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Abstract

This study addresses the smoothing of transverse inhomogeneities at the critical layer for
S- and P-polarized laser pulses interacting with plasmas which are inhomogeneous in the pulse
propagation direction. Numerical simulations, incorporating ion mobility, demonstrate the
formation of low-density plasma channels, which serve as waveguides for the lower-frequency
components of the laser pulse. These channels are enclosed by regions of higher plasma elec-
tron density that act as scattering mirrors for the higher-frequency components. The channels
are inclined relative to the direction of laser propagation. At the critical layer, where the
pulse amplitude intensifies, localized plasma electron cavities initially form before merging
into a uniform transverse channel due to the ponderomotive force of the trapped electromag-
netic field. These findings are relevant to inertial confinement fusion, as they suggest that the
homogenization of plasma structures could facilitate more uniform energy deposition in the
supercritical plasma region and the shock-wave formation area.

Introduction

The development of instabilities and localized inhomogeneities is a well-known phenomenon
in laser—plasma interactions. These include short solitary perturbations (1-5), cavitons con-
taining trapped Langmuir waves (5-7), and shock wave formation (8,9). While such effects are
of fundamental interest, they pose challenges for inertial confinement fusion (ICF), where uni-
form energy deposition is essential. This is particularly critical in the context of direct-drive and
shock ignition approaches (10-16). Despite their importance, the physical mechanisms under-
lying the smoothing of inhomogeneities remain not fully understood; ponderomotive forces
and hot electron pressure are believed to play significant roles.

In this study, we examine plasma with a longitudinally varying electron density, increasing
up to twice the critical density for the incident laser radiation. Using numerical simulations, we
investigate the self-consistent smoothing of transverse inhomogeneities near the critical layer
(wheren, ~ n, (x.,) = n,) for both S- and P-polarized laser pulses. Initially, small-scale trans-
verse modulations form at the leading edge of the laser pulse. These structures subsequently
evolve into a single, uniform transverse channel. Our results indicate that, for laser pulses prop-
agating in inhomogeneous plasmas, transverse inhomogeneities are naturally suppressed near
the critical layer (x = x,,).

Simulations reveal the formation of channels with reduced electron density, oriented
obliquely relative to the laser propagation axis — resembling the structures observed in rela-
tivistic laser—plasma interactions (17-19). The laser pulse is modeled with finite spectral width.
In this context, the low-density regions act as waveguides for lower-frequency components,
steering them toward the critical density surface. Surrounding higher-density regions, in turn,
scatter the higher-frequency components. At the end of these channels, cavities of reduced elec-
tron density form and trap portions of the laser field, locally enhancing its amplitude. Over time,
these structures merge to form a continuous transverse channel due to the combined influence
of ponderomotive forces, plasma pressure gradients, and wave scattering.

The primary goal of this work is to demonstrate, via simulations, the self-consistent trans-
formation of initial transverse modulations into a uniform transverse channel near the critical
density surface, with explicit consideration of ion mobility. Our findings suggest that this mech-
anism facilitates laser energy homogenization - an essential condition for efficient energy
coupling in inertial confinement fusion.
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Figure 1. Spatial distribution of plasma electron density , (x, y) (shown by colors) and of the laser pulse field E, (shown by black line) at time t = 500. The plasma is
initially inhomogeneous along the x direction with density growing linearly from zero to a maximum value n, ,,,, = 2n,,. The critical density layer in the graphs is at

X =x,, = 140.

Simulation setup

We consider a two-dimensional (2D) model to describe the inter-
action of a laser pulse with an inhomogeneous plasma. In this
configuration, the longitudinal direction (x) corresponds to both
the plasma density gradient and the direction of laser propagation,
while the transverse direction (y) accounts for plasma inhomo-
geneities across the beam profile. The plasma electron density
increases linearly along the x-axis from zero up to a maximum
value of #, .., = 2n,, where n,, is the critical plasma density for
the incident laser radiation.

The laser pulse is modeled using an envelope approx-
imation. Longitudinally, it is represented by a function
resembling a Gaussian profile (cos? [lf[ (x— Vgt)] =
0.5 [1 + cos [2/@ (x — Vgt)] ]) centered around its group velocity
Vg and characterized by a pulse length [ = 27 /k;. In the transverse
direction (y), the laser has a Gaussian intensity profile with an
initial full width at half maximum (FWHM) of 2). The duration at
half maximum of the laser pulse equals 100 7 /w,. Therefore, for
A = 438nm the width of the laser beam is &~ 1um, the length of
the laser pulse is ¢ ~ 22um and its duration 7 = £/c = 27/ck,
is approximately 7 = 73fs. The laser intensity is selected to match
values used in previous studies (14, 19), ensuring compatibility
with established experimental and simulation conditions.

We separately considered the two cases of S-polarization
(E;, B)) and P-polarization (E,, B;). The normalized amplitude of
the laser pulse is a; = eE,y/ (m,cw,) = 0.034 in the case of
S-polarized pulse and ay, = eE,/ (m.cwy) = 0.034 in the case
of P-polarized pulse. Simulations are performed using the fully
relativistic particle-in—cell code UMKA 2D3V. The computational
domain (x, y) is a rectangular box: 0 < x < L = 3004 in the lon-
gitudinal direction and 0 < y < 504 in the transversal direction,
where A is the laser wavelength in vacuum (this means x < 130um
and y < 22um in physical units). The laser pulse enters the com-
putation region from the left boundary where n, = 0 and it is
incident normally on the plasma (i.e. propagating along x). Ions
are mobile and an ion to electron mass ratio M/m = 25 is used in
the simulations.
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The computational time step is 7 = 0.05 #,, where £, = 27/w,
is the laser period, the number of particles per cell is 8 and the
total number of particles is 15.96 x 10°. The simulations pre-
sented in this paper were carried out up to 800 laser periods. In
the results, the coordinates x and y, time ¢, electric field amplitude
E,o and E,, and electron plasma density n, are given in units of A,
to, Mecwy/ (27e), and 2n,,.

Periodic boundary conditions are applied to the electromag-
netic field in the transverse direction (along y). This setup enables
the study of the interaction between a laser beam with a large focal
spot and the plasma, where the beam is modulated over a trans-
verse distance of 50, effectively modeling a comb-like structure
of laser filaments injected longitudinally - an approach relevant to
inertial confinement fusion (ICF). For example, this configuration
can represent a laser beam with an overall transverse envelope of
approximately 500um, as commonly used in laser-plasma inter-
action experiments, with a modulation period of 22um. This is
equivalent to injecting a bundle of about 23 laser filaments, each
with a transverse dimension of ~1um, into the plasma.

The simulation results show that despite the initial modu-
lation, the energy deposition within the computational domain
becomes uniform. This indicates that transverse nonuniformities
in a larger laser beam can be effectively smoothed out over propa-
gation distances on the order of 50A. Such smoothing is particularly
significant for practical applications in the context of ICF, especially
for the shock ignition scheme, where uniform energy delivery is
essential for efficient target compression and ignition.

Results of simulations
Case of S-polarized laser light

At first, we consider the case of S-polarized laser pulse with inten-
sity I =~ 10W /cm? and normalized amplitude 0.034. Figures
1-3 show the spatial distribution of the plasma electron density
n, (x,y) and the value of the electric field components E, (x),
E, (x), E, (x) at time t = 500 (here E, is the laser pulse electric
field). The critical density n, = n, (x,,) is located at the position
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Figure 2. Spatial distribution of plasma electron density n, (x, y) (shown by colors) and the distribution of field E,(x) (shown by black line) at time ¢ = 500.
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Figure 3. Spatial distribution of plasma electron density n, (x, y) (shown by colors) and the distribution of field E, (x) (shown by black line) at time t = 500.

x = x,, = 140, while #,(0, y) = 0. We can see that a strongly per-
turbed region is formed in all the range 130 < x < 146 (i.e. n, <
n,,) and in all cross-section 0 < y < 50.

Figure 1 shows that the perturbation is much larger than the
initial width of the laser pulse (= 1 um). Indeed, as it propagates
towards the critical density, the beam gradually expands. Its initial
width is A FW HM and ~ 8) at the base, but at t = 500 we can
see that its width is already about ~ 20A. This is because the laser
pulse excites perturbations of the plasma electron density in all the
interval n,,/4 < n, < n,,. The scattering by these perturbations
produces the gradual expansion of laser pulse.

Then approaching the denser region (x > 120 in Fig. 1), per-
turbations grow everywhere due to the resonant response of the
resonant region to the Gaussian laser pulse front (but the ampli-
tude of perturbations decreases along y going away from the axis).
Indeed at t = 500, the Gaussian-like leading edge of the laser
pulse has reached the critical layer (x = x,,). At this time, elon-
gated layers of reduced electron plasma density are formed for
x < X, like a bowed comb of electron density layers (such layers
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in 2D will correspond to plasma channels in the real 3D physi-
cal situation). These layers are surrounded by shafts of increased
plasma electron density which act as reflecting mirrors for the
electromagnetic waves. Similar plasma mirror in the form of shock
has been presented in Fig. 3 of Ref (9).

As seen in Fig. 1, such layers are inclined with respect to the
x-axis, which shows the impact of the scattering in the transverse
direction near n, = n,. This leads to a strong expansion of the
beam which affects the whole simulated area. At the same time,
the electromagnetic wave with lower frequencies of its spectrum
can be trapped by channels, penetrating along the channels to the
critical point and bringing to the formation of a train (sequence
distributed along y) of cavities with trapped laser field at x ~ x,,.

From Figs. 1-3, one can also see that the electromagnetic field,
penetrating along channels, is trapped, and accumulated in the
cavities. Hence, the amplitude of the electromagnetic field is maxi-
mum in the cavity, which hosts half wavelength of the electromag-
netic wave. We clearly see that the fields are increased in vicinity
of the critical density, i.e. for x ~ x,. Two sequences (distributed
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Figure 4. Spatial distribution of plasma electron density #, (x, y) at time t = 550, perturbed by a transversally narrow S-polarized laser pulse.
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Figure 5. Spatial electron density distribution #, (x, y) of an initially homogeneous overcritical plasma (n, = 2n,,) perturbed by a transversally narrow Gaussian laser pulse
at time ¢ = 300. Density is shown in the color bar (remember that here values are normalized to 2n,,).

along y) of cavities are being formed near the critical point (respec-
tively at x ~ 137 and x ~ 140, see Fig. 1), the first one of smaller
intensity.

Figure 4 shows the situation later (t = 550), when the maximum
of the laser pulse reached the critical point. We see that the complex
channels are spatially separated in Figs. 1-3 from the maximum of
the laser pulse while in Fig. 4 they connect with the maximum of
the laser pulse. At this later time, it becomes even clearer that the
electromagnetic wave can be trapped in the channels penetrating
to the critical point along them to the cavities.

To understand the mechanism of channel formation, we sim-
ulated the interaction of an S-polarized Gaussian laser pulse
(with length 500 FWHM, width 20 FWHM, intensity I =~
10'W /cm? (14,19), normalized pulse amplitude equals 0.034)
with a homogeneous overcritical plasma of density n, = 2n,,
(see Fig. 5).
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One can see that the laser pulse forms channels of low den-
sity near point of injection. Along these channels, the laser pulse
can penetrate deeper into the plasma. Also deeper in the plasma
at the end of the channels, the laser pulse forms regions consist-
ing of perturbations of low and high plasma electron density. It
should be noted that this numerical simulation was performed in
the approximations of immobile and mobile ions. The results are
qualitatively close.

Formation of a uniform channel of reduced plasma density for
s-polarization

As numerical simulations show, the sequence of cavities distributed
along y, shown in Fig. 2, is unstable. At later times (e.g. t = 600),
this is transformed into a transverse uniform channel in corre-
spondence to the critical layer x ~ x,, (see Fig. 6). Also, from
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Figure 6. Spatial distribution of plasma electron density #, (x, y) at time t = 600, pert

urbed by a transversally narrow S-polarized laser pulse.
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Figure 7. Spatial distribution of plasma electron density n, (x, y) (shown by color map) and longitudinal distribution of laser field E, (x) at time t = 600 for y = 25 (laser
injection axis), y = 35 and y = 45. One can see that in the region n, = n.,/4 electromagnetic pulse has greatly expanded.

the E, graphs in Fig. 7, one can see that in the channel there is
trapped laser field and its amplitude decreases from the laser axis
to the transversal boundaries. It can be assumed that the trans-
verse inhomogeneity of the trapped laser field has been sufficient
to provide a ponderomotive force able to produce the merging
of the cavities into a uniform channel directed in the transverse
direction.

One can also see that the fast oscillations of the electromagnetic
field trapped in the uniform channel led to the formation of a layer
of perturbations in vicinity of the critical layer for x = x,.

The scenario shown in Figs. 1-4, 6 and 7 for different times
shows that a strongly inhomogeneous distribution of plasma elec-
tron density cavities with trapped laser field can be damped and
self-consistently produce (at t = 600, as shown in Figs. 6 and
7) a uniform plasma density distribution in the transverse direc-
tion, under the action of ponderomotive forces (i.e. Miller forces)
of adjacent laser pulses, of the trapped in cavities electromagnetic

https://doi.org/10.1017/Ipb.2025.10003 Published online by Cambridge University Press

field, of the scattered field, and under the action of a pressure of
heated electrons.

Case of P-polarized laser light

Let’s consider now the case of P-polarized laser pulse. From Fig. 8
one can see that up to t = 400, a strongly disturbed ‘two-petal like’
perturbation is formed for x < 125 (i.e. n, < n,). In the region
n, = n,/4 electromagnetic pulse has already greatly expanded.
Figures 9 and 10 show that, at later times, channels of reduced
plasma electron density, surrounded by shafts of increased plasma
electron density are formed for x < x,, in the case of P-polarized
laser pulses, similarly to the S-polarization case.

Simulations show that when the first front of the two-petal
perturbation reaches the critical density, the nuclei of a uniform
channel directed along y begin to develop from the ends of the
perturbation towards the axis. Finally, the interaction of the laser
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Figure 8. Spatial distribution of plasma electron density , (x, y) at time t = 400, perturbed by an initially narrow P-polarized laser pulse.
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Figure 9. Spatial distribution of plasma electron density #, (x, y) (shown by colors) at time ¢ = 450, perturbed by initially narrow P-polarized laser pulse.
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Figure 10. Spatial distribution of plasma electron density #, (x, y) (shown by colors) at time t = 500, perturbed by initially narrow P-polarized laser pulse.
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pulse with the dense inhomogeneous plasma produces a uniform
transversal channel, via the scattering of a laser pulse in transverse
direction (10). Figure 10 shows that by the time t+ = 500, the
channel occupies almost the entire cross-section of the simulation
box.

It is necessary to note that at the time ¢ = 450 (Fig. 9), the laser
pulse has not yet reached the critical surface along the axis (y =
25) but the laser field from the periphery has already reached the
critical layer and begun to form the homogeneous channel directed
along y.

One can assume that the formation of the transverse chan-
nel and the smoothing of the transverse inhomogeneity is due to
the synergetic effect of the combined fields of the adjacent laser
pulses, which penetrated to the critical point (see Fig. 8), and due
to the synergetic effect of the combined fields of the laser pulse,
which penetrated to the critical point (at the ends of two-petal
perturbation) along the trapping inclined channels.

Conclusions

We have studied the interaction of transversely narrow S- and P-
polarized laser pulses with an inhomogeneous plasma through
numerical simulations. The results reveal that regions of reduced
electron density form within the plasma, acting as channels
that guide the lower-frequency components of the laser pulse
toward the critical density layer, while higher-frequency com-
ponents are transversely scattered. At the critical layer, local-
ized plasma cavities emerge and progressively coalesce into
a uniform transverse channel. This process leads to the self-
consistent suppression of initial plasma inhomogeneities. These
findings are particularly significant for inertial confinement fusion
(ICF), where uniform energy deposition in the near-critical den-
sity region is crucial for effective energy coupling and target
compression.

Future research will aim to refine the model by incorporating
finite electron temperature effects and further exploring the influ-
ence of high-frequency scattering on the formation and evolution
of uniform plasma channels.
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