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Interaction of the powerful electromagnetic ray of the limited radius with a dense plasma layer was studied via
computer simulation using the PIConGPU software package in 3D geometry. The characteristic modes of channel
formation in the barrier (namely laminar and turbulent) are described. Turbulent mode can be associated with the
fast transillumination, observed in laboratory experiments. The channel formation time as a function of the incident
beam power and the plasma layer density is studied. Information transparency is also observed at the third harmonic

of the incident wave.
PACS: 52.35.Mw, 52.38.Hb

INTRODUCTION

The problem of waves’ propagation through plasma
barriers, which are opaque for them, is of interest from
the point of the general problem of wave propagation in
inhomogeneous plasma, considering nonlinear and
kinetic effects [1 - 13]. This effect is of practical interest
in relation to the problem of space radio communication
(in particular, communication with spacecraft during the
landing phase, when it passes through the lower layers
of the atmosphere), the problem of microwave diagnos-
tics of plasma formations for transillumination, and so
on. A special case of the problem of wave transfer
through dense plasma barriers, when these barriers are
partially destroyed, is related to the problem of plasma
target dynamics when it is irradiated with powerful
lasers in controlled fusion reactors [14].

In our previous work [15], the preliminary simula-
tion results of the powerful electromagnetic ray interac-
tion with a dense plasma layer, done in 2D geometry,
were presented. These results do not confirm the exis-
tence of most of the mechanisms of so-called "fast"
transillumination proposed in other studies, when time
of the wave appearance in the trans-barrier region is
much shorter than the time required for the channel
formation in the plasma.

This article presents simulation results in three-
dimensional geometry, which qualitatively correspond
to real laboratory experiments. Two main transillumina-
tion modes (depending on the incident beam power and
the plasma layer density) are described, which are con-
ventionally referred as laminar and turbulent ones.

1. MODEL DESCRIPTION
AND SIMULATION PARAMETERS

The PIConGPU package [16], based on the particle-
in-cell method, was used for 3D simulation. Note that
electrons and ions collisions are not taken into account
in this package, but the electrons scattering by thermal
fluctuations of electric field are taken into account.

The simulation area looked like a cylinder with bor-
ders covered with an absorber. An electromagnetic plane-
polarized (electric field was directed along the y-axis) ray
fell on the plasma layer on the left side (Fig. 1).
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Fig. 1. Simulation area scheme (proportions
are not respected)

The following simulation parameters were used: fully
ionized hydrogen plasma, density — 4-10'> cm™ (electron
plasma frequency — 18 GHz); plasma temperature —
0.5 eV (isothermal plasma); the plasma layer thickness —
56 cm, radius — 23 cm; incident wave length — 3.33 cm
(frequency — 9 GHz, i.e. plasma is opaque for this wave);
pulse duration — 7.1 ns; ray radius (at half maximum) —
5 cm; the electric field amplitude — 1.93-10° V/em (weak
wave), 3.86:110°V/em  (moderate  wave) and
7.71-10° V/em (strong wave). But during simulation the
electric field amplitude varied over a wide range. Plasma
density and ion mass were also varied.

2. MODES OF TRANSILLUMINATION

Note that three-dimensional simulation results are
not fundamentally different from those obtained for the
two-dimensional case [15].

Simulation results analysis allows us to identify sev-
eral characteristic modes of interaction of the electro-
magnetic beam with the plasma layer.

Fig. 2 shows the instantaneous electromagnetic field
components distributions, the electrons and ions density
when a weak electromagnetic ray falls on a plasma. In
this case, transillumination was not observed — at least
during the simulation time. There are fluctuations on the
plasma boundary at the electromagnetic beam incidence
point. Over time, a conical cavity is formed in this area.
In addition, there is the thin ray generation on the inci-
dent wave third harmonic (the plasma layer is transpar-
ent for this frequency). Over time, this beam forms a
thin channel in the plasma.

The third harmonic generation and its subsequent
passage through the plasma barrier can be classified as
information transparency [13].
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Fig. 2. Electromagnetic field components, electrons’
and ions’ density distributions
when a weak electromagnetic ray is falling
on plasma at the time point 6.3 ns (@t =712)
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Fig. 3. Electromagnetic field components, electrons’
and ions’ density distribution,
when a moderate electromagnetic ray is falling
on plasma at the time point 6.3 ns (@t =712)
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Fig. 4. Electromagnetic field components, electrons’
and ions’ density distributions when
a strong electromagnetic ray is falling on plasma

at the time point 3.5 ns (ot = 396)

Fig. 3 shows the simulation results of a moderate
electromagnetic ray falling on a plasma. In this case, the
plasma layer transillumination process can be divided
into two stages. At the first stage, the beam propagation
into the plasma is accompanied by its self-focusing. The
penetration area has a conical shape.

On the second stage, this focused beam propagates
deep into the barrier. Thus, in the propagation area de-
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crease of density is observed (at first for electrons, and
then for ions), i.e., the channel whose shape is close to
cylindrical is formed. This mode can be referred as
laminar because no vortices are observed in plasma.

Finally, Fig. 4 shows the simulation results of a
strong electromagnetic ray falling on a plasma. In this
case, the third harmonic generation is also observed.
The main channel, as in the moderate ray case, is
formed in two stages — beam self-focusing and channel
formation, whose shape is close to cylindrical. In this
mode, from the very beginning of the beam incidence,
the plasma motion becomes turbulent. As a result, there
is a local electron density redistribution — non-stationary
increases and decreases in density appear. This redistri-
bution can be associated with the fast plasma transillu-
mination phenomenon, which was observed in labora-
tory experiments [8, 11 - 12].

Channel deviation from the system axis can be re-
lated with the plasma turbulent dynamics (this effect can
be seen in Fig. 4).

3. MODEL PARAMETERS INFLUENCE
ON THE TRANSILLUMINATION

Fig. 5 shows the dependence of the channel formation
time on the incident electromagnetic ray power and the
plasma density. As expected, the time decreases with in-
creasing beam power and decreasing plasma density. The
time increases with the increase of plasma ions’ mass.

Fig. 5. The channel formation time dependence on the
incident beam power and the plasma barrier density
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Fig. 6. Channel with non-monotonic change of radius
along the length when a moderate electromagnetic
beam is falling, plasma density — 10" cm™,
time point 50.6 ns (¢t = 9030)

The dependence of the channel formation time on the
initial plasma electrons temperature was not observed.

Width of the channel formed at the second stage of
transillumination increased as the incident wave power
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increased. In some cases, a non-monotonic change in the
channel radius along its length was observed (Fig. 6).

CONCLUSIONS

1. Simulation results for 3D and 2D geometry are
well consistent.

2. Characteristic modes of the dense plasma layer
transillumination by the powerful electromagnetic ray
were revealed.

3. In the laminar mode, the beam is self-focused and
a conical area with a reduced plasma density is formed.
Then a cylindrical channel is formed in the depth of the
plasma.

4. In the turbulent mode, the plasma motion in the
electromagnetic ray field becomes turbulent from the
very beginning. As a result, a local electrons’ density
redistribution takes place, which can cause fast transil-
lumination for moderate thickness barriers.

5. The channel formation time increases with in-
crease of the electromagnetic ray power and with de-
crease of the plasma density.
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PEKUMBI TIPOCBETJIEHUS BAPBEPA IIJIOTHOM IIJIA3MBI TYYKOM DJEKTPOMATHAUTHBIX BOJIH
bB.P. Muxaiinenxo, U.A. Anucumos

ITyreM KOMIBIOTEPHOTO MOJEIUPOBaHMsA ¢ NpuMeHeHneM nporpammuoro nakera PIConGPU B TpexmepHO# reoMeTpun uc-
CIIEI0BaHO B3aMMOJIEHCTBIE MOIIHOIO 3JIEKTPOMarHUTHOIO Iy4Ka OrPaHHYEHHOr0 Pauyca C INIOCKUM CJI0EM IUIOTHOM ILIa3MBL.
OmnucaHbl XapaKTepHble PEeXUMBbI (POPMHUPOBaHUS KaHaua B Oapbepe — TypOYJIEHTHbIH U JaMuHapHBIA. TypOyneHTHBIN pexumM
MOJKHO CBSA3aTh C TaK Ha3bIBAEMbIM OBICTPBIM IIPOCBETICHHEM, KOTOPOE HAOII0JaI0Ch B JIA00OPaTOPHBIX dKcnepuMenTax. Mccie-
JI0BaHa 3aBUCHMOCTb BpeMEHH ()OPMUPOBAHUS KaHaIa B 3aBUCUMOCTH OT MOLIHOCTH HAJIAIOLIEro Jiyda 1 INIOTHOCTH IUIa3MEHHO-
ro cinost. Taxoke HaOII01aNCs IEPEHOC CUTHANIA Yepe3 6apbep Ha TPeThel rapMOHMKe Iaatouleil BOJIHbL.

PEKUMMH ITPOCBITJIEHHS BAP'EPA IILJIBHOI IIJIASMU ITYYKOM EJIEKTPOMATIHITHUX XBUJIb
bB.P. Muxaiinenxo, I.0. Anicimos

[nsxoM koMM’ I0TEpHOrO MozetoBaHHs 3a noromoroto nakera PIConGPU y TpuBuMipHIii reoMeTpil JOCTIDKEHO B3aEMO-
IO TIOTYXHOT'O €I€KTPOMAarHiTHOrO IPOMEHI0 OOMEXEHOr0 pajiiyCcy 3 IUIOCKUM ILIapoM INUIBHOI Iu1a3Mu. ONUCaHO XapaKTepHi
pexumu GopMyBaHHS KaHaly B 6ap’epi — TypOyJieHTHUH Ta aMiHapHUid. TypOyIeHTHUH pexXUM MOXHA 0B’ A3aTH 3 TaK 3BaHUM
MIBUJIKMM TIPOCBITJIEHHSM, IO CHOCTepirajocs B J1aOOpaTOpPHUX eKcrepuMeHTax. JlOCIi/keHO 3aJIeKHICTh Yacy (OpMyBaHHS
KaHaJly B 3aJICIKHOCTI BiJl IOTY)KHOCTI aZat0uoro MpoOMEHs Ta IYCTHHH IU1a3MoBoro mapy. Crocrepiraiocs Takox HepeHeceHHs
CHUrHalty 4epe3 Gap’ep Ha TpeTiii rapMOHilLl N1aar4uo]l XBUIIL.
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