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We study in this paper the effect of shock excitation of leaky and surface modes by the p-polarized electromagnetic
wave incident on the rapidly ionized gaseous or solid layer. The amplitudes of these modes are calculated through the
use of Laplace transforms. The results obtained show the potentialities for applying of the phenomenon of leaky modes
excitation for generation (at corresponding density of ionized medium) of terahertz and soft x rays radiation.

PACS: 42.65.Re; 42.72.—g; 52.35.—g; 52.38.-r

1. INTRODUCTION

The phenomena of ionization-induced spectrum
conversion of electromagnetic wave attracts the
researchers attention in connection with the problems of
transformation and generation of radiation in some hardly
accessible frequency bands (THz, UV, X-ray). The most
theoretical works concerned these problems dealt with the
wave propagation in quasi-homogeneous time-varying
plasma (created by an external ionization source or by the
wave itself) or with the reflection of the normal-incident
wave by moving ionization front or suddenly created
plasma [1]. It was considered also the effects of “bulk-to-
surface” mode conversion (with frequency downshifting)
at sudden [2] or slow (adiabatic) [3] creation of plasma
layers. Frequency upshifting of re-radiated waves caused
by excitation (and following adiabatic conversion) of
Langmuir oscillations in plasma layers was analyzed only
for the case of slow ionization [4], when this effect occurs
to be depressed strongly due to collision or radiation
damping of this oscillations.

We study in this paper the effect of shock excitation of
natural (leaky and surface) electromagnetic modes by the
p-polarized electromagnetic wave incident on the rapidly
ionized gaseous or solid layer. The model considered is
based on the following assumptions: (i) the ionization
leads to the formation of homogeneous plasma layer with
Langmuir frequency which is much greater than the
incident wave frequency, (ii) the time of ionization
(unlike the cases considered in [4, 5]) is much smaller
than the period of plasma oscillations, (iii) the layer
thickness is much smaller than the space scale of the
incident wave in plasma. It has been found that besides
the known phenomenon of the symmetric surface waves
excitation [2], the rapid ionization leads to -effective
generation of low-frequency antisymmetric surface waves
and symmetric leaky waves with strongly upshifted
(Langmuir) frequency.

2. FORMULATION OF THE PROBLEM AND
BASIC EQUATIONS

Let the electromagnetic field before plasma creation (
t<0 ) is given in Cartesian coordinates as a plane p -

polarized wave of frequency @,
B,=z,B,exp(—iw,t+ik,cos0 x+ik,sin6 y)
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&Xexp(—iw,t+ik,cosd x+ik,sinf y),
incident at the angle 6 on the infinite layer of
transparent (unionized at ¢ <(Q ) medium, occupying the
space between the planes x==d . Here k,= 600/ C is

the free-space wave number.

At the time instant =0 the layer is ionized
suddenly by some external source (for example, high
intensity laser pulse), so that the plasma density within the
layer grows instantly from 0 to N =const. The
approximation of instant plasma creation, supported by a
number of theoretical and experimental studies [1] is valid
if the electron density rise time is much shorter then the
period of plasma oscillation. The spatiotemporal
evolution of the electromagnetic field after the plasma
creation (at >0 ) is governed by Maxwell’s equations
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with current density equations for the cold collisionless
plasma
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Here a)p=\/ 4me* N/m is the electron plasma

(Langmuir) frequency, j, and J , arethe x and y
components of the electron current density.

Initial conditions (at #=0 ) for the field and electron
current are the temporal continuity of the fields £
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and zero value of the current density
J x(O )=J y(O )=0 (newly created electrons have
zero velocity at ¢=0 ). Boundary conditions (at
x=1d ) are spatial continuity of £ y and B - -

Method of the solution is Laplace transform of
Maxwell’s and current density equations:

LIf(x, ., 01=] flx,y.t)exp(=st) dt .



where s is Laplace variable, f is a component of the
fields or current density.

3. LAPLACE TRANSFORMS

Applying Laplace transform to equations (1)-(4) gives
the following equations for the electromagnetic field and

current density transforms ( b=L [BZ] s €y=L [Ey] ,

4. MAGNETIC FIELD IN THIN LAYER

If the following inequalities are fulfilled

w .
kod <<l 7pd<<1 , a)p>>a)os1n0,
the magnetic field inside the layer can be written in the

ex=L[Ex] , JX=L[jx] , Jy=L[jy] ): form BZ=(BSym+ Basym)exp(ikosinﬁ y),
where symmetric term B sym does not depend on x,
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Boundary conditions for the Laplace transforms are
spatial continuitiy of » and € y at x =+d .
The solution for the transform of the magnetic field
inside the plasma ( |x | <d ) has the form
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these waves are determined by the reduces of D, and
D, at the corresponding poles ( s =im ).

The amplitudes of symmetric and antisymmetric parts
of the basic wave with the frequency @, are
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The frequencies and amplitudes of symmetric surface
waves are

,=w,sin6(1 —sin?0 kZd*/2 ),
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The frequencies and amplitudes of antisymmetric
surface waves are

o, = w,Vkydsinh << w,sind ,
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The frequencies and amplitudes of symmetric leaky
waves are
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The leaky waves are emitted into vacuum under the
angles
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5. DISCUSSION

The phenomenon of leaky wave excitation may have
important applications for development of X-ray and THz
lasers.

For example, if N~1023 cm’
multiple ionized plasma), the basic frequency
w,~2 x10" s, d~10 nm , sinf~1 we find,
that the wavelength of leaky wave A~100 nm is in
soft x rays band. The intensity of x rays radiation in this
case is ]~10_310 , where 1, is the intensity of
incident (basic) radiation.

If N~ 1()16 sm_3 (low density gaseous plasma),

0

11,2

3 (solid density,

the basic frequency w,~ 2 x 10" ! , d~30 um ,

sin@~1 we find, that the wavelength of leaky wave
A~300 um is in THz band. The intensity of THz
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radiation in this caseis [/ ~10 "/ .
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TEPATEPIIOBOE U MATI'KOE PEHTTEHOBCKOE U3JIYYEHHUE,
CO3JABAEMOE BBICTPO HOHU30BAHHBIM CJIOEM

B.b. I'unvoenoype, H.B. Beedenckuit

B nacroseit padote ucciemyercs 3¢ ¢eKT yaapHOro Bo30y:KIeHIs HOBEPXHOCTHBIX U BBHITEKAOIINX BOJH p-TIOJPH30BAHHOMN
9JIEKTPOMArHUTHON BOJHOHM, Mamaromieil Ha OBICTPO HOHM3MPYEMBIH Ta3000pa3HBIM WM TBEPAOTEIbHBIA cioi. C
MOMOIIBI0 TipeoOpazoBanus Jlamraca pacCYMTaHBl aMIDITUTYABI 3THX BOJH. [lomydeHHBIE pe3yNbTaThl YKA3bIBAIOT Ha
BO3MOKHOCTBh HCIIOJIB30BaHUA dPQeKTa BO30YKIACHUS BHITEKAIONINX BOJH U1 TeHepanud (IpU COOTBETCTBYOIIUX
IUIOTHOCTSIX MOHU3UPYEMOH CpeJIbl) TEpareplioBOro 1 MITKOro PEHTT€HOBCKOI'O U3ITyUYEeHUSI.

TEPAT'EPHOBE I M'SIKE PEHTTEHIBCBKE BUITPOMIHIOBAHHSI,
CTBOPIOBAHE HIBHUJIKO IOHI3OBAHUM HIAPOM

B.b. I'invoenobype, M.B. Beeoencokuii

VY naniit po6GOTi HOCTiKY€EThCS €PeKT yrapHOTro 30ypeHHs TOBEPXHEBUX 1 XBUIIb, 1[0 BUTIKAIOTh, p-MOISIPU30BAHOIO
€JIEKTPOMArHITHOIO XBHJICIO, 1110 M3/1a€ Ha IIBUJIKO 10HI3yEMUH Ta30moJi0Hui a00 TBepJOTUILHHH 1ap. 3a J0MOMOTr0o0
nepetrBopeHHs Jlamaca po3paxoBaHi aMILTITY M IIMX XBHIb. OTpUMaHi pe3yJbTaTH BKa3ylOTh Ha MOXKJIMBICTh BUKOPH-
cTaHHA eekty 30yHKeHHS XBIIIb, 1[0 BUTIKAIOTh, I TeHEepallii (IpH BiAOBIAHINA T'yCTHHI cepeqoBHUINa, M0 10HI3ye-
THCS) TEPArepIIOBOTO 1 M'IKOTO PEHTTEHIBCHKOT'O BUITPOMiHIOBaHHS.
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