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We study the spatiotemporal evolution of the field and plasma during the optical breakdown process induced
by p-polarized laser radiation in a thin gaseous layer. The computer simulation of the process based on the solution
of the vector wave equation for the slow time-varying field amplitude and the known expression for the tunnel ion-
ization rate is carried out with taking into account the spatial dispersion caused by the thermal motion of electrons. It
is found that generation of the plasma waves during the transition through the plasma resonance points in the layer
affects strongly the dynamics of breakdown process and the spectrum of reflected and transmitted radiation.

PACS: 52.35.-g
1. INTRODUCTION

The resonance phenomena accompanying the opti-
cal-induced breakdown of the small-scale bodies has
drawn attention in recent years due to its potentialities
in different nano-plasma applications. They may be
used, for example, for the effective energy pumping in
the small atomic clusters [1,2], tuning and generation of
electromagnetic radiation by the axicon-created plasma
filament [3-5], and conversion of the scattered wave
spectrum in the breakdown process in thin films [6,7].
The last of the mentioned problem was solved formerly
only within the framework of a simple model that con-
sidered the homogeneous and cold plasma layer with
sharp boundary, without spatial dispersion taken into ac-
count. This work aims at the investigation of the plasma
and field dynamics during the optical breakdown of a
film (thin layer of a dense gas) under condition when
the plasma oscillation spectrum is determined essential-
ly by the spatial dispersion caused by electron thermal
motion. In this case, the excitation of plasma waves re-
sults in both the electric field and field-created plasma
occur to be inhomogeneous that affects greatly the dy-
namics of breakdown and the spectrum of reflected and
transmitted waves.

2. FORMULATION OF THE PROBLEM
AND BASIC EQUATIONS

Consider a plane p-polarized electromagnetic wave
of frequency © incident at an angle 8¢ on a homoge-
neous gas layer occupying the region 0< x< d . The
thickness of the layer is supposed to be small as com-
pared to the wavelength: kod <<1 (ko= w&/c). The
magnetic field of the wave has only one component
which is given by the real part of complex field

B\ = By exp(-iw ¢t + ik cosh g x + ikgsinfyy). (1)
The components of complex electric field of the inci-
dent wave are

E)(;[) = -Bjsinf, E;i) = Bycosfy. (2)

The electric field causes the tunnel ionization of atoms
in the layer and produces, as a result, a time-varying
(and inhomogeneous in general case) plasma with the
density N(x,7). We describe this process based on the
known model expression for the field-period-averaged

tunnel ionization rate of hydrogen atoms
1/2
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Here £, = 5.14x 10° V/em and Q = 4.16x 10'0 !
are the atomic units of electric field and frequency, re-
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spectively, Vg is the density of atoms before ioniza-

tion, E is the complex amplitude of electric field in
plasma. Eq. (3) is valid if the following inequality are
fulfilled

2
|E|<< E, e_2|E|2>> W, 0<<Q,
maw
where W; is the energy of ionization.
The basic wave equation for the vector of slowly
varying amplitude E with the spatial dispersion and col-
lisionless damping taken into account can be written as
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permittivity of the cold plasma, N, = mw 2 /4ne?is the
critical density, V is the electron collision frequency,
0= ‘/5 Velo, Vr is the thermal velocity of electrons,

T is the operator describing collisionless (Landau)
damping, for which we use the simplest model expres-
sion

TE= -iad20(0 OE), @= const.
It is supposed that V << @ | Vp << ¢, a<1,

The phenomena of resonance excitation of both the
induced and free (natural) plasma oscillations in the lay-
er are associated with the normal (respect to layer
boundaries) component of electric field £y . The equa-
tion for this component can be obtained (as generaliza-
tion of analogues procedure in [6, 7]) from Eq. (4). For
the thin layer here considered this equation has the form
2i0E 12E,
il tx teE, t 52(1' ia)H—Zx_ Sm290Ex = F’(5)
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where

E
F= sinBOEkodztgeo Elaatx
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E.=d II E dx is the average field at the interval
0

0.d).

The tangential (parallel to the boundaries) compo-
nents of electric (£y ) and magnetic (B ) fields in the
thin layer can be approximated as constants

E, = Bycosb + ikod sinf gE . | (7)

B, = By+ %ikod tgd oEy . (8)

The equation (5) has need of some boundary condi-
tions at the edges of the interval (0,d). These condi-
tions can be obtained, if one specifies the nature of elec-
tron interaction with the plasma boundary. We take here
the conventional condition of vanishing the normal
component of electron current at the boundary that cor-
responds to the “mirror reflection” of electrons. In hy-
drodynamics approximation we used here it leads to the
conditions (at X = 0, d )

i 0E,
w o¢

3. RESULTS OF COMPUTER SIMULATION

The equations (3), (5), (6) with boundary condition
(9) and initial condition (at ¢ = 0)

E.=-sinfgBy, N=0, (10)

were solved numerically under parameter values

kod = 0.05, w/Q =0.04, Bo/E, =0.05, §,=45°,

+ Ex = - Sil’l@o@Bo"’ ;—kodtgeofxg.(%

kod = 3V7 /c= 0002, Ng/Ne =15 a=0.1. These
parameter values correspond to the laser radiation with the
wavelength N=1ym, the intensity

7= 0.75% 1014 W/em?, and the gas pressure 2 = 50 atm.

The results of calculations are presented in Figs.1-4.
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Fig. 1. Plasma density profiles at different time instants.
Curves 1-5 correspond to the values wt =75, 100, 105,
110, 125, respectively
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Fig.2. Electric field amplitude distributions at the same
time instants as in Fig.1
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Fig.3. Real part of the normal component of the electric
field complex amplitude at the same time instants as in
Figs.1,2

Figs.1-3 show the spatiotemporal evolution of the
plasma density and electric field; curves 1-5 on all fig-
ures present corresponding space distributions at the in-
stants of dimensionless time © = 75, 100, 105, 110,
125, respectively. At the initial stage (curves 1) the
quasi-periodical plasma-field structure is forming. Its
space period corresponds probably to the plasma-wave
mode whose excitation occurs to be optimal at the given
rates of dissipation and plasma creation. The wave am-
plitude is maximal near the boundaries (where the exci-
tation take place) and decreases deep into the layer due
to collisionless damping. The subsequent evolution has
rather complicated character that is caused by the exci-
tation and interference of several free plasma-waves
modes with different time and space periods. These pro-
cesses are especially intensified at the time of transition
through the plasma resonance points and results in, at
some intermediate stage (curves 2-4), the strongly inho-
mogeneous plasma profiles. At the last stage of the pro-
cess, the gas is almost fully ionized, and the quasi-ho-
mogeneous plasma profile with sharp boundary (similar
to curve 5 at Fig.1) is formed. Note that the field distri-
bution at the time instant corresponding to curve 5 (
W= 125) is far from the stationary state since the field
contains a slowly damping free-oscillation component
with maximum at the center of the layer (curves 5 at
Figs.2,3).
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Fig. 4. Time dependence of the real part of magnetic
field complex amplitude

Fig.4 shows the time dependence of the real part of
the magnetic field Re B, within the layer and at its

boundaries. The oscillating character of this dependence
indicates that the field spectrum contains several distin-
guished frequency components (main frequency ©® and
some frequencies near the maximum plasma frequency

O pmax ¥ 1.220 | corresponding to the free plasma-

wave modes). It is evidently that the spectrum of the
scattered (reflected and transmitted) radiation contains
these frequency components also, and thus the consid-
ered breakdown phenomenon must be followed by the
generation of a number new (in our case blueshifted)
spectral components.
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PE3OHAHCHOE BO3BYKJIEHUE U IPEOBPA3BOBAHUE YACTOTDI INIASMEHHBIX KOJIEBA-
HUM B IPOLIECCE ONITUYECKOI'O MPOBOSI TOHKOM IIJIEHKHA

B.b. I'unvoenoype, H.B. Beéedenckuii

Hccnenyercss MpOCTPaHCTBEHHO-BPEMEHHAs! ABOJIOLMS MOJIS U TIa3Mbl B [IPOLIECCE ONTHYECKOro MpoOosi TOH-
KOI1 ra30BOM IUICHKH p-TIOJSIPU30BAHHBIM Ja3epHBIM M3TydeHneM. VicxoqHas cucTteMa ypaBHEHHH BKIIIOYAET B ceOs
BEKTOPHOE BOJHOBOE YPaBHEHHE Ui MEJICHHOW BPEMEHHOHM ormbaromeil moisi, MaTepualbHOC ypaBHEHHE IS
MJIOTHOCTH TOKA, YYUTHIBAIOLIEE MIPOCTPAHCTBEHHYIO AUCIEPCHUIO, U BBIPAXKEHUE JUISl CKOPOCTU TYHHEIBHOM MOHU-
3aIliM aTOMOB ra3a. [IpoBeseHHOe KOMITBIOTEPHOE MOJICTMPOBAHNE ITOKA3ajI0, YTO 3P PEKT reHepanui COOCTBEHHBIX
IJIa3MEHHBIX KOJIeOaHMil B Ipolecce Mepexoaa IIOTHOCTU IUIa3Mbl 4epe3 TOUKY IJIa3MEHHOTO PE30HAHCA CHIBHO
BIMSIET HAa AMHAMHKY IIpoliecca MpoOos U CIEKTPhl OTPa’KEHHOTO U MPOILEALIETo Yepe3 MIa3MeHHbIH ol u3myde-
HUSL.

PE3OHAHCHE 3BYI’KEHHSA TA IIEPETBOPEHHSA YACTOTH IIVIABMOBHUX KOJIUBAHB Y
MPOIECI ONTHUYHOI' O IMTPOBOIO TOHKOI IJITBKA

B.b. I'invoenoype, M.B. Beedencokuii

Mu BHUBYa€EMO MPOCTOPOBO-YACOBY €BOJIOLIIO MOJA Ta IUIa3MHU y MPOIECi ONITHYHOrO MPo000, M0 1HYKOBAHUH
Ja3epHUM BHITPOMIHIOBAaHHSM 3 P-TIOJSIPU3AI€I0 Y TOHKOMY Ta3oBoMy mmapi. KoM’ toTepae MoienoBaHHS poLecy
3aCHOBaHO Ha PO3B’sS3aHHI BEKTOPHOTO XBHJICBOTO PIBHSIHHS Ul aMIUTITY[ IOJIs, SIKi MMOBUJIBHO 3MIHIOIOTBCS, Ta
BiJJOMUX BUPA3iB JUIA MIBUJKOCTI TYHEIBHOI 10HI3aIlii, IO MPOBEICHO 3 YPaxXyBaHHSAM MPOCTOPOBOI TUCHEPCii, sKa
BUKJIMKaHa TEIJIOBUM PYXOM EJIEKTPOHIB. 3HaWAEHO, 110 TeHepallis UIa3MOBUX XBWJIb HPOTSATOM MPOXOPKEHHS
Yyepe3 TOYKH IJIa3MOBOT'0 PE30HAHCY Yy Iapi CHIIBHO BIUIMBAE HA JIMHAMIKY MpoIecy NpoOOI0 Ta CHEKTP BiIOMTOrO
Ta MPOHUKHOT'O BUITPOMIHIOBAHHSI.
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