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Abstract
Bulk electron temperatures are calculated for thin Cu targets irradiated by the petawatt class
Vulcan laser, from the Kα yield obtained using highly oriented pyrolytic graphite crystals.
Cu-Kα emission studies have been used to probe the bulk electron temperature. A 30–80 eV
core temperature extends homogeneously over distances up to ten times the laser focal spot size.
Energy shifting has been observed due to different ionization states produced for different
temperatures in the plasma. Polarization dependencies of plasma temperature are observed
through the production of x-rays in different targets. 2D PIC simulations were performed to
measure the polarization dependency of bulk electron temperature, which supports our
experimental results. This paper could be of importance in understanding the different behavior
of laser coupling at different polarizations and their role in x-ray production.
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1. Introduction

With the advent of the chirped pulse amplification technique
[1], high-intensity lasers are easily accessible. Various phe-
nomena, such as table-top ion acceleration [2], and high
energetic ultra-short photon beam generation [3] have been
observed through relativistic plasma production at high tem-
peratures. The laser gets absorbed through different pro-
cesses such as resonance absorption [4], vacuum heating [5],
hole boring [6], and J×B heating [7], depending on the
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incident laser intensity. However, there could be multiple
absorption mechanisms applicable, at relativistic intensities
(I> 1018Wcm−2), themost dominantmechanism is the J×B
heating, where the fast electrons are generated along the laser
propagation direction. The interaction of intense, ultra-short
laser pulses with matter allows the generation of plasmas
at a solid density at high temperatures. Under these condi-
tions, the ion coupling parameter Γ [8] exceeds one, and the
plasma is thus in a strongly coupled state [9]. Suchwarm dense
plasmas are particularly of interest in inertial confinement
fusion (ICF) and astrophysics [10]. For example, it is possible
to study the x-ray opacity of matter under conditions found
in stellar interiors [11]. High energy-density laser-produced
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plasmas offer a unique window for investigating thermal
equilibration between electrons and ions in strongly coupled
plasma.

The laser transfers most of the energy at the critical density
surface where the hot electrons are produced and accelerated
through the ponderomotive force. Hot electrons gain energy up
to a few MeV leading to a range larger than the target thick-
ness. While traveling through a cold target, these hot electrons
knock electrons out of the inner shell of the target atoms. Sub-
sequently, electrons from the higher energy shell jump to the
lower energy shell to fill the vacancy resulting in characteristic
x-ray emission. X-ray probing of dense plasma is frequently
employed in high-energy-density experiments [12, 13]. The
study of Kα emission from dense plasma can give insight
into the propagation dynamics of electrons in metallic targets,
which is essential for the development of schemes, such as
fast ignitor fusion [14] as well as for ultrashort x-ray sources.
The scientific community is interested in the production of
such short-pulse x-ray beams, as they can be used in a variety
of experimental techniques, such as ultra-fast diffraction [15]
study from dynamically compressed solids, or x-ray scattering
[16] from non-equilibrium dense plasmas. Furthermore, the
analysis of the Kα x-ray emission can yield valuable inform-
ation about the conditions within the target interior during
and immediately after the interaction, since the lifetime of
the emission is within a few picoseconds, well below the typ-
ical hydrodynamic expansion time, and suffers insignificant
attenuation in the solid density plasma [17, 18]. In particu-
lar, analysis of the emitted x-rays can provide information
on the bulk electron temperature, providing crucial inform-
ation on the plasma conditions. The influence of warm and
dense plasmas on the emitter plays an important role in line
emission transition, with the transition depending on the bulk
electron temperature and electron density. At higher temper-
atures, some of the electrons from the L and M shells could
be depleted, which gives the shifting of the spectral lines due
to higher ionization states. In the work of Gregori et al, it is
shown how the temperature and ionization state of the bulk
target gives rise to spectral shifting [19]. In the same note,
P Neumayer reported the blue shifting of the x-ray lines from
the mass limited Chlorinated plastic target due to the isochoric
heating of the order of 18 eV [20]. In both of the experi-
ments mentioned above the laser energy increased to change
the temperature of the target and corresponding spectral shift
was observed for various laser energies.

Polarization effects on the ion acceleration are already
observed, where the ion phase space is orderly and stable for
the case of circularly polarized (CP) laser light due to the lack
of heating via J × B heating [21–24] mechanism. There is
a strong correlation between plasma electron heating and the
polarization of the incident light. At intensities above relativ-
istic intensities, v×B force has the same order as the force
governed by the laser electric field, which should be taken into
consideration. With this additional term, the ponderomotive
force can be written as [25–27],

F⃗(r) = − e2

4meω2
∇⟨E2⟩

(
1+

1− ϵ2

1+ ϵ2
cos(2ωt)

)
r r̂ (1)

where, e, me are the charge and rest mass of the electron
respectively, ω is the angular frequency of the laser beam
and ϵ stands for the polarization ellipticity value that varies
from 0 to 1 depending on the degree of polarization. The first
term of the above equation represents the component of the
force that pushes the electrons from regions of higher elec-
tric field to lower electric fields. The second term is called the
J×B heating [25] effect, which stimulates electron oscilla-
tion with a frequency twice the laser frequency. For linearly
polarized (LP) light the value of the ellipticity (ϵ) is 0, which
makes the second term in the equation significant. Whereas,
for CP, the value of ϵ is 1, which makes the second term zero.
This extra heating in LP pulses leads to electrons flying away
quickly from the interaction region. In contrast to LP pulses,
for CP pulse electron heating in the plasma is strongly sup-
pressed owing to the absence of the oscillating component in
the∼v×B force. Instead, electrons are compressed to a highly
dense layer piling up in front of the laser pulse. By choosing
the laser intensity, target thickness, and density such that the
light pressure equals the restoring force given by the charge
separation field, the whole focal volume eventually propag-
ates ballistically as a quasi-neutral plasma bunch, continuously
gaining energy from the laser field. In this scenario, all particle
species are accelerated to the same velocity, which intrins-
ically results in a monochromatic ion spectrum. As long as
the electron temperature is kept low, a phase-stable accelera-
tion can be maintained, and the process is expected to lead to
very high conversion efficiencies and ion maximum energies
scaling linearly with laser intensity under optimum conditions.
The detailed analysis and simulation results are shown in the
previous studies [21, 23, 28].

When the laser interacts with any target, it is the pon-
deromotive force which accelerates the electrons within the
target, and these electrons which gain high kinetic energy are
termed as hot electrons. From equation (1), it is clear that
the CP laser will have a reduced ponderomotive force com-
pared to that for the LP laser, mainly due to the suppression of
J × B heating mechanism for the CP laser. Consequentially,
the LP laser gives rise to a higher temperature in the hot elec-
trons compared to the CP laser. Eventually, these hot electrons
transfer the energy to the bulk target through the collisional
energy transfer, therefore different laser polarization will lead
to a different bulk target conditions. The x-rays generated from
this bulk target are used as a tool to infer about the temperat-
ure of the bulk target. The x-ray emission from highly charged
plasma has proven to be a reliable diagnostic for plasma para-
meters, such as temperature and electron density distribution.
In our work, Cu-Kα from ionized Cu plasma is used to meas-
ure the plasma temperature and ionization of the plasma state.
The change in the ionic potential due to the different charge
distributions in the K shell and M shell results in the shifting
and broadening of the spectral lines.

2. Experimental details

The experimental investigation of the measurement of elec-
tron temperature in the bulk plasma as a function of laser
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polarization inferred from the shifting of characteristic trans-
ition lines was achieved by employing one-dimensional
imaged spectroscopy of Cu-Kα doublet via highly oriented
pyrolytic graphite (HOPG) crystal spectrometer [29–31].
HOPG crystals consist of many small, perfectly aligned crys-
tallites, making them highly efficient for x-ray diffraction over
several keV ranges. The mosaic spread of the crystal increases
the reflectivity of the incident beam. Spectrometer works on
the principle of Bragg’s law, where different energetic photons
get diffracted from the crystal at different positions on the
image planes.

The experiment was performed at Rutherford Appleton
Laboratory employing the VULCAN petawatt laser system.
The laser delivered ∼150 J energy on target in pulses of
700 fs–900 fs FWHM duration after being reflected off a
plasma mirror (PM), resulting in an intensity contrast ratio of
109 between the main pulse and the ns long amplified spontan-
eous emission (ASE). The laser was focused to around 5µmon
Cu targets of varying thicknesses at normal incidence by an f/3
off-axis parabolic mirror with an intensity∼5× 1019 Wcm−2.
The polarization of the laser on the target varied from lin-
ear (LP) (ε = 0) to nearly circular (CP) (ε ∼ 1.14 ± 0.04)
by employing a zero-order quarter-wave plate placed between
the focusing optics and the PM. Here, ε is the ratio between
the laser electric field amplitudes along the vertical and hori-
zontal axes, as determined by the combined effect of the wave
plate and of reflection from the PM.

The primary diagnostic to measure the electron temperat-
ure is Cu-Kα radiation emitted at the rear side of the target.
The changes introduced in the spectral shape infer the plasma
parameters, such as temperature and electron density distribu-
tion. The source size of the emitting region is diagnosed using
an x-ray pinhole camera (with resolution set by 25 µm pinhole
diameter), and via source broadening using a HOPG spectro-
meter (∼30 µm resolution). The pinhole camera had 25 µm
pinholes, filtered to select different spectral ranges in the range
of 1.7–10 KeV and an image plate as a detector. We need to
address these questions very well.

The HOPG crystal provided data on the relative Kα yield of
the targets as well as an independent measure of radial source
size due to a spectral linewidth dominated by source broaden-
ing. HOPG is particularly suited for this experiment because
its unique crystal plane structure combines highly efficient
x-ray diffraction and mosaic para focusing [32]. The spectro-
meter design employs a ZYA type flat HOPG crystal, with
mosaic spread γ = 0.40, 25 mm wide in the sagittal (non-
dispersion) direction and 50 mm long in the meridian (dis-
persion) direction. The thickness of the crystal is 2 mm. For
para focusing to happen, both the source of crystal and crystal
to image plate maintained the same distance of 250 mm. The
spectrometer dispersed the incoming x-rays onto image plates
(Fuji film Bas TR) filtered with 25 µm of Al. For the thicker
crystal, due to the deep penetration within the bulk crystal, the
beam becomes more wider after the reflection. Taking a thin-
ner HOPG crystal is always a good idea to increase the resolu-
tion of the spectrometer. The thinner target and longer source-
to-crystal distances increase the resolution of the spectrometer.

The spectrometer is fully shielded with lead to prevent a direct
line of sight between the plasma source and the detector. There
is an excellent agreement between the source sizes inferred
from HOPG and the pinhole imaging.

3. Results and discussions

The HOPG crystal spectrometer yields 1D resolved spectra
of the circular plasma emission source, as shown in figure 1.
Figure 2 shows the x-ray spectra for the Cu 500 nm target
corresponding to the CP and LP laser pulses. The observed
Kα1 and Kα2 from 500 nm Cu targets are 8052.3 ± 1.6 eV
and 8034.3 ± 1.6 eV for CP pulses and 8071.3 ± 1.6 eV and
8052.3 ± 1.6 eV for LP pulses respectively. The shifting of
the energy for both the polarizations is shownwith reference to
cold Cu lines (Kα1—8047.8 eV and Kα1—8027.8 eV). Along
with the shifting of Kα lines, the x-ray flux is also observed to
be different for different polarizations.

The measured Cu-Kα peaks obtained for CP and LP pulses
are fitted using the radiation code FLYCHK [33] to obtain the
bulk electron temperatures and ionization states. The fitting
was achieved by varying the bulk electron temperature (5 eV to
100 eV) and the total electron density (1021–1022). Before the
main pulse, the pre-pulse interacts with the flat cold target, and
a steep density plasma is produced within the target. The tem-
perature distribution of electrons is spatially varying within
the plasma due to the dependence of the absorption of laser
energy within a steep density gradient plasma produced by the
pre-pulse. The laser starts to penetrate at the critical density
surfaces, and the hot electrons produced at the critical density
travel through the rear side of the target. With this considera-
tion, in our Flychk simulation, the density of the electronswere
taken to be ∼1021 cm−3 which is the critical density corres-
ponding to the laser wavelength. The hot electron temperature
is kept constant at 820 KeV, which is the obtained hot electron
temperature from the scaling law [34] corresponding to our
laser parameters. A hot electron fraction in the entire plasma
was considered to be 0.005% of a total population of electrons
at theMeV range is consistent with the relative volumes of the,
directly and indirectly, heated plasmas [35]

Figure 3 gives the best FLYCHK fitting for the experiment-
ally obtained Cu-Kα spectrum from the 500 nm Cu target for
both the polarization of the laser. Using FLYCHK, the spec-
trumwas fitted to extract the temperatures of the bulk electrons
and the ionization population within the plasma.

We can see from the figures that both the experimentally
obtained spectrum (Kα1 and Kα2) are well-matched with the
spectrum obtained from simulations. From figure 3, it is clear
that the energies are blue-shifted for LP compared to CP for the
same target and laser conditions. Further, the FLYCHKmodel
fitted to the experimental data confirms a reduction in bulk
electron temperature from 75 eV (LP) to 32 eV (CP). Though
the energy lines are well matched, there is a little discrepancy
in the matching of the intensity peaks of the Kα2 line. A pos-
sible reason for not exactly fitting the Kα2 peak is the exclu-
sion of the effect of the Stark effect and Doppler broadening
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Figure 1. Schematics of the experimental layout for the Cu-Kα
x-ray diagnosis using a HOPG spectrometer.

Figure 2. Comparison of experimentally observed spectrum for
linear and circularly polarized pulses on a 500 nm Cu target. Blue
and green solid lines represent the cold Kα1 and Kα2 lines
respectively. The blue shifting of energy is observed for both LP
and CP cases with respect to the cold Kα lines.

in the Flychk code for the Cu (Z = 29) target. The line shape
and line intensity are dependent on the Stark effect and Dop-
pler effect. Flychk includes the Stark broadening and Doppler
broadening effects till the atomic number Z= 26. Therefore, in
our case (Z = 29), the Flychk model gives rise to the observed
difference in the line shape. Another possible reason for this
mismatch of the Kα2 intensity is the depletion of the energy
levels due to the temperature. Kα1 is emitted when an electron
jumps from the 2P3/2 to 1 s state, while the transition of elec-
trons from 2P1/2 to 1 s gives rise to Kα2. For pure cold targets,
it is always expected that Kα1 intensity to bemore intense than
that of Kα2. Theoretically, the intensity ratio should be 2:1 due
to the higher multiplicity of the 2P3/2 state. In our observa-
tion, the x-ray is not emitted from a pure cold target, but from
an ionized warm dense plasma. Due to this ionization, some of

the energy levels become depleted. Considering this depletion,
the 2P3/2 energy level will be more depleted of electrons com-
pared to 2P1/2. This depletion of electrons could be one of the
reasons for not matching the experimentally obtained value of
intensity to the theoretical value. Although this explanation is
reasonable, it requires the ionization state to reach 19+ which
is slightly above the obtained charge state from Flychk. This
feature needs to be addressed with a greater detail to arrive at a
conclusion. Nevertheless, the changes in the intensity of Kα1
and Kα2 lines are solely dependent on the electron population.
Though the intensity of the two lines is not completely repro-
duced from the simulations, it does not affect the obtained
physical parameters because only energy shifting is considered
as the reference and the energy is exactly matched.

Using Flychk, the fitting was done by varying the bulk elec-
tron temperatures for a given density. The extracted temperat-
ure is sensitive to density. The density of the rear side of the
target will be in the range of critical density (nc) to the solid
density target. Here, the critical density (∼1021) is considered
for extracting the temperature and mean ion population. How-
ever, if the target is considered as a nearly solid density target,
the fitted temperature for the LP target turned out to be 91 eV
and for the CP target, it changed to 42 eV. As expected, for a
solid density target, the required temperature would be higher
to reach the same ionization state. It is not feasible to determ-
ine the exact density, which corresponds to the emitted x-ray,
but it is always expected to be in the range of near critical dens-
ity to solid density. Although there is some fitting uncertainty,
our obtained results do not vary widely with change in density.

Figure 4 represents the ion population distribution corres-
ponding to the fitted energy obtained from FLYCHK simula-
tions for both the polarization states for the same laser and
target parameters. In this case, we observe different ioniza-
tions in the cold target for different polarization states of the
laser pulse. These different ionization states of the bulk target
at two different polarizations lead to the shifting in the Cu-Kα
spectrum (shown in figure 2).

The difference in temperature between LP (75 eV) and CP
(32 eV) gives rise to a corresponding shift in the energy of
19 eV and 18 eV for Cu-Kα1 and Cu-Kα2 respectively for LP
compared to CP. The shifting of the Kα spectrum is attributed
to the heating of cold electrons, which results in further ioniz-
ation of the plasma resulting in the screening effect. The main
reason for the shifting of spectral lines is associated with the
laser polarization. As the bulk electrons gain energy from the
hot electrons via collisions, the increase in hot electron tem-
perature would cause an increase in the bulk electron temper-
ature as well. The LP laser transfers relatively higher energy to
the hot electrons, the hot electrons would have a range greater
than the typical target thickness and the refluxing due to the
self-generated electric field confines the electrons within the
target. As a result, the bulk target gets heated more in the case
of LP compared to the CP case.

As the temperature of the bulk target increases, ionization
within the bulk target also increases. This ionization of elec-
trons from the outer shells reduces the screening of the inner
shell electrons from the outermost electrons. The reduced
repulsive force between the outermost electrons for the higher
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Figure 3. FLYCHK fitting of the experimentally obtained spectra. The temperature extracted from FLYCHK for the case of circular
polarization (left) and linear polarization (right) is about 32 eV and 75 eV respectively.

Figure 4. Comparison of ion charge distributions obtained from
FLYCHK fitting, corresponding to different polarization states of
the laser for a 500 nm Cu target.

ionization states increases the attractive potential of the inner
electrons and makes the inner electrons more tightly bound to
the nucleus. If an electron jumps from n2 to n1 and the energy
of the photon will be in accordance with the Bohr formula
given below,

E= hν =−13.6 Z2
(

1
n21

− 1
n22

)
(2)

where Z is the effective nucleon number and (n1, n2) are the
principal quantum numbers to represent the initial and final
states of the electron respectively. From the above equation, it
is seen that the energy of the photon depends on the quantum
states and the Z values. The value of Z is constant only for
pure cold atoms, this value changes with the ionization of the
atoms. The value of Z determines how the outermost electrons
affect the nuclear potential. With the inclusion of the screening

effect, Z is replaced by Zeff = Z−σ, where σ is the screening
factor, which determines the energy of the transitions and is
different for different ionization states for a single atom. The
shifting of the energy is larger for higher charged states. As a
result, the photon emission energy for the transition of 2P to
1S increases.

Up to now, we have observed the shifting of the energy
lines due to different ionization states of the bulk target. It
is observed from figure 2 that, there is a difference in the
Kα x-ray intensity for two different polarizations. The x-ray
intensity is higher for the LP case compared to the CP case.
The additional heating in the case of LP produces a larger
number of hot electrons, further leading to an increase in
the interaction with the bulk target, resulting in higher x-ray
production.

In summary, different ionization states have been observed
due to different temperatures generated for different polariz-
ation states of the laser. The primary reason for the differ-
ent temperatures for different polarization states is due to the
reduction of J × B heating in the case of CP light. From
equation (1), it is clear that the second term remains finite
for LP lasers giving rise to additional heating contributing
to higher ionization states of the target. The smoothening
of the entire line shape is mainly observed due to the con-
tribution of Stark broadening. It is shown that the range of
hot electrons is substantially reduced compared to the single-
particle range [36] by the electrostatic field required to drive
the return current and that the observed range depends on an
electron distribution function and absorption fraction, mak-
ing precise estimates of the bulk electron temperature diffi-
cult. This is consistent with recent studies suggesting reduced
bulk electron temperature interactions with a steep dens-
ity gradient [37] which are expected for our experimental
parameters due to the use of a PM combined with pon-
deromotive steepening [38, 39]. A direct comparison of the
Kα yield obtained for 500 nm Cu targets show that within
the shot-to-shot fluctuations the maximum temperature var-
ies between 30 and 80 eV for circular and linear polarization,
respectively.
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Figure 5. Experimental observation of variation of x-ray emission from targets of different thicknesses interacting with a laser pulse with
circular polarization (left) and linear polarization (right).

Figure 6. Temperature (left) and ionization distribution (right) deduced from FLYCHK for targets of different thicknesses for a density of
1021 cm−3. The error bars are calculated by considering the shot-to-shot fluctuations and also the error governed by the spectrometer
resolution.

Figures 5(a) and (b) show the experimentally obtained
energy spectrum for targets of different thicknesses for
different polarizations. Figure 5 (left) compares the Kα energy
spectrum emitted from 500 nm and 100 nm Cu targets for
a CP laser pulse. It is observed that the energy spectrum
is blue-shifted for thinner targets. The thinner dimension of
the target allows the target to heat more due to the lesser
volume and the resulting higher ionization gives the blue shift.
The corresponding photon energies for the 100 nm CP target
are 8059.7 eV and 8040.7 eV respectively for Kα1 and Kα2

respectively. When compared to a 500 nm target for CP, a shift
of around 7 eV is observed for both Kα1 and Kα2.

Figure 5 (right) gives a comparison of a 1 µm target with
a 500 nm target for LP, which also shows a blueshift for the
thinner target. The FLYCHK fitting is also used to observe the
temperature and the corresponding ion distribution for differ-
ent targets having the same laser parameters. Figure 6 shows
how the x-ray emission changes with the target thickness. It is
observed that the thinner the target, the higher the temperat-
ure and consequently the higher the ionization states resulting

in a blue shift in the x-ray emission. Also, the temperature and
ionization states are consistently higher for LP laser compared
to CP laser.

Although there could be experimental uncertainties due to
the shot-to-shot fluctuations and due to the spectrometer res-
olution, the energy is observed to be always blue-shifted in
LP-produced x-rays compared to CP-produced x-rays. In the
case of a 500 nm Cu target, the maximum temperature var-
ies between 30 and 80 eV for circular and linear polarization,
respectively.

Figure 7 shows the comparison of emission sizes as a func-
tion of the polarization of incident light and different thick-
nesses varying from 500 nm to 50 µm. The measurement of
the x-ray source size could be used as a diagnostic tool to infer
about the transport of hot electrons within the target. The x-ray
source size mainly depends on the divergence of the hot elec-
trons, their propagation, and the stopping distances within the
target. It has already been shown that the increase in diver-
gence angle with higher laser intensity is one of the reasons for
the increase in source size [40–42]. The motivation for finding
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Figure 7. FWHM x-ray spot sizes for CP targets and LP targets are
shown here from different diagnostics for different polarizations of
light. The effect of reduction in source size emission is clearly
visible for CP targets. The data points represent an average over the
data set for each thickness for clarity over four shots. The
uncertainties are calculated based on the measurement error in the
x-ray spot size. The solid lines represent a linear fit for both the
polarizations for the pinhole data.

the source size for different polarizations with different thick-
nesses is to perceive the impact of the temperature on the elec-
tron’s divergence within the target, which in turn dictates the
source size.

The FWHM as a function of target thickness is taken as the
x-ray source size. The results highlight a dependence of the
x-ray source size on the polarization of light. A reduction in
source size is clearly visible (figure 7) for CP targets compared
to LP targets. The x-ray source size is solely dependent on the
global transport of the fast electron beam within the expanded
plasma. The fast electron beam propagation and their scatter-
ing with cold targets are responsible for generating x-rays. The
scattering of the fast electron in a solid is dependent on their
temperatures (Th) and their energy (Eh) [34, 43, 44]. For tar-
gets of the same thicknesses, the obtained source size is higher
for LP-produced x-rays in comparison to CP-produced x-rays.
The extra thermal agitation makes electron propagation more
random and diverged within the plasma for the case of LP-
produced x-rays. This extra divergence due to the extra heating
is the main reason for the increase in source size in the case of
the LP-produced x-rays compared to the CP-produced x-rays.
The source sizes are also calculated for different thicknesses
of targets for different polarizations of incident light. Hot elec-
trons start with a certain divergence angle and as they penetrate
the cold target the spreading of the electrons increases thereby
extending the spatial region of interaction with the cold target.
As expected, the divergent nature of the electron beam leads to
an increase in the size of the emission region with increasing
target thickness (increasing from 50 µm diameter for 500 nm
thick foils to around 75 µmdiameter for the 50 µm thick foils).
Overall, the observed source sizes and divergence are within

the variation reported in previously published data where the
electron beam divergence has beenmeasured using high Z bur-
ied layer targets on targets with 10 s of µm thickness [45–49].

4. Simulation results

PIC simulations were performed to verify our experimental
results for both the polarizations using an open-source code
EPOCH [50]. In our 2D simulation, the laser is considered
to propagate along the +x-direction with an intensity similar
to that used in the experiment (I = 5 × 1019 W cm−2). The
temporal profile is set to be Gaussian with FWHM 1 ps. The
simulation box covers 0 µm to 10 µm along the x-direction
and−5 µm to+5 µm along the y-direction with 1000× 1000
grid cells. The macro-particles per cell are 32 for both ions
and electrons. The electron density for the Cu target was ne =
84.5× nc, where nc is the critical density of the target corres-
ponding to the wavelength (1.053 nm) of the laser light. Since
x-rays are generated within a few time scales of laser pulses,
we restricted our simulation time to 5 ps. Bulk electron tem-
peratures are calculated using the electron temperature distri-
bution obtained from the simulation by considering electrons
whose energy is below 2.5 KeV [50, 51]. The obtained bulk
electron temperature at 2 ps is 39 eV and 80 eV for CP and
LP, respectively. Similarly, at 2.5 ps, it is found to be 48 eV
and 84 eV for CP and LP, respectively. The simulated results
are in good agreement with the experimental results. Figure 8
shows the maximum electron density for both polarizations
and electron density is higher in the case of LP

compared to the CP case. The electron density shown in
figure 8 is obtained by considering both the hot electrons as
well as bulk electrons. Initially, the extra heating in the LP
case produces a higher number of hot electrons compared to
CP, which is one of the reasons for the observed increase in the
electron density. Also, as the hot electrons transfer the energy
to the bulk target, the bulk of the target starts to become ion-
ized and the degree of ionization varies with the laser polar-
ization. From the experimental results, it is already observed
that higher ionization is the primary reason for the shifting of
energy in the case of LP laser. We have already shown that due
to the additional component of J × B heating in the LP case,
the bulk target becomes more ionized compared to the CP case
(for LP it is 15+ and for CP it is 9+). As the bulk target in the
LP case becomesmore ionized, it acquires more electron dens-
ity compared to the CP case. Together, the number of hot elec-
trons as well as the bulk electrons gets increased in the case of
LP compared to CP as observed from the electron density plot.
The electron density for both cases decreases with time due to
multiple reasons, such as, the loss of some of the electrons that
escape out of the simulation box from both directions and also
due to the onset of hydrodynamic expansion.

Figure 9 shows the electric field and magnetic field vari-
ation with time, they are both dominant in nature for the case
of LP compared to the CP case. The magnitude of the max-

imum electric field in the x–y plane (
√
(E2

x +E2
y), and themag-

nitude of the azimuthal magnetic field (Bz) is considered in
the above plots. The correspondence between the observed
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Figure 8. Electron density variation with time for a 500 nm Cu foil interacting with laser pulses of different polarization states obtained
from 2D PIC simulation EPOCH.

Figure 9. The electric field (left) and magnetic field (right) variation with time for a 500 nm Cu foil interacting with laser pulses of different
polarizations.

electron density and the electric and magnetic fields could be
noticed.

5. Conclusion

In conclusion, we have demonstrated an experimental observa-
tion for the first timewhere a variation in the bulk electron tem-
perature of the plasma is dependent on the initial polarization
of the laser pulse. These results helped in the understanding
of laser coupling mechanisms in different polarization of the
laser pulses. This observation is supported by the energy shift
in the Kα lines due to the screening effect in higher ionization
states. Significant reduction in the source emission size sup-
pressing the global beam spread caused by small-angle scat-
tering for CP is also discussed for various target thicknesses
calculated using HOPG and pinhole images. Bulk electron
temperature measurements have a direct impact on the neutron
yield in ICF experiments. These results are of primary import-
ance for the basic understanding of laser–matter interactions,

especially understanding J × B heating in thin targets and for
various applications, such as fast ignition fusion, and x-ray
backlighters.
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