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Abstract

The interaction of focused high power laser beam with solid targets leads to acceleration of
charged particles among other by non-linear effects in the plasma. In this experiment, the hot
electrons are characterized from the interaction of sub-nanosecond and kilo-joule class laser
pulse with thin metal foil targets (Cu, Ta, Ti, Sn, Pb). The energy distribution functions of
electrons were measured by angularly resolved multichannel electron spectrometer. The hot
electron temperatures were observed in range from 30 to 80 keV for laser intensities between
~10% and 3 x 10’6 W cm 2. The measured energy distribution and electron temperature were
compared with published results and known scaling laws at higher laser intensities. For foil
targets of different materials, the temperature and flux of hot electrons were scaled with tar-
get thickness in the range of 1-100 pm from low Z to high Z materials where Z is the atomic
number. The profile of conversion efficiency from laser energy to hot electrons is discussed in
the energy range from 100 to 600 J. For the given laser and target parameters, the nonlinear
behaviour of conversion efficiency and relevant physics are also described in detail.

Introduction

The interaction of laser radiation with solid matter at intensities above 10> W cm~2 gives rise
to the ionization of matter, creating plasma on the surface of the target, and leads to produc-
tion of accelerated particles and X-ray photons (Refs 1, 2). In the recent years, high-energy and
high-intensity laser-plasma experiments have been used to study the generation of energetic
particles and high energy radiation (Ref. 3). The production of hot electron in laser-plasma
interaction (LPI) has important relevance not only in the context of inertial confinement fusion
(Refs 4, 5) but also broadens the understanding of the generation mechanism of spontaneous
magnetic field (Refs 6, 7) as well as experimental studies in high-energy density physics (Ref. 8)
and laboratory astrophysics (Ref. 9).

When a high intensity laser pulse interacts with a solid target, its prepulse having dura-
tion up to several nanoseconds and intensity level ~10% of the maximum amplitude, creates
a preplasma. The interaction of the main laser pulse with this preplasma produces relativistic
electrons (Ref. 3) by various physical processes, such as resonance absorption (Ref. 10), vac-
uum heating (Ref. 11), betatron resonance (Ref. 12), wakefield acceleration (Refs 13, 14), inverse
bremsstrahlung, etc. (Refs 15, 16). One of the important aspects governing these processes is
laser absorption into hot electrons (Ref. 17). These electrons subsequently penetrate inside the
target and produce bremsstrahlung emission (Ref. 17), which constitutes an X-ray source that
may be used in various applications, such as radiography of dense plasma (Ref. 18), photonu-
clear studies (Refs 19, 20). Moreover, the collisional effect is found to be significant when the
incident laser intensity is less than 10'® W cm™ (Ref. 21), which tends to enhance the reso-
nance absorption and reduce the vacuum heating under different plasma parameters. At higher
intensities, various collisionless absorption mechanisms dominate with a large number of hot
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electrons produced. The scaling of hot electron temperatures is
found to depend upon the dominant absorption mechanisms (Ref.
21). The precise measurements of the energy distribution and tem-
perature of hot electrons at different laser intensity are crucial for
better understanding of these mechanisms.

The multichannel electron spectrometers based on magnetic
deflection (Ref. 22) have often been used to provide an indication
on the angular distribution of fast electrons escaped from the target
plasma. Moreover, indirect measurements of bremsstrahlung radi-
ation generated by such hot electrons inside the plasma provides
the quantitative estimate of the fast electron energy distribution,
conversion efficiency of laser energy into fast electrons and their
angular distribution (Refs 23, 24). The intense emission of hot elec-
trons in laser-solid interaction depends on achieving the highest
possible conversion efficiency and electron temperature with the
least amount of invested laser energy. The conversion efficiency of
laser energy into electron energy and associated bremsstrahlung
radiation relies on the laser energy, intensity, material, geometry
and thickness of the target (Ref. 25). In the recent experiment,
Rusby et al. reported results from a high-intensity and picosecond
scale laser interaction with cone targets that significantly increase
the temperature and flux of the hot electrons over a traditional pla-
nar target (Ref. 26). The enhancement in electron temperature and
flux is caused by a substantial increase in the plasma density within
the cone target geometry, which was induced by a prepulse that
arrived 1.5 ns prior to the main laser intensity (>10' W cm™2).

Since very limited investigations have been reported on the
characterization of the hot electrons produced by kJ-ns class lasers,
in this experiment carried out at the Prague Asterix Laser System
(PALS) (Ref. 27), hot electrons are characterized by interaction of
sub-nanosecond laser beam with thin metal foil targets (Cu, Ta, Ti,
Sn, Pb) for laser intensities between 4 x 10'° and 3 x 10'®* W cm 2.
The thicknesses of the foil targets were varied for optimizing the
emitted electron temperature and energy distribution in angular
direction with laser axis. The energy distribution functions of elec-
trons were measured by angularly resolved multichannel electron
spectrometer (Ref. 22). The energy distribution and electron tem-
perature were compared with experimental and simulation results
and known scaling laws at higher laser intensities. In addition,
the angular characteristics of hot electrons spectra are scaled with
laser energy and target thickness of different materials. Due to the
nanosecond duration of the laser pulse at the 10% level of the laser
pulse maximum, the peak of laser pulse interacts with the pre-
plasma produced by front of the laser pulse also plays an important
role in generation of hot electrons. Moreover, in non-relativistic

Figure 1. The typical layout of the experimental setup along with angularly
resolved multichannel electron spectrometer. In this configuration, eight
electron spectrometers are placed at various angles from the direction of laser
beam. The spectrometers are installed at the breadboard inside a vacuum
chamber.
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regime the conversion efficiency of hot electron energy from laser
energy is also discussed for different target materials. For the given
experimental conditions, nonlinearity associated in the profile of
conversion efficiency and relevant physics are also summarized.

The paper is organized as follows. The experimental layout and
diagnostic system are described in ‘Experimental layout and diag-
nostic system’ section. The description of the experimental results
is discussed in ‘Experimental results’ section. The major outcome
and summary of the paper are presented in next section. The
conclusion is summarized in last section.

Experimental layout and diagnostic system

The experiment was carried out at the PALS facility using a single
beam iodine photodissociation laser system (Ref. 27). The lay-
out of the experimental set-up is shown in Figure 1. The iodine
laser supplies up to 700 J of energy at the fundamental wavelength
1.315 pm with pulse duration ~ 350 ps. The laser is capable to
deliver the energy up to 700 J onto a target. The laser beam is
focused to a spot of diameter ~ 100 pm using a f/2 aspherical
lens with focal length 600 mm, reaching the power density up to
3 x 10'© W cm 2. The repetition rate of the laser system is one shot
per 30 min and the polarization of the output beam is linear. The
focused beam was incident on targets at normal incidence in the
equatorial plane. The intensity of the laser pulse was varied in the
range of 4 X 10" to 3 x 10'® W cm™2. The targets were chosen from
different materials (low to high Z, where Z is the atomic number
of the material), such as Ti, Cu, Sn, Ta and Pb foils. The thickness
of foil targets were ranges between 1 and 100 pm. The metal foils
were irradiated by laser pulse in the energy range between 100 and
600 Joules.

The angularly resolved multichannel magnetic electron spec-
trometers were developed for the measurements of the energy
distribution of hot electrons (Ref. 22). The spectrometers were
installed in an angular array configuration around the foil target
covering the angles on the horizontal plane as shown in Figure 1.
The compact design, innovative idea of the plastic collimator and
shielding mechanism were implemented in the geometry of the
spectrometers to reduce the background noise from the measure-
ments. The aperture (=~ 1 mm) of each spectrometer subtended a
solid angle of about ~ 107 sr at the target centre. The collimated
electrons are spectrally dispersed in a magnetic field and detected
by an image plate (IP) of type BAS-Super Resolution (BAS-SR). The
IPs were absolutely calibrated to provide absolute electron flux for
respective electron energies (Ref. 28). The spectrometer measures

Electron spectrometers

Lens f=600 mm F/2

188°
183°

Main beam:

E ~600J
A=1315 nm
trun=350 ps
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electron energies in the range from 50 keV to 2.5 MeV using ferrite
magnets having magnetic field of 95 mT (Ref. 22).

Experimental results

In this experiment, we have characterized physical quantities
derived from the hot electron energy distribution functions mea-
sured by an array of electron spectrometers. By means of exper-
imental observations, we determined hot electron temperature,
total number of emitted electrons, charge, maximum electron
energy and the conversion efficiency from laser energy to hot
electrons.

Figure 2 shows the temperature scaling of hot electron with
laser intensity for different target materials, such as Ta, Cu, Ti, Pb
and Sn. For PALS laser and plasma parameters, electron tempera-
ture (Ty,,) varies in the range from 20 to 80 keV in the intensity
range from 4 x 10" to 3 x 10' Wcm™. In addition, the tem-
perature scaling of different targets is compared with experimental
and simulation results from sub-nanosecond, sub-picosecond and
multi-picosecond laser systems (see Figure 2 and relevant refer-
ences) (Refs 24, 29-35). The electron temperature T, is consider-
ably higher than the ‘suprathermal’ temperature, which should be
less than 20 keV in our experiment (Refs 37, 38). The electron tem-
perature from measured data shows that the temperature scaling is
mostly consistent with the Beg scaling (Ref. 29), i.e. Tyo, &~ (IN2)/3,
where I and ) are the laser intensity and wavelength, respectively.
The Beg scaling is typically observed for picosecond laser-matter
interaction which is in agreement with the experimental results by
Kluge et al. (Ref. 39). Moreover, past experimental results by Kluge
et al. (Ref. 34) show that at lower laser intensities (<10'® W cm™2),
the electron temperature scaling varies in between Beg scaling and
ponderomotive scaling (see Eqn. 1) (Ref. 30) which are also in
closer agreement with results shown in Figure 2:

Thot = 511 \/1+

Furthermore in the under-dense region of the plasma, primarily
produced via ablation from the laser prepulse, electron acceleration

I X2[W cm—2 pum?]

—1
1.37 x 1018

keV]. (1)
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g Figure 2. The variation of hot electron temperature as function of laser

i intensity for different target materials (Ta, Cu, Ti, Pb & Sn) having similar
thickness range, i.e. ~ 10 pm (see square symbols). The electron
temperature scaling is compared with known Beg (Ref. 29), ponderomotive
(Ref. 30) and Pukhov (Ref. 31) scaling laws. These measurements are also
scaled from the experiments of sub-nanosecond, sub-picosecond and
multi-picosecond laser-matter interaction at different laser facilities. The
legend symbols correspond to specific targets and references relevant with
data for the temperature scaling (Refs 24, 29-36).
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Figure 3. Dependence of hot electron temperature with respect to target material
for the very thin foil targets (thickness range: 5-8 um). The errorbar associated with
each data point represents shot to shot fluctuation.
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Figure 4. Dependence of hot electron temperature with respect to target material
for the moderately thin foil targets, i.e. thickness range: 10-15 pm.

occurs due to stochastic processes. It should be noted that for rela-
tively high laser intensity > 10'® W cm™2, the electron temperature
is given by Pukhov scaling (Ref. 31), i.e. Tho ~ 1.5 % 1/(1)\2/10'%)
[MeV]. In high intensity and multi-picosecond laser-plasma exper-
iments, the measured electron temperature by Chen et al. (Ref. 35)
and Simpson et al. (Ref. 36) were found in close agreement with
Pukhov scaling as shown in Figure 2.

The hot electron temperature T, is determined by the slope
of the energy distribution measured using multichannel electron
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Figure 5. The variation in total number of hot electrons in the front side of the
target with respect to laser direction for elements with increasing atomic number.
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Figure 6. The profile of hot electron flux in the back side of the target for the same
elements (low to high Z) as shown in Figure 5.

spectrometer. Figures 3 and 4 show the hot electron tempera-
ture as function of different atomic numbers for thin (5-8 pm)
and relatively thick foil (10-15 pm) targets, respectively. The target
thickness of individual metal foil is mentioned in Figures 3 and 4.
The electron temperature varies in the range from 30 to 80 keV for
respective foil targets. For thin foil targets, the electron temperature
is slowly decreasing with increasing atomic numbers however, it
does not depends on atomic numbers for relatively thick foil targets
(see Figure 4).

The total flux of hot electrons was measured by spectrometers in
the front and back directions with respect to target plane and laser
axis. Figures 5 and 6 show the total number of hot electrons emitted
from the foil targets having different Z in front and back direc-
tion, respectively. The results indicate that in front direction from
foil targets, the total electron flux increases slightly with increas-
ing atomic numbers (Z) however, it does not strongly depends on
atomic numbers in the back directions (see Figure 6). The differ-
ent characteristics of electron flux in front and backward directions
could be attributed to the recirculation and scattering of electrons
inside the target plasma. In addition, it is noted that the optical
thickness of the target is also important in the hot electron char-
acteristics which is described later in this section. Moreover, due
to the Z-dependence of the conversion from laser energy to hot
electrons, the appropriate target consist of a high Z material is
recommended for the experiment to increase hot electron flux.

In the laser-target interaction experiment, the characteristics
of the plasma and emitted electrons also depend on the thick-
ness of the target material. Figure 7 shows the variation in electron
temperature for the different thickness (1-100 um) of the copper
target for similar laser energy in the range of 550 and 600 J. The
electron temperature varies in the range between 30 and 90 keV;
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however, the average electron temperature is around 50 keV. The
electron temperature is relatively high (>60keV) for thin targets
(2-5 pm) and it is comparatively lower (<40 keV) for the thick tar-
gets (>10 pm). In the case of thick targets, lower temperature of hot
electrons can be attributed to recirculation, refluxing or scattering
of electrons inside the target plasma (Ref. 40).

Figures 8 and 9 represent the variation of electron flux with
target thickness for copper target in front and back directions,
respectively, for the same laser energy as discussed in Figure 7. The
profiles of Figs. 8 and 9 show that electron flux is higher for thin
target (<10 pm) and flux decreases as target thickness increases in
both front and back direction. The deficiency in electron flux can
be attributed to expected energy lost by hot electrons while travers-
ing thick targets (Ref. 41). The results conclude that for the given
laser parameters, thin targets are appropriate choice for optimal
generation of hot electrons.

In order to characterize the hot electron emission, measure-
ments relevant with angular distribution of electron energy are
essential. Figure 10 represents the angular characteristics of hot
electron temperature and electron flux at different angles with laser
axis for 10 pm thick copper and tantalum targets, respectively.
The results indicate that the hot electron temperature is in the
range of 40-60keV (see Figure 10(A)) and it depends on angu-
lar direction for both target materials, i.e. the electron temperature
is bit higher at laser axis in comparison with other angular direc-
tions. Following the profile of electron temperature, electron flux
shows similar characteristics (see Figure 10(B)). The flux is higher
along the laser axis and it decreases along angular directions for
both kind of targets. However, it should be noted that hot electron
temperature and flux is slightly higher in case of 10 pm thick tanta-
lum target in comparison to copper target having same thickness.
Comparatively higher electron flux for tantalum case is attributed
to high Z material which has been used as a bremsstrahlung con-
verter for better efficiency in high intensity laser-solid interaction
experiments (Ref. 25).

Total conversion efficiency associated with laser energy to hot
electron is also determined for mentioned targets having different
materials. In this case, the thickness of all targets was kept winthin
a similar range, i.e. of the order of 10 pm. Total number of hot
electrons per shot (~6 x 10!!) is estimated by integrating the mea-
sured electron spectra in angular direction to the entire 47 solid
angle which corresponds to total charge of about ~0.1 pC. The
total energy carried with these electrons is of the order of 6 m]J.
This implies a conversion efficiency from laser energy (~600]) to
electrons of about ~0.001%. In addition, the measured profile of
the conversion efficiency associated with specific targets for differ-
ent laser energy is shown in Figure 11. The characteristics of the
profile show step-like behaviour in the laser energy above 200 J.
We observed that conversion efficiency is varying nonlinearly with
increasing laser energy in the range between ~10~¢ and ~10~3 for
laser energy from 100 to 600 J (Ref. 24). The physical mechanism
relevant with these nonlinearities is described in the next section.

Summary and discussion

The paper outlined the results of temperature scaling and char-
acteristics of hot electrons from thin foil metal targets irradiated
by terawatt class iodine laser. It has already been reported that
laser-plasma instabilities and relevant nonlinear processes due to
spacial inhomogenities in plasma density and electron tempera-
ture play a major role in the fluctuations of the plasma parameters
(Ref. 42). Laser energy deposited near plasma critical density is
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thermally transported to denser and cooler regions, causing more
material ablation, creating inward directed ablation pressure, as
well as producing X-rays (bremsstrahlung radiation) in the target.
As shown in Figures 3-10, ablation depends on the characteris-
tics of the target material, i.e. atomic number and its thickness.
The largest fluctuations of the electron temperature are observed
in Ti and Sn plasmas, however, fluctuations in number density of
fast electrons can be found in the Ta and Cu plasmas. It should be
noted that plasma produced using Sn targets show very low den-
sity fluctuations which is in contrary to relatively high temperature
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Figure 7. Dependence of hot electron temperature with respect to the thickness
of the copper target. The result indicates that electron temperature decreases
with increasing target thickness.

fluctuations for the same target parameters. On the other hand, Pb
plasma shows low fluctuations in density as well as in electron tem-
perature measurements. In physical mechanism, the ponderomo-
tive force that drives plasma density and temperature fluctuations
depends on the spatial gradient of the electric field pressure due to
the beating between the laser and scattered light waves driven by
parametric instabilities, such as stimulated Raman scattering (SRS)
and two-plasmon decay (TPD) (Ref. 43). In the case of paramet-
ric instabilities, the convective growth of the scattered light is the
thermal noise which arises from Thomson scattering of the thermal
density fluctuations as well as bremsstrahlung from the hot plasma.
In addition to the parametric instabilities, self-focusing of the laser
light can also play a crucial role in the fluctuations, causing the laser
beam to filament and increase its intensity. Self-focusing occurs
due to localized intense region of the laser which creates a plasma
density depression, in presence of laser driven ponderomotive
pressure or localized thermal heating. The density depression acts
like a positive lens, further focusing the intense region, creating
an unstable situation. Since self-focusing increases the laser inten-
sity, this can further lead to increased growth rate of parametric
instabilities. A counter interplay between these processes enhances
the shot-shot fluctuations in the plasma parameters. Moreover,
the hydrodynamic evolution of the target also affected the levels
of parametric instabilities due to density and velocity fluctuations
from the plasma formation process. Furthermore, quasi-spherical
nature of the ablative expansion of the plasma and associated den-
sity distribution can be related to diverse mechanisms including
relevant plasma instabilities, spontaneous magnetic field pressure
gradient and partially also a nonideality of the irradiation pro-
cess (Ref. 23). In order to avoid shot to shot fluctuations in the
laser-plasma experiments, single shot can be recommended for the
precise measurements and cross verification with additional sup-
porting diagnostics however, single shot measurement is limited
by the statistical uncertainty in the measured data.

As shown by Figure 2, electron temperature scaling is com-
pared by Beg, ponderomotive and Pukhov scalings along with
other experimental results obtained using sub-nanosecond, sub-
picosecond and multi-picosecond lasers. In this experiment, the
measured data points are consistent with the fact that at lower
laser intensities (<10'® W cm™2), the electron temperature scaling
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Figure 11. The profile of conversion efficiency from laser energy to electron
kinetic energy as a function of incident laser energy. The colour code in the
legend represents different target materials having similar thickness range, i.e.
~~ 10 pm. The data of different target materials are compared with published
result of the tantalum target (see Figure 10 of the reference by Singh et al.,
(Ref. 24)).

varies between Beg and ponderomotive scalings (Ref. 34), however;
electron temperature is in accordance with Beg scaling (Ref. 39)
at high intensities, i.e. >10' Wcm™ (see Figure 2). Moreover,
Beg scaling is observed in long plasma scale length (~100 pm);
however, ponderomotive scaling is usually valid for small plasma
scale lengths where laser pulse is tightly focused. In addition, the
electron temperature scaling is bit different from the one that cor-
responds to the suprathermal one (Ref. 37), however, Beg depen-
dence is in consistent with the extended Gibbons model (Ref. 29).
For the given experimental conditions, a positive correlation is
observed between the electrons following the Beg scaling (Ref. 29)
and maximum energy of accelerated ions (Ref. 44), however; iden-
tifying the physical mechanism is bit difficult due to presence of
the different instabilities under mentioned intensity range of the
experiment.

Apart from characteristics of the electron temperature scaling
and fluctuations in electron parameters, the step like behaviour
in the profile of conversion efficiency from laser energy to hot
electrons (see Figure 11) indicates the specific non-linearity that
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can be attributed to experimental conditions and plasma param-
eters. At laser intensity of ~10'® W cm™, LPI is dominated by
parametric instabilities (SRS, TPD) which can be responsible for
non-collisional absorption and generate large fluxes of hot elec-
trons. Cristoforetti et al. investigated the extent and time history
of SRS and TPD instabilities, driven by the interaction of PALS
laser at an intensity ~1.2 x 10'® W cm~2 with plasma scalelength
~100 pm produced from irradiation of a flat plastic target (Ref. 43).
Moreover, Cristoforetti et al. measured the hot electron energy
in the range of 40-50keV which is in close agreement with the
electron temperature of our measurements. In addition, the self-
focusing of the laser beam in the plasma can be produced by
a relativistic mechanism (Ref. 45). The relativistic nonlinearity
should appear immediately when the power of the incident laser
exceeds the threshold required for self-focusing (P,, = 17.4 ., /n,)
in GW (Ref. 46), where n. and n, are the critical density and
measured value of plasma density, respectively.

Furthermore, at the lower intensity case (<10'® W cm™), self-
focusing does not occur because the power could barely reach the
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critical power of relativistic self-focusing (P,,). However, the mea-
sured data from femtosecond interferometry shows that electron
plasma density n, ~ 3 x 10 W cm™ of the scale length a2 100
pm, can be produced on the front surface of the irradiated target,
100 ps before the maximum laser power (Ref. 23). For the laser
wavelength 1.315 pm, the required P, ~ 0.45 TW is less than
the 1.5 TW used in this experiment which implies that for laser
energy > 250 ] and intensity > 8 x 10'> W cm™2, the possibility of
self-focusing cannot be ignored along with other nonlinear effects
(Ref. 24). In the given experimental scenarios, plasma density must
be sufficiently thick to allow the creation of a self-focusing channel
and the threshold intensity for both the ponderomotive and rela-
tivistic filamentation which is reachable during the LPI. Moreover,
the nonlinear characteristic in the profile of conversion efficiency
can be seen at energy threshold ~2507] (see Figure 11) which is
in closer agreement with our analogy and hypothesis. Figure 11
clearly shows that the relativistic self-focusing is not emerging sig-
nificantly for laser energies <250 J, however; for given laser and
plasma parameters, it can occur at higher laser energies (>2507).

Conclusion

This paper presents basic results of an experiment in which a sub-
nanosecond pulse (~350 ps) from an iodine laser was focused on
metal foil targets having different atomic numbers (Cu, Ta, Ti, Sn,
Pb) for laser intensities between ~10' and ~3 x 10'®* W cm~2. The
hot electrons were characterized by measuring the energy spec-
trum using array of electron spectrometers for different thickness
of foil targets in the range of 1-100 pm. The measured electron tem-
perature is observed in the range between 30 and 80keV for the
given range of laser intensities. The temperature scaling of different
targets is also compared with experimental and simulation results
from sub-nanosecond, sub-picosecond and multi-picosecond laser
systems. In this experimental condition, the electron tempera-
ture scaling varies in between Beg and ponderomotive scalings.
Moreover, we also observed that conversion efficiency from laser
energy to hot electrons is showing step-like behaviour and it varies
nonlinearly with increasing laser energy in the range between
~107% and ~107? for laser energy in the range between 100 and
600 J, respectively. For the given plasma parameters, the nonlinear
profile of conversion efficiency which has step-like behaviour can
be attributed to either or combined effects of parametric instabili-
ties, self-focusing and relativistic filamentation. The experimental
results associated with conversion efficiency and temperature scal-
ing for different foil targets are not only important for the under-
standing of hot electron generation in long-pulse, high-intensity
laser-solid interaction experiments, but also crucial for the exper-
iments relevant to fast-ignition (Ref. 47), laboratory astrophysics
(Ref. 48, 49) and high energy density science (Ref. 50).
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