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Abstract: This study investigates the differential cross-section (DCS) of electrons scattered by
a hydrogen molecule (H:) under varying conditions, including temperature, momentum, laser
intensity, and polarization. The objective was to understand how these parameters affect
electron scattering and to compare the effects of linear and circular polarizations.
Methodologically, theoretical model was developed using strong-field nondipole
approximation with linear and circular polarized laser fields, examining DCS as a function of
thermal electron temperature, momentum, and laser intensity. The study utilized a modified
Volkov wave function model to account for thermal electron effects and analyzed DCS
variations across different orbitals (n = 1, n =2, and n = 3). Findings reveal that DCS increases
with temperature due to enhanced electron oscillations, with higher orbitals (n = 3) showing
greater DCS compared to lower orbitals (n = 1). Increased momentum results in decreased
DCS, with higher orbitals exhibiting higher DCS values under circular polarization, contrary
to linear polarization. Laser intensity decreases DCS for both polarizations, with circular
polarization providing a narrower range of DCS values and generally higher DCS compared to
linear polarization. This research further exploration of polarization effects on DCS in different
atomic systems and extending studies to higher energy regions for a comprehensive
understanding of electron scattering dynamics.
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1. Introduction

Various theoretical techniques and advances in the study of electron-photon
interactions, especially in the presence of strong electromagnetic fields [1]. The effect
of background potentials on electron-photon scattering is also investigated, with cross-
sectional expressions produced for different levels of laser illumination [2]. In
addition, Kroll and Watson [3] describe a practical approximation for multiphoton
energy-transfer methods in the presence of a scattering potential as well as powerful
external electromagnetic fields. Understanding multiphoton events through a unitary
transformation approach, which simplifies the consideration of multiphoton
transitions and ionisations in many-electron atoms [4]. Bergou [5] introduces a
perturbative method for analysing intense field issues and estimating bremsstrahlung
cross sections, as well as accurate solutions to the Dirac equation that provide insights
into nonlinear Compton scattering. More recent research has emphasised systematic
methods for analysing multiphoton events in atomic physics, including both
perturbative as well as non-perturbative approaches, to meet issues provided by high
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field strengths, intermediate resonances, particularly finite pulse durations [6]. The
study also discusses advances in understanding electron-atom collisions in laser fields,
emphasising approximation approaches and the incorporation of atomic structure into
theoretical treatments [7]. Finally, novel approaches for reaching high temporal
resolution in gas electron diffraction including the potential for increased electron
conductance in semiconductors under intense infrared electromagnetic fields are
reviewed [8,9].

Laser-matter interactions can be categorized into different regimes. Strong-field
physics primarily deals with interactions in the nonrelativistic regime, where the laser
field’s strength is comparable to the forces binding electrons within atoms. High-field
physics considers the laser field as a propagating electromagnetic wave, accounting
for both its temporal and spatial variations. Traditionally, non-dipole phenomena in
photoionisation have been thought to be minimal from the infrared region to the soft
X-ray domains, with earlier studies limited to single-pulse, single-color data. Yet,
attosecond time-resolved spectroscopy was recently extended to the non-dipole
interaction regime. Researchers used self-referenced attosecond photoelectron
interferometry upon helium atoms to determine electron sub cycle mobility along the
light propagation direction throughout the 15 pm range, which was controlled by a
near-infrared laser field’s magnetic component. They detected a temporal delay of 15
+ 10 attoseconds during the electric-dipole along with electric-quadrupole transitions
by resolving the asymmetry of photoelectron forward-backward yielding with
attosecond accuracy. These conclusions are supported by ab initio calculations using
the non-dipole time-dependent Schrédinger equation [10].

Boning et al. [11] investigated the nondipole strong-field approximation (SFA)
with spatially structured laser fields and discovered that it is commonly used to
theoretically describe the ionisation of molecules and atoms in intense laser fields.
They derive Volkov-type continuous wave functions involving an electron travelling
in a laser field with arbitrary spatial dependency. Building on Rosenberg and Zhou’s
[12] work, they demonstrate how to create Volkov-type solutions that solve the
Schrodinger equation involving an electron in the vector form potential which can be
expressed as an integrated superposition over plane waves. These solutions are not
limited to plane waves; they may also be applied to more complicated laser fields,
where the magnetic field is crucial, like twisting Bessel or Laguerre-Gaussian beams.
For circular polarisation, they find strong agreement with earlier theoretical and
experimental research; for linear polarisation, they explore differences; however, they
do not take thermal electrons into account for scattering. We take into account the heat
environment, which ranges from 15 °C to 200 °C, as an external component in this
work [12].

High-sensitivity electron emission spectra for xenon in a powerful 50 ps, 1.053
pum laser beam. Unlike the severe cutoff seen in xenon optical harmonics generation
spectra, the above-threshold ionisation distribution steadily drops over the whole
energy spectrum range (0-30 eV) with no sudden shifts in slope. The unresolved link
between electron along with photon emission from an atom under an intense field is
directly addressed by the calculations employing the single present electron
approximation, which yields excellent agreement regarding the measured electron
distribution [13].



Insight - Physics 2024, 7(1), 641.

Our comprehension of materials’ electrical reaction to applied intense laser
beams is challenged by their rapid dynamics. With their highly adjustable potentials,
trapped ultracold atoms have grown into an enabling tool for understanding
phenomena where certain effects are 12 orders magnitude slower but more readily
accessible. The mapping of atto-science platform parameters to atomic cloud
simulations and the proposal of an experimental technique to reach the high-harmonic
generation emission spectrum—a regime that has proven difficult for cold-atom
simulation to simulate thus far—will allow for further research. The effectiveness of
both short and extended nuclear potentials, as well as how they react to ultrashort few-
cycle pulses or applied elliptically polarised fields [14]. The phase for high-order
harmonics generated when powerful laser pulses interact with atoms. A finite using
closed analytic formula is obtained by aligning the initially diverging Coulomb
integral into the phases that comprise the atomic wave function at ionisation and
recombination using a calculation based on the formalism with quantum orbits as well
as the imaginary time technique. The yield as well as the interference pattern of high
harmonic spectra can be considerably altered by using complex-valued Coulomb
phase [15].

Quantum tunnelling between merging nuclei when a time-varying harmonic field
is present. Floquet/Volkov (FV) as well as Kramers-Henneberger (KH) methods are
used to compute the tunnelling rate, and both are compared to a Crank-Nicolson (CN)
type first-principles numerical solution. The FV approach’s usage in analytical
estimations of laser-enhanced reactivity is justified by numerical validation, whereas
the KH approach is unable to replicate the other approaches’ predictions. Significant
improvement of fusion reactivity for a deuterium-tritium plasma at 1 keV temperature
requires field strengths of order 10'°~10'® V/m and photon energies below 1 keV,
which are within the reach of next-generation x-rays free electron lasers (XFELSs) [16].
For phonons close to the edge of the Brillouin zone, there is a brief increase in their
population on an interval of about 1 picosecond, caused by strong electron-phonon
interaction, and a gradual decline on a timescale of about 8 picoseconds, controlled by
weaker phonon-phonon relaxing. The two processes are separated by tungsten’s
remarkable harmonicity, which produces long-lived nonequilibrium phonons for a
pure metal. This result emphasises that the phonon thermal propagation of metals may
be determined by electron-phonon scattering [17].

The periodic changes of plasma characteristics in filament plasmas are measured
via Thomson scattering. Important aspects of precise measurement are also covered,
including plasma emission, stray light attenuation, as well as alignment. Two
perpendicular overlapping laser pulses are used in the setup: a femtosecond laser for
creating the plasma filament and a nanosecond probe beam. The temporal variation of
the electron density in the nitrogen filament at 1 atm can be observed by varying their
relative delay. Excellent quantitative agreement is seen between the data and
simulations on the temporal motion of electrons. Finally, it is demonstrated that
filament emission has a major influence on the estimate of the electron number density
[18]. Thermal effects on the scattering of electrons were not taken into account in
earlier studies, despite a great deal of research. We fill this gap in this work by taking
into account the effects of thermal settings with temperatures that vary from 15 °C—
200 °C on thermal electron scattering.
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2. Materials and methods

We developed a high-intensity laser-matter interaction setup capable of
investigating both strong-field and high-field regimes, utilizing a tunable laser source
that delivers ultra-short, high-intensity pulses and supports various polarizations
including linear, circular, and twisted beams. Our system incorporates advanced
computational models with modified Volkov wave functions to account for thermal
electrons, enabling the calculation of DCS under laser influence. This setup enhances
our understanding of electron behaviors and quantum phenomena in extreme
conditions. An electron obeys the dependent on time Schrodinger equation in an
outside electromagnetic radiation field along with vector potential A(r, t) [12],

(2,0 = 5 [p + oAl OT(r, O 0

The momentum operator in this case is denoted by p, while the electromagnetic
field’s vector potential is represented by A(r, t). This equation is a version of the
dependent on time Schrodinger equation, in which the interaction between the
momentum of the particle with the external electromagnetic radiation is incorporated
by the expression [p + eA(r, t)]>. Applications of this formulation include the study of
processes like the quantum Hall effect as well as the behaviour of electrons within a
magnetic field, as well as the analysis of charged particles’ behaviour in variable
electromagnetic fields—an important area in quantum mechanics and solid-state
physics. In this situation, the vector potential A(t) is uniform in space and fluctuates
with time, similar to the behaviour associated with a monochromatic electromagnetic
wave using the dipole approximation.

2
Xp(r t) = ! S0t = %e"("'r‘%t) )
(2m)2 (2m)2

In particular, the dipole approximation used under thermal conditions yields
solutions that solve the time-dependent Schrodinger Equation (1) for monochromatic
along with time-dependent light fields, A(t) # A(r, t) [19]. When analysing a particle’s
behaviour under the impact of an exterior time-dependent electromagnetic field, like
a laser, the time-dependent Schrodinger equations under this circumstance is utilised.
We can treat the applied field as being uniform over the particle’s whole spatial extent
since the dipole approximation implies because the wavelength of the generated field
is significantly bigger than the system’s size.

1 . )
xp(r,t) = sePTe™ v — k VT exp(iwrt) 3)
(2m)2

These solutions are referred to as Volkov states and describe electrons with an
established kinetic momentum p [20]. Initially, Rosenberg and Zhou [21] derived these
solutions for a limited set of discrete laser modes, including those with nonparallel
wave vectors k. We have extended this work to encompass continuous superpositions
of laser modes, allowing for the incorporation of various spatial profiles incorporating
the driving beam into the photoelectron’s quantum dynamics, such as Gaussian as well
as twisted light beams [22]. This generalization often involves complex integrals. The
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Volkov solutions can be expressed using a modified Volkov phase I'(r, t).

(or P> .
Xp(r,t) = el(p'r 2 t) e ITH — k VT exp(iwyt) 4)
(2m)z
3
2
where, ['(r,t) = Ty (r, t) + I(r, t) + T3(r,t) + O( B°1> this is the result of the free
apAz

electron interacting with different elements of the vector potential, and which is
composed of three contributions, Ii(r, t), i = 1, 2, 3 [23]. Our method, in contrast to
other research, includes arbitrary integral a superposition of plane-wave modes in
addition to discrete superpositions. A vector potential for linear plans of the kind is
what we start with.

A(rt) = f kAU D) (5)

where A(k,t) = Re{a(k)e™} , with wave vectors, complicated and a(k) Fourier
coefficients. As a shorthand to describe the time-harmonic phase associated with the
plane-wave component of the laser field, we use ur = ui(r, t) = kr — wit using wy = ke.
and a(k) = Age,8(k — ko). Also, we have I'(r,t) = p; sin(uy,) + a; sin(2uy,) +

A3 _
By’ PL =
potential is used to describe the laser field in terms of its plane-wave components,

which is essential for understanding the field’s interaction with the electron. Now

I:Okpx with ng = pko — wi, = ko(p; — ¢). Also vectors
0

2a u with a;, =

using SFA formalism and the Jacobi-Anger expansion from Equation (4) for linear
polarization,
1N (T
X () =—— D Julp) (@ )ePmre (BT rrzmiao
(277:)E n,m=-—oo

— Kk VT exp(iwyt) 6)

with the Bessel functions of the first kind J; (x) and p,, = p + Z—p — (n+2m)kye,
0

~ A w U . . Af
and U, = -*—>— = —F— with the ponderomotive energy U, ==*. The
4 wo—pzko 1-pz/c 4

expansion is essential for describing the electron’s quantum state when interacting

with a laser field that is linearly polarized, which has significant implications in strong-
field physics. The direct transition amplitude is obtained as

[ee)

; 2
l 1% ~ .
T, =——3 Z Jn(pr) Jm (@ )Vim () X & <7 +Up(p,) + 1, —(n+ Zm)w0> — keVThm exp(iort)  (7)
(Zﬂ)fnnn=—m
35 ,
where Vi, (0) = (Prm Vi | d0) = — 2:4 i L and L, = ZZ? is a matrix element of
nm

p
the Coulomb potential. It is important to note that result Equation (7) recovers the
familiar transition amplitude of the dipole strong-field approximation (SFA) in the
limit where k—0, which corresponds to neglecting spatial variations in the laser field.
By applying delta function properties and solving, we obtain



Insight - Physics 2024, 7(1), 641.

i
B =———= > ) In@Van®) —keVTexpliort)  (8)
(27‘[)i nm=-—o
It is crucial for calculating transition probabilities, which are necessary for
predicting outcomes in experiments involving strong-field ionization. The DCS is
obtained as using Kroll Watson approximation for linear polarization is obtained as

2

d k
(d_g)L = _f Z Jn(PL) Im (@) Vo (P) + ke VT exp(iwrt) )
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The DCS is fundamental in characterizing how electrons scatter when subjected
to a laser field, which is essential for understanding and predicting experimental results
in laser-matter interaction studies. Also for Circular polarization we have A.(r,t) =

% (cos(kor — wot)ey — sin(kor — wot)ey) and the derivation for the circularly
polarized laser field is similar to the case of linear polarization with the help of
Equation (5) with A(k,t) = Re{a(k)e™} and a(k) = % (ex + iAey)6(k —ky),

where u(k) = kr — ot and o = kc, the wave function for circular polarized is

(orb> .
ToXpc(r,t) = oo 2t)e““”)—keVTeXp(int) (10)
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Where I'(r,t) = p. sin(uy, + Ap,) + 2a,u;, and Also a;, = a, = ,Pe =

Agpsin(vy)

V2ny,
circular polarization, which has different symmetry properties compared to linear

with 1y, = ko(p, —¢). It is used to model the electron dynamics under

polarization and leads to distinct interaction outcomes. Use of the Jacobi-Anger
expansion, the direct transition amplitude for circular polarization is
[o¢]

: D I Va@emm e~k TTexpliort) (1)
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Bessel function plays a key role in determining transition probabilities for
ionization processes where the laser field has circular polarization. And DCS for
circularized polarized laser field is

2

k
(2;) kf Z Jn(pe) V(D) e~ 90 4 k VT exp(iwqt) (12)
(@4 )2n=—oo

This equation gives the differential cross-section for scattering under circular
polarization, analogous to the linear case but tailored for circular polarization’s unique
characteristics. Understanding this DCS is crucial for experiments and theoretical
models involving circular polarization, which has applications in various areas of
strong-field and attosecond physics.
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3. Results and discussion

3.1. DCS with Linear Polarization laser field

To the study of nature of DCS of developed Equations (9) and (12) with different
parameters like temperature, momentum and intensity, the laser intensity 2 a.u. with
energy is 1.17 eV are used to analysis all figure mention below. Figure 1 illustrates
the dependence of DCS on temperature for different orbitals in a hydrogen molecule
(H2) under linear polarization. The results show that the DCS increases with rising
temperature, with the n = 3 orbital exhibiting a higher DCS compared to the n = 1
orbital. This can be attributed to the differing effects of electron repulsion and the
influence of the target nucleus. For the n = 1 orbital, the repulsion between the
projected electron and the bound electron is significant due to the proximity of the
nucleus. This proximity causes a stronger repulsive interaction between the projected
electron and the bound electron, leading to a lower DCS. Conversely, for the n = 3
orbital, the repulsion between the projected electron and the bound electron is less
influenced by the nucleus because the bound electron is further from the nucleus.
Consequently, the repulsion between the projected and bound electrons is reduced,
resulting in a higher DCS.

Figure 1 also demonstrates that as the temperature increases, the DCS rises due
to the enhanced oscillatory motion of thermal electrons. The increase in temperature
leads to higher thermal energy, which in turn increases the amplitude of electron
oscillations. As thermal electrons gain more energy, their oscillatory behavior
becomes more pronounced, leading to a higher DCS. This is because the greater
energy and amplitude of the thermal electron oscillations contribute more significantly
to the scattering cross-section, amplifying the DCS. The temperature dependence of
the DCS is influenced by both the electron-nucleus repulsion and the thermal energy
of the electrons. At higher temperatures, the increased thermal energy enhances the
oscillatory motion of electrons, leading to a higher DCS. Additionally, the effect of
electron repulsion varies with the orbital level, with higher orbitals showing a reduced
influence from the nucleus and therefore higher DCS values.

800
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400

DCS (a.u.)

200 1

0 . . .
20 40 60 80 100
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Figure 1. Temperature dependence DCS for linear polarization.

Figure 2 illustrates the variation in DCS with changes in the momentum of
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incident thermal electrons at a temperature of 30°C and similar nature was observed
at different temperature. The data indicate that the DCS decreases as the energy of the
incident thermal electrons increases. The DCS is highest for the » = 1 orbital, followed
by n = 2, and is lowest for n = 3. This trend arises because the interaction dynamics
between the incident thermal electron and the target atom are influenced by several
factors. As the energy of the thermal electron increases, its momentum also increases.
This higher momentum results in a greater repulsive interaction between the projected
electron and the bound electrons due to the increased kinetic energy of the incident
electron. The attraction between the projected electron and the nucleus also plays a
role, as higher energy electrons experience a stronger repulsion due to the increased
distance from the nucleus.

Furthermore, the DCS varies with the orbital level of the bound electron. For
outer orbitals (n =2 and n = 3), the repulsion between the projected electron and the
bound electron is more pronounced compared to inner orbitals (z = 1) as shown in
Figure 2. In outer orbitals, the higher energy of the projected electron results in a
greater repulsive interaction, leading to a lower DCS. In contrast, for the n =1 orbital,
where the electron is closer to the nucleus, the repulsive interaction is relatively less,
resulting in a higher DCS. In the low-energy region, the DCS is higher compared to
the high-energy region. This is because, at lower energies, the interaction time between
the projected electron and the bound electron is longer, leading to a more significant
repulsive interaction. In contrast, at higher energies, the interaction time is shorter due
to the faster movement of the thermal electron, which results in a decreased DCS as
the interaction is less prolonged.

M
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S \ n=3
s |\
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Figure 2. DCS with Change in momentum for linear polarization.

The observed decrease in DCS with increasing incident electron energy can be
attributed to the enhanced repulsive interaction at higher energies and the impact of
orbital level on the interaction dynamics. Lower-energy regions exhibit higher DCS
due to more substantial interaction times and stronger repulsion, whereas higher-
energy regions show reduced DCS due to shorter interaction times and decreased
repulsion.

Figure 3 depicts the variation in DCS as a function of laser intensity, showing a
decrease in DCS with increasing laser intensity. The DCS is higher for the n = 1 orbital
compared to the n = 3 orbital. Atlower intensities, the DCS values for different orbitals
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are relatively similar. However, as the laser intensity increases, the DCS values for the
different orbitals become more distinct, with the n = 1 orbital exhibiting higher DCS
and the n = 3 orbital showing lower DCS. This behavior can be attributed to the
formation of a dipole in the atom, which is more pronounced for higher orbitals. In
higher orbitals, the dipole formation is more significant due to the increased distance
between the bound electrons and the nucleus, resulting in a reduced repulsion between
the projected and bound electrons. Consequently, the projected electron experiences
less repulsion and can approach more closely to the nucleus, leading to a lower DCS.
Conversely, in lower orbitals, the dipole effect is minimal due to the shorter
distance between the bound electron and the nucleus. This proximity results in a
stronger repulsive interaction between the projected electron and the bound electron.
Since the nuclear charge remains constant and the repulsion dominates, the DCS for
lower orbitals is higher compared to higher orbitals when subjected to increased laser
intensity. Additionally, the excitation of atoms plays a role in this phenomenon. At
lower orbital levels, the atom is less excited due to fewer electrons being involved.
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Figure 3. DCS with intensity of laser for linear polarized laser field at 30 °C.

In contrast, higher orbital levels, which have a greater electron density,
experience more substantial effects from increased laser intensity. The interaction
region for electrons in lower orbitals is more pronounced compared to those in higher
orbitals at the same laser intensity. This is because higher electron density in the
excited states of higher orbitals results in a more substantial interaction with the laser
field, influencing the DCS. The observed decrease in DCS with increasing laser
intensity is a result of the complex interplay between dipole formation, repulsive
interactions, and atomic excitation. The higher DCS for lower orbitals at higher
intensities is due to reduced dipole effects and greater repulsion, while the lower DCS
for higher orbitals is due to more significant dipole interactions and increased electron
density at higher excitation levels.

3.2. DCS with Circular Polarization laser field

Figure 4 illustrates the DCS as a function of thermal electron temperature for
circularly polarized light, which follows a similar trend to that observed for linearly
polarized light in Figure 1. Specifically, the DCS increases with thermal electron
temperature, indicating a similar effect of thermal excitation on electron behavior in
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both polarization cases. However, the DCS for circularly polarized light is consistently
lower than for linearly polarized light. This discrepancy can be attributed to the
differences in the electric field orientation and intensity distribution between linear
and circular polarization. For circularly polarized light, the electric field rotates in a
helical manner, which leads to a different interaction dynamic compared to the linear
polarization where the electric field is oriented along a fixed direction. The helical
electric field of circular polarization generally results in a more complex interaction
with the thermal electrons, leading to reduced efficiency in transferring energy and
momentum compared to linear polarization.
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Figure 4. Temperature dependence DCS for circular polarization.

In circular polarization, the varying direction of the electric field can lead to less
effective coupling with the electron’s motion, resulting in a lower DCS. This reduced
interaction efficiency manifests as lower differential cross-sections when compared to
linear polarization, where the fixed field direction provides a more consistent and
stronger interaction with the electrons. Consequently, while both polarizations show
an increase in DCS with thermal electron temperature, the circularly polarized light
consistently yields lower DCS values due to its inherent interaction characteristics.

Figure 5 illustrates that the DCS decreases with increasing momentum, with
higher orbits exhibiting higher DCS values and lower orbits showing lower values
under circular polarization, contrary to linear polarization trends. This discrepancy
highlights the significant impact of polarization on electron interactions. Circularly
polarized light, with its rotating electric field, can enhance interaction efficiency for
higher orbits by better aligning with electron momentum, leading to increased DCS.
In contrast, linear polarization’s fixed field direction is less effective for aligning with
electron motion in higher orbits, resulting in lower DCS values. Therefore, circular
polarization generally leads to higher DCS for higher orbits and lower DCS for lower
orbits compared to linear polarization.

10
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Figure 5. DCS with Change in momentum for circular polarization.

Figure 6 reveals that the DCS decreases with increasing laser intensity for
circular polarization at 30°C, exhibiting a pattern similar to linear polarization as
shown in Figure 3. However, the DCS for circularly polarized light is confined to a
narrower range compared to the broader range observed for linear polarization. This
narrower range for circular polarization suggests a more focused interaction between
the laser and the electrons. The higher DCS observed for circular polarization at the
same intensity as linear polarization can be attributed to the more effective coupling
of circularly polarized light with the electron’s orbital motion. The rotating electric
field of circular polarization aligns better with the electron’s momentum and enhances
interaction efficiency, resulting in higher DCS. Conversely, linear polarization, with
its fixed field direction, is less effective in coupling with the electron’s motion, leading
to a broader but lower DCS range. Thus, circular polarization provides a more
concentrated and effective interaction, leading to higher DCS values compared to
linear polarization at the same intensity.
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Figure 6. DCS with intensity of laser for circular polarized laser field at 30 °C.

4. Conclusion

The DCS results demonstrate significant variations based on experimental
parameters such as temperature, momentum, and laser intensity, as well as the

11
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polarization of the laser field. For linear polarization, the DCS increases with
temperature due to enhanced thermal electron oscillations and varying electron
repulsion with orbital levels. The DCS is higher for the n = 3 orbital compared to n =
1, attributed to reduced nuclear repulsion at higher orbitals. As thermal electron energy
rises, the DCS decreases due to increased repulsive interactions and shorter interaction
times at higher momenta. Laser intensity further influences the DCS, with lower
orbitals exhibiting higher DCS values due to stronger repulsive interactions and less
dipole effect compared to higher orbitals. In circular polarization, the DCS generally
exhibits lower values compared to linear polarization due to less efficient coupling of
the rotating electric field with electron motion, despite showing similar temperature
dependence. The impact of polarization is evident, with circular polarization
enhancing DCS for higher orbitals and narrowing the range of intensity effects.
Overall, the results underscore the complex interplay between polarization,
temperature, and laser intensity in modulating electron scattering behaviors.
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