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TRANSILLUMINATION OF THE DENSE PLASMA BARRIER BY THE
STRONG BEAM OF ELECTROMAGNETIC WAVES: COMPUTER
SIMULATION

B.R. Mykhailenko, 1.0. Anisimov

Taras Shevchenko National University of Kyiv, Kyiv, Ukraine

E-mail: mihaylenko.bogdan12@gmail.com

Transillumination of a dense plasma barrier by a strong electromagnetic wave beam has been studied via
simulation using the PIConGPU software package. Formation of the channel with reduced plasma density, predicted
theoretically and detected experimentally, was observed. For a higher power incident beam, plasma turbulent
dynamics has been observed, which leads to its "fast" transillumination. The simulation results didn’t confirm the
theoretically proposed mechanisms of "fast" transillumination.

PACS: 52.35.Mw, 52.38.Hb

INTRODUCTION

Linear hydrodynamic theory assumes that dense
non-magnetized plasma (even in the absence of
electron-ion collisions) is opaque to electromagnetic
waves. However, further theoretical and experimental
studies have shown that there are a number of
mechanisms for this waves' penetration through barriers
(barrier transillumination), their transfer through
barriers in one or another way (quasi-transparency) and
incident wave information transfer to the trans-barrier
area (information transparency) [1].

Such problems are important because real plasma is
inhomogeneous almost always and often contains wave
barriers. Therefore, there is a problem of waves
penetration inside and through the barriers, and, in
particular, the transmission of information carried by
waves, through the barriers. An example of such
problems is radio communication with the spacecraft
during its return to the Earth. When the spacecraft
passes through the lower layers of the atmosphere, a
dense plasma layer is formed in front of it, and radio
communication can be blocked. The same range of
problems includes the radio signals propagation from
the Earth's surface to the area above the maximum
density of ionosphere plasma at the low frequencies
(this phenomenon was observed in the satellite
experiments).  Another possible application s
microwave plasma diagnostics via raying, where the
discussed effects can distort the result.

One of the possible transillumination mechanisms is
the plasma barrier destruction by plasma displacing
from some area or its redistribution by a field of an
incident strong electromagnetic wave. The study of
such nonlinear effects becomes even more relevant in
connection with the problem of the laser-based inertial
confinement fusion, as the corresponding experiments
failed precisely due to the plasma displacement from
the target caused by its irradiation non-uniformity [2].

Several possible mechanisms for the plasma
barriers® destruction by an incident electromagnetic
wave were proposed theoretically.

—A waveguide channel formation in the collisionless

plasma due to the ponderomotive force caused by the
inhomogeneous wave field [3]. As a result, plasma is
pushed out of the strong electromagnetic field area, its
density is reduced in the wave beam propagation path, a
self-sustaining waveguide channel in the barrier is
formed and the wave penetrates to the trans-barrier
area.

— A waveguide channel formation in the plasma
with the substantial electron collisions induced by
heating nonlinearity caused by a Langmuir wave
parametric excitation. With the normal incidence of a
plane-polarized electromagnetic wave on the plasma
layer, the Langmuir waves excited via parametric
mechanism propagate in the direction of the incident
wave electric field, i.e., their wave vector lies in the
barrier plane. These waves damp effectively due to the
electron collisions with heavy particles. As a result the
electrons' temperature is increased and their density
decreases accordingly. Consequently, the self-
sustaining waveguide channel is formed [4].

— Periodic plasma density redistribution due to the
standing electromagnetic wave field. With a normal
incidence of an electromagnetic wave on a supercritical
plasma layer with sharp boundaries, taking into account
the ponderomotive force from the standing wave field
leads to the possibility of the plasma density
redistribution along the wave propagation direction.
The result may be a spatially periodic (with a period of
the order of the vacuum wavelength) plasma density
distribution, and the plasma layer becomes partially
transparent [5].

— Periodic plasma density redistribution due to the
parametric Langmuir wave excitation. As mentioned,
an electromagnetic wave normal incidence on plasma
can be accompanied with the parametric Langmuir
waves' excitation. The modulation instability of the
Langmuir waves leads to the formation of the plasma
density layers due to the ponderomotive force. As a
result plasma dielectric permittivity changes its sign
periodically in space. If the inhomogeneity spatial
period is much smaller than the electromagnetic wave
length, plasma becomes transparent. Then stratification
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is repeated in subsequent skin layers, and the wave
penetrates deeper into the barrier [6]. This mechanism
is realized at the initial stage of the limited cross-
section wave beams' interaction with plasma, when the
plasma density macroscopic redistribution effects have
no enough time for development [3].

The first two mechanisms that lead to the channel
formation in the barrier are known as the "slow"
transillumination, and the last two ones that involve the
density redistribution on a much smaller scale — as
"fast" transillumination.

Plasma barriers' transillumination for
electromagnetic waves was experimentally studied in
[7-11]. The experiments were performed in decaying
plasma [4, 7, 9, 10] or plasma that was formed by a
high-frequency field with time-decreasing intensity [8,
11]. Therefore, both the density and the width of the
plasma barrier decreased over time until it disappeared.
As the incident wave power increased above some
critical value, the wave behind the barrier appeared
before it decayed. This critical value increased with the
increase of the barrier supercriticality (the ratio of the
maximum plasma density in the barrier to the critical
plasma density at the incident wave frequency).

The authors of [8, 11] linked the detected
transillumination with the plasma stratification as a
result of the Langmuir waves parametric excitation by
an incident electromagnetic wave and further
modulation instability development [3, 6]. This
conclusion is supported by the dependence of the
barrier transillumination for a low-power signal wave
by a high-power wave on the mutual orientation of their
polarization planes [8]: transillumination takes place if
electric fields of both waves are parallel, and it is absent
when they are mutually perpendicular.

The results of [4, 7, 9-10], according to their
authors, are better consistent with the waveguide
channel formation mechanism caused by heating of the
electron component of the plasma in the barrier [3]. In
our opinion, such heating can be caused directly by the
incident wave field in the skin layer and doesn't
necessarily require Langmuir waves parametric
excitation.

In [12] the effect of the incident electromagnetic
wave polarization on the dense plasma barriers
transillumination was studied. It has been shown that
"fast” transillumination occurs for both linear and
circular polarization of the strong incident wave.
According to the authors, it suggests that the
inhomogeneities formed in plasma, are at least two-
dimensional in contrast to the theoretical predictions
[3,6]. Appearance of these inhomogeneities is
hypothetically related to the plasma turbulent dynamics
in the incident wave field.

Subsequent  experiments [13,14] using the
diagnostic electromagnetic wave recorded
depolarization effect and wave spectrum Doppler
expansion and the emergence of satellites shifted to the
ion-acoustic frequency. The diagnostic wave also
allowed one to notice the existence of transillumination
for some time (1...1.5 ps) after turning off the strong
pumping wave. The emergence of low-frequency
electric fields in plasma was recorded using a
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diagnostic electron beam. The authors attributed these
results to the formation of three-dimensional small-
scale inhomogeneities in plasma at the stage of its
"fast" transillumination.

Thus, laboratory experiments confirmed the
transillumination effect existence in two versions —
"fast" (before the waveguide channel formation) and
"slow" transillumination. "Fast" transillumination is
associated with plasma density redistribution. At the
same time, the problem of the relationship between the
experimental results and the proposed theoretical
mechanisms remains unclear.

The purpose of this work is the computer simulation
of the plasma barrier transillumination by a strong
electromagnetic wave. Such simulation makes it
possible to observe details of processes (for example,
instantaneous spatial distributions of electron and ion
density, electric field, etc.) that aren't available in a
laboratory experiments. This, in turn, provides
additional information for comparing the results of
computer simulation with theoretical models. The
preliminary simulation results are presented in this
article.

1. MODEL DESCRIPTION AND
SIMULATION PACKAGE

The PIConGPU software package [15] was used for
simulation, which implements the algorithm of large
particles in cells. The package is electromagnetic with
plane geometry, it can describe relativistic effects. We
used two-dimensional version. Electron-ion collisions
aren’t taken into account.

The normal incidence of a pulse of plane-polarized
electromagnetic waves on a plane plasma layer in the
absence of an external magnetic field was considered.
The wave electric field lies in the simulation plane. The
intensity of the incident wave beam is characterized by
a Gaussian distribution in the y-direction and
homogeneous in the x-direction (Fig. 1).

Electromagnetic field is absorbed at the boundaries
of the simulation volume.

> plasma
layer

Fig. 1. To the model description

The following parameters were used in the
simulation: plasma density — 4-10%cm™ (electron
plasma frequency — 18 GHz); plasma temperature —
0.5 eV (isothermal plasma); the plasma layer thickness
— 46 cm; incident wave length — 3.33 cm (frequency —
9 GHz, i.e. plasma is opaque for this wave); pulse
duration — 7.1 ns; pulse width (at half maximum) —
1. 93-10°V/cm (weak wave) and 7.73-10° V/cm (strong
wave).
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2. SIMULATION RESULTS

Figs. 2,3 present the simulation results for a
different incident electromagnetic pulse power and
different time points. All the figures in the upper row
show the spatial distributions of absolute values of
electric field E, (left) and current density (right), in the
lower row — the spatial distributions of electrons™ (left)
and ions” (right) density.

Figs. 2,a,b shows the results for a weak wave at
different time points. It is clear that the incident

electromagnetic ~wave interaction with plasma
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significantly distorts its field distribution (see
Figs. 2,a,b). Fig. 2,a also shows a short electromagnetic
pulse, which at this time point passed through the most
part of the barrier. It can be associated with the front
edge of the incident wave. The latter excites a high-
frequency wave in the plasma, for which the barrier is
transparent. The current flows both at the distorted
ionic profile boundary (here it can be associated with a
violation of electroneutrality due to the ponderomotive
force) and in the depth of the plasma (see Fig. 2,b).

Fig. 2. Simulation results for a weak wave at the time points 2.63 ns (a) and 5.31 ns (b)
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Fig. 3. Simulation results for a strong wave at time point 1.27 ns (a), 3.54 ns (b), 5.82 ns (c), 7.69 ns (d)
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The electron density distribution shows that
perturbation propagates from the region of the
electromagnetic pulse incidence into the plasma. In
Figs. 2,a,b Langmuir waves are clearly visible. Fig. 2,a
demonstrates three waves that propagate along the x-
axis and up and down at equal angles to this axis. In
Fig. 2,b wave fronts are similar to fragments of the
concentric circles. The left border of electron gas is
significantly distorted during the electromagnetic pulse
action. It can be interpreted as the initial stage of the
waveguide channel formation. One can expect that the
channel will further deepen into plasma with the pulse
duration increase. At the pulse back front, the channel
edge is smeared. In Fig. 2,b the thin channel deepened
into plasma along the x-axis is also visible clearly. But
the density decrease in this channel is much smaller
than in the deformed plasma boundary.

Changes in the ion density distribution are generally
similar to the changes in electron density, but small-
scale perturbations are less noticeable (at least initially).
At Fig. 2,a the main ion gas volume still remains
undisturbed, but at Fig.2,b such perturbations are
already clearly visible. Deviation from the symmetry of
the upper and lower halves of the spatial distribution is
noticeable in the electrons and ions density
distributions.

Figs. 3,a-d shows the simulation results for a strong
wave at different time points. It is seen that already in
the initial time points (Figs. 3,a,b) the electron fluid
motion becomes turbulent, the vortices are formed. As a
result, areas of high and sharply reduced density with
the scale of the order of the incident wave length are
formed in it. Fig. 3,b shows that the similar ion density
perturbations become noticeable.

The distributions of electron and ion densities in
Fig. 3,c characterize the final stage of the waveguide
channel formation in plasma. At the same time the
initial symmetry concerning the middle plane y=0 is
strongly disturbed. This effect can be preliminarily
associated with the plasma instability in the field of an
incident wave. In addition, the branching of the channel
takes place in some cases. Finally, in Fig. 3,d one can
see the already formed channels permeating the barrier.
Note that during the channel formation currents flow in
its entire volume.

As shown in Figs.3,c-d a longitudinal quasi-
periodic ion and electron density inhomogeneities are
formed along the channel. The mechanism of their
formation can be associated with the partial incident
wave reflection and the standing wave formation in the
channel. This is confirmed by the distributions of the
electric field intensity, which correspond to standing
waves.

Figs. 3,c-d also shows that the channel narrows in
the incident wave vector direction. This effect can be
explained by the fact that at the observation time, the
ponderomotive force action time on the channel
boundaries at its beginning is significantly longer than
at its back part.

The channel formation is accompanied by the self-
focusing of the incident electromagnetic wave
(Figs. 3,a-d).
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3. DISCUSSION

Let's compare the simulation results with the
proposed theoretical mechanisms of the waveguide
channel formation in the plasma barrier, described in
the Introduction.

First of all, in the simulation we didn't observe
excitation of Langmuir waves running from the
electromagnetic beam incidence point in the plane
parallel to the plasma surface. Therefore, the
mechanisms associated with these waves are not
confirmed by our simulation. However, it is possible to
assume that plasma heating in the incident beam field
by its electric field can contribute to “slow"
transillumination ~ effect  together ~ with  the
ponderomotive force. On the other hand, for the weak
incident wave beam, Langmuir waves were observed
with fronts close to spherical, propagating deep into
plasma from the beam incidence point (see Fig. 2,b).

As already noted, for a strong incident wave beam
quasi-periodic plasma inhomogeneity along the channel
was observed at the late time points (see Figs. 3,c-d),
similar to that predicted in [5]. However, this
inhomogeneity occurs not at the initial stage but at the
final stage of the channel formation and, therefore, is
not associated with the "fast™ transillumination.

Existence of the channel in the barrier after the wave
pulse finish was also observed in the simulation. This
effect is also consistent with the experimental results
[13, 14].

Thus, the simulation results confirm the existence of
only the first mechanism of the four theoretically
predicted ones mentioned in the Introduction.

At the same time, the simulation results for the
strong wave are in a good agreement with the
considerations  expressed in [12-14] regarding
turbulence as a reason for the formation of small-scale
(compared to the final channel size) inhomogeneities at
the "fast" transillumination stage.

CONCLUSIONS

1. Transillumination of a dense plasma barrier by a
strong electromagnetic wave beam has been simulated
using the PIConGPU software package.

2. The simulation results correspond to the existing
ideas about the mechanisms of "slow" transillumination
(gradual formation of a waveguide channel with
substantially reduced plasma density), but contradict all
theoretically  proposed  mechanisms of  "fast"
transillumination.

3. Based on the simulation results, the cause for the
formation of small-scale plasma inhomogeneities at the
"fast" transillumination stage is the turbulent dynamics

of the plasma in the field of the incident
electromagnetic wave.
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IPOCBETJIEHUE BAPBEPA IJIOTHOM IIJTA3MBI MOITHBIM ITYUYKOM
SJIEKTPOMAT'HUTHBIX BOJIH: KOMIIBIOTEPHOE MOJE/JINPOBAHUE

Bb.P. Muxaiinenko, H.A. Anucumos

ITyrem YnCIEHHOTO MOJIENIUPOBAHUS ¢ IIpuMeHeHHeM mporpamMHoro nakera PIConGPU uccnenoBan mpouecc
MpOCBeTIIeHUA Oaphepa IUIOTHOW IUIa3MBl CHJIBHBIM ITy4KOM 3JIEKTPOMAarHuTHBIX BoiH. Habmiomamoce
(dbopMupoBaHUe B IUIa3Me KaHajla C OHMXEHHOH IUIOTHOCTBIO, MPEACKa3aHHOE TEOPETHUECKH U 3a()UKCHPOBAHHOE
SKCHEepUMEHTANBHO. J[11 GoJbIel MOIHOCTH MaJAIOIeTo IMyYka HabIoAanack TypOyIeHTHas AMHAMUKA ILTa3MBbl,
KOTOpasi MPUBOIUT K €€ "ObICTpOMY" TPOCBETIICHUI0. Pe3ynbTaThl MOJIENIMPOBAHMS HE TIOTBEPAUIIHN MPEIJIOKESHHBIE
TEOPETHYCCKH MEXaHU3MBI ""OBICTPOTO" IPOCBETIICHUS.

MPOCBITJIEHHSA BAP'EPA HILIBHOI IIJIA3MUA MOTYXKHUAM ITYYKOM EJEKTPOMATHITHUX
XBHUJIb: KOMIT'IOTEPHE MOJEJIOBAHHA

b.P. Muxaiinenko, 1.0. Anicimos

[InsxoM YnCIOBOrO MOJENOBaHHS 13 3actocyBaHHsIM maketa PIConGPU nmocnimkeHO mporec MpOCBITICHHS
Oap'epa OIUTPHOI TUIA3MH CHIIBHMM IIyYKOM €JIGKTPOMAarHiTHHX XBWIb. Croctepiranocst (GopMyBaHHS B IDIasMmi
KaHally 31 3HIKEHOIO TYCTHHOIO, TependadeHe TeopeTHYHO i1 3adikcoBaHe eKclepuMeHTabHO. s Oimbmioi
MOTYXHOCTI Magalodoro Mydka crocTepiranacs TypOyJeHTHa JUHAMIKA TJ1a3MHU, sSKa TPU3BOIUTH A0 ii "'mBUIKOTO"
NIPOCBITJICHHS. Pe3ynbTaT MOAENIOBAaHHA HE MiATBEPIMIIM 3allpOIOHOBaHI TEOPETHYHO MEXaHi3MH 'MIBHAKOTO"
MIPOCBITIICHHS.
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