., the necessary deposited laser energy Ejger (f) transformed
into the energy of these electrons is about E, ~ N,&,/n ~ 1
J for absorption efficiency n ~ 0.02, calculated for the sim-
ilar parameters in [7]. This estimation shows that the hot
electron escape is efficiently suppressed by the electrostatic
target potential: in terms of energy it is only a fraction of
E,/Ejuer (00) ~ 0.002. The obtained conclusions on the reten-
tion of hot electrons are consistent with the observed data on
the electric currents in the spectrometers.

Electrons which are unable to escape deposit their energy
and charge back to the target. Depending on their spatial
spread, it may happen with different intensities at different dis-
tances from the interaction region. Energy deposition results
in a continuous heating of the target, for higher electron ener-
gies more volumetrically, which is important for all applica-
tions involving high energy deposition into the target, such as
warm dense matter studies and inertial confinement. Charge
deposition is a more transient process. Depending on the tar-
get impedance, a discharge process evolves through the tar-
get holder. During this discharge, electrons which are yet on
the expanding target surface are released, but with much less
energy. This process is rather interesting itself and is ruling
the physics under optical laser-driven discharge magnetic field
generators.

5. Conclusions

In conclusion, by applying multiple diagnostics to character-
ize the hot electron generation, in the terawatt domain of laser-
matter interaction, we have experimentally confirmed that hot
electron emission outside the interaction area is strongly sup-
pressed by the electrostatic potential of expanding plasma. The
electron flow back to the target contains almost the whole
hot electron population. A qualitative estimate which engages
the target geometrical factor and electron energies provides
a number rather close to the experimental observation. It
shows that the process is self-consistent, and on the long-
time scales is defined by the integral characteristics of the
system, such as the absorbed energy and charge. The general
statements of the presented experimental work define condi-
tions for theoretical modelling of hot electron spatial-temporal
distributions in numerous high-energy density laser-plasma
applications.
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