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Bulk-to-surface-wave self-conversion in optically induced ionization processes
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Nonlinear time evolution of g-polarized wave mode with inhomogeneous transverse structure producing
tunnel ionization of a gas is investigated by numerical simulation and theoretical analysis. A phenomenon of
trapping of electromagnetic radiation via its adiabatic conversion into surface waves guided by the field-created
plasma structure is found out numerically. This process is accompanied by significant frequency downshifting
of the electromagnetic radiation. The underlying physical mechanism is explained using a simple theoretical
model. The described phenomena may play significant role in the self-channeling and frequency tuning of
intense (10— 10" W/cn¥) laser pulses in dense gases.
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[. INTRODUCTION tion of the wave equatiofil7—20. Essentially, a plane elec-
tromagnetic wave or paraxial wave beam propagating in a

In the last decade, the advances in generation of ultrashoplasma with time-growing density and approximately con-
(10—100 f$ and highly intense ¥ 10*W/cn?) laser pulses stant electron collision frequency can only be frequency up-
have drawn attention to many new basic aspects in the physhifted. The frequency downshifting of a plane wave is pos-
ics of field-matter interaction and stimulated the elaboratiorsible only if plasma decay processes prevail over the
of important applications of laser-produced plasmas. Amongonization or due to the fast rise of the collision frequency
these applications are x-ray lasers, laser-driven particle a¢21].
celeration, plasma-based sources of tunable radiation, and The self-channeling of ultrashort electromagnetic pulses
creation of elongated plasma waveguiding structusese, is of particular interest because some important applications
e.g.,[1-4] and references therginOne of the key physical of superstrong fields require formation of rather long laser-
factors, which determines the dynamics of intense short lasgaroduced plasma structures for interaction with optical radia-
pulses in a medium, is the ionization nonlinearity of the me-tion over distances of many Rayleigh lengths. Several
dium[5-10. In the case of strong fields, ionization-induced mechanisms of self-channeling were discussed. At high in-
nonlinear mechanisms are practically inertialess and maniensities &10'® W/cn? at near-infrared wavelengthself-
fest themselves already at the initial stage of the plasma creshanneling can occur as a result of two effects: the relativis-
ation process. Thereby, they determine in many cases th& modification of electron mass in the laser field and the
features of the combined field-plasma structure produced aeduction of the electron density on axis due to the expulsion
the further stages of the process. Two of the most interestingf electrons by laser pondermotive forf22—25. Experi-
and significant manifestations of the ionization nonlinearitymentally observed extra-long waveguides produced by a few
are the phenomena of frequency self-shifting and selfmillijoules, 100-fs laser pulses at ionization of atmospheric
channeling of the laser radiation. air [26,27] have been interpreted as plasma structures having

The phenomenon of frequency shifting is well known for a core where the defocusing ionization nonlinearity prevails
the electromagnetic wave in media with specified time variaand an outer cladding where the focusing Kerr nonlinearity
tions of parameterd11l]. The effect of frequency self- generates positive-in-sign variations of the refractive index
upshifting (or blue-shifting of an intense electromagnetic and hence keeps the radiation from divergef2zé—29.
pulse propagating through a gas and producing gas ionizajore surprising regimes of self-channeling of ionizing radia-
tion was first demonstrated by Yablonovit§h2] and ob- tion without any focusing nonlinearity have been found out
served later in several experiments both in opt[dd] and  as well. Recently, it was demonstrated in Réf] that short
microwave regiori14]. This effect has potential applications laser pulse self-guiding over distances of many Rayleigh
in tuning laser radiation and as a diagnostic tool for strucdengths can be achieved as a result of the trapping of a leaky
tures moving with relativistic velocities in plasma&5]. mode in a plasma channel produced by field-induced ioniza-
Theoretical description of the effect for the case of a smaltion in the saturation regime. Another mechanism of self-
perturbation of the pulse spectrum was treated in terms afhanneling of ionizing radiation in an unbounded gaseous
weak self-phase modulation of the pulgkl]. Some pecu- medium was predicted as early as in 1988]. It was dem-
liarities of the effect for focused electromagnetic pulses werenstrated analytically that stationary self-sustained surface-
considered within the framework of the paraxial begrara- waveguiding plasma structure can exist. In this structure a
bolic) approximation[16]. The strong adiabatic frequency surface wave produces plasma slab that then guides the sur-
self-upshifting of one dimensiondllD) and focused2D) face wave. Such structure is a rare example when the field
pulses producing gas ionization was considered both withimnd isotropic plasma have a localizing effect on each other
the WKB approach(modified by including the fast oscilla- and, as a result, they are concentrated in the same spatial
tions of the tunnel ionization rat@nd by numerical integra- region. This situation qualitatively differs, for example, from
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the case of self-channeling due to focusiipgpndermotive- y &

induced nonlinearity where concentration of the field on W
axis is accompanied by the reduction of electron density on o

the axis. However, results of Rdf30] are restricted by the | - '\ 0o Bo

framework of a rather special ionization model that is not Cf\ }

quite appropriate for the case of laser induced plasma pro- N BN ? 0 &o X
duction. Moreover, these results do not describe the dynam- N

ics of the structure formation process. Meanwhile, the inves- Bo

tigation of the processes resulting in the formation of such
type self-sustained structures are of great interest both from g1 1. Geometry of the problem: Initially, two identical plane

the standpoint of basic theory of nonlinear waves and appligjectromagnetic waves gEpolarization intersect in a neutral gas.
cations to the problems of laser plasma production and trans-

mittance of electromagnetic energy through an ionized megensity created by the fields via tunnel ionization of a gas. At

dlulm.th ¢ th i " luti . the initial instant =0 plasma density is set equal to zero and
inte?sece'[ir?g;eﬁgpl-iﬂ?grlesri,ty SI;noené?:grro:;n:gﬁ\égcu\;\?;vgs IQ)’\r’:?’c_alectromagnetic field is a superposition of two intersecting
ducing ionization of a gas is investigated by numerical simu-.und.er the angle & plane waves that in the absence of ion-

ization would have frequency, and amplitude of the mag-

lation and theoretical analysis. Tunnel mechanism of ioniza="""~"_ . ! o
tion is considered. The process of formation of self-sustaine@€c field B, _(see_ Fig. J__The magnetic anpl _electrlc field
plasma waveguides accompanied by conversion of the initiff®MPOnents if being undisturbed by the arising plasma are
bulk electromagnetic fields into surface waves localized nea®!Ven by
the plasma slabs is traced numericdlige also Ref.31]). It

is demonstrated that during this process the electromagnetic
radiation suffers significant frequency downshifting. Thus,

B,=2B,c04 goy)cog wot —hgX),

both above-mentioned nonlinear phenomenéself- &y=B,cosby, @
channeling and frequency self-shiftinwrn out to be tightly B . . .
interconnected here. The underlying physical mechanism is &=~ 2B,Sin fgsin(goy) sin( wot —hox),

explained using a simple theoretical model. The described .
phenomena open new aspects in the physics of self!N€reho=(wo/C)CoSth, go=(wo/c)siny. We use Gauss-
channeling and frequency self-shifting of intense 10** lan systgm of units where the. amplitude of thg plane wave
—10"W/cr?) laser pulses in dense gases. electric field is&y=85,. Due to mtgrferenc_e the intersecting
Recently, the effect of conversion of electromagnetic raPlane waves form the wave that is standing alongytiaetis
diation incident on a time-varying plasma structure—plasmaind running irx direction. lonization of the gas, beginning at
half-space[32] or plasma slaj33]—into frequency down- the moment=0, depends on the absolute value of the elec-
shifted surface modes of the structure was found. The case trfic field £= \/5X2+5y2. Therefore, time-varying plasma den-
instant growth of plasma density in time due to effect of ansity n(x,y,t) will be periodic alongy axis with periodL
external ionizing factor was considered. Practically, the ap= 7/2g,. It allows us to restrict consideration by the spatial
proximation of rapid plasma creation means that the rise timgnterval 0<y<L.
of the plasma is much shorter than the period of the incident Tq describe the process of tunnel ionization of the neutral
electromagnetic wave. In this case, transient fields are crgyglecules of the gas we use the well-known static expression

ated after the plasma density shift. The transient fields geny, the electron production rate from the lower state of the
erate frequency downshifted guided modes that prOpagaﬁ'ydrogen atonj34]

along the waveguiding structure. It should be stressed that in

the present paper the opposite case of slow, compared to the &, &,

wave period, variation of plasma density in time is consid- E=w(€,n)=4Q(Ng—n)?ex;{ — E)' (2
ered. It means that the phenomenon of conversion, we report

here, has adiabatic character and, therefore, differs PrNCl hore O =meY/A3=4.16x101° s 1  and ga:mze5/ﬁ4

pally from the effect described in Refs32,33. Moreover, o .
we consider the nonlinear problem when plasma density_":’j'14>< 1(.)9 f.V/Igm are tEe charac_terlstu_: a;f’”?"? _frlec_]uency
variation is provided by the electromagnetic wave itself, un-and atomic field strength, respe_cuvelyg is the initial i.e.,
like the linear case of Ref§32,33. before the beginning of ionization processesutral mol-

' 9cule density. Equatiof®) is applicable to describe ioniza-

The paper is organized as follows. In Sec. Il we presen ; | field of f q litudet wh
the basic equations and discuss the adiabatic approach. RiQN In a laser field of frequency, and amplitudet, when

sults of numerical simulation are given in Sec. Ill. In Sec. Iv (e following conditions are satisfied:
we explain the underlying physics using a simple theoretical

X - ; <Q, I<W,, &<&,, 3
model. Section V gives our conclusion. @0 a 0=t &

whereW,= e28(2)/2mw2 is the quiver energy of electrons and

| is the energy of atom ionization. The expressi@ for

an/at gives qualitatively correct results for excited complex
We consider an initial value problem for nonlinear self- atoms. Indeed, this expression incorporates the general char-

consistent evolution of electromagnetic fields and plasmacteristic features of the tunnel ionization—fast growth of

Il. FORMULATION OF THE PROBLEM—BASIC
EQUATIONS
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anlat with £/ &, at small /€, and saturation at/E,~1.

More accurate analysis may be carried out by using the for-

mulas for ionization rates from R€f35]. The tunnel mecha-
nism prevails over the impact on&/$ v;n; v; is the ioniz-
ing collision frequency in the parameter range
INLONg/(1n) 1> 1+ (Q wo) (11W).

At sufficiently low ionization rate the stated problem may
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7 [HEE gy JL d 7
7t 8 Y= oQ Y, (78
B e? an[oE\? +|E|2 lezj -
lomet ) | TEr 2 P

be solved within the adiabatic approximation suggested in This equation, first derived in Reff8], is a generalization
Ref.[8] (see also Ref36]) and analogous to that used in the Of the intensity transport equati¢t8,19 for the case when
theory of nonstationary cavities and smoothly inhomogeiransverse spatial modulations of the electromagnetic field

neous waveguidege.g., see Ref[37]). According to this

and the plasma density occur. The equationfollows from

approach the electromagnetic fields are written in the quasthe Poynting’s theorem for the quasimonochromatic field and

monochromatic form

£l 1_[Eyb
B~ 2" By.1)

with slow time-varying frequencyw(t)=de¢/dt and com-
plex amplitudesg,B (c.c. means complex conjugaterhe
longitudinal wave numbeln, is fixed because of spatial ho-
mogeneity of the created plasma structure inxftérection.
Indeed, averaged over the wave periad/ @ plasma density
N=(n) depends, evidently, only on timeand transverse
coordinatey, i.e., N=N(y,t). The wave moded4) develops
in time continuously ‘“adiabatically” following the time
variation of the plasma densitf. The amplitude and fre-

} Xexgig(t)—ihgx]+c.c. (4)

the equation for the electron curreptin a time-varying
plasma[19]:
dj L ezng
g T

8
Physically, the left-hand side of E¢/a) represents a time
derivative of wave energy per unit area »fz plane; the
right-hand side of this equation determines the energy losses
and it is a sum of two termfsee Eq.(7b)]. The first term
describes energy transfer to newly born electrons and should
be calculated with taking into account fast variations of elec-
tron density. The second term describes electron collision
losses. Direct energy losses by the electrons detachment are

quency may change significantly after a considerable lengtR€dligibly small in the validity region of the static formula
of time (much longer than 2/w). For every moment of time ~ (2) (I <W). The small collision term was kept in EGS) to

the frequency and transverse structure of the wave mode @void divergence of electric field in the point of plasma reso-
found from the solution of an eigenvalue problem on thenance and describe correctly dispersive electrodynamical
basis of the stationary wave equation for the magnetic fiel@roperties of the systerfthe latter will be clarified in Sec.

B, and relations for the electric field components:

d (1B, [w? h2lB o 5
“ayle gy Tl @e 0B O
weE,=chgB,, (5b)

. 9B,
weEy= ICw, (50

Wheres=1—w§/w(w—iv) is the complex permittivity of

V).
Set of Egs.(5)—(7) is complete and will be used in the
next section for numerical simulation of the evolving dis-
charge.

Ill. RESULTS OF NUMERICAL SIMULATION

The concrete character of nonlinear temporal evolution of
the gas discharge, described by the set of Egjs-(7), de-
pends significantly on the values of dimensionless param-
eters&y /&, ,u=mw§/(477e2Ng), andchy/wy=cosb,. Pa-
rameter . defines the ratio between the critical plasma

the plasmaw, andv are the plasma frequency and electrondensity for initial electromagnetic field o= mw§/4we2 and
collision frequency, respectively. The slowly varying in time possible maximum value of the created plasma demsity
transverse spatial distribution of the plasma frequency Before presenting results of the simulation let us discuss

wp(y,t)=[47€’N(y,t)/m]2 is determined by evolution of
the average plasma denshify,t). Equation forN(y,t) fol-
lows from Eq.(2) and has the form

aN—mN N\/3 fa
=t ~4Ng—N) 7 ESR ~

With the fixed dependence along tkalirection, the so-
lution of Eq. (58 determines, at each instant of timéfor
given distribution of the plasma densi(y,t)], the eigen-
function B,(y,t) and eigenvaluew(t). Undefined time-
dependent normalization factor in the eigenfunctiyy,t)
is found from the equation for evolution of wave energy

2 &,

3 E) : (6)

the general pattern of the discharge evolution. In the begin-
ning of the process, ionization occurs practically only in thin
(compared to the wavelengtiayers at the interference
maximums of the standing wave’s electric fidlc., neary
=0,+2L, ...). With growth of the plasma density in the
layer due to ionization, the component of electric fiég
increases inside the layer as well according to the quasistatic
relationE, = constk. The last relation follows from the con-
tinuity of the electric displacement vector across the thin
layer (which is similar to the case of a plane capaditdtote

that the wave frequency changes insignificantly at the initial
stage of the process because properties of the medium vary
little and only in the small part of the periodicity interval O
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FIG. 2. Temporal evolution of the electromagnetic field fre-  FIG. 4. Temporal evolution of wave's power flowacross the

guency. Sharp decrease of frequency occursgit=56. planey,z (per unit interval ofz and 0<y<L) normalized to the
initial value P(0)= (c/4w) B(Z)L cos@,. Sharp decrease &/P(0) at

<y<L. So the variation ot in the plasma layer is caused ®ot™~>56 corresponds to the frequency drop in Fig. 2.
mainly by the increase ab, and, therefores decreases. The
increase oE, in the layer results in a growth of the ioniza- n=0.4. Relative collission frequency w, was taken equal
tion rate(w) and a further growth of plasma density. This to 0.3 and(}/w,=50. The assumed value ofw, is in a
leads to the growth of th&, inside the layer. Thus, the good agreement with estimations for real experimental situ-
effect of spatial sharpenning of the electric field occurs. Theations. It may correspond, for example, to the ionization of
rate of ionization increases when the real part dfecomes H, gas by the laser pulses of wavelength banr€lD um;
closer to zero and it reaches peak value when=R@, i.e.,  corresponding gas pressure is 60-0.6 atm, respectively.
plasma density goes through the critical value and plasma Results of the computer simulation are presented in Figs.
resonance occurs. After that the growth of plasma density i2-5.
the slab slows down and the process of slab widening begins Temporal evolution of the electromagnetic field fre-
to dominate. The described process has common featurggiency, which occurs simultaneously with the discharge
with the process of the plasma-resonance ionization instabikvolution, is shown in Fig. 2. A distinguishing feature of the
ity considered in Ref[8]. graph is a sharp decrease of the frequency below the initial

The main condition of the applicability of the adiabatic valuewq at the moment whewyt~56. This sharp frequency
approximation used here is the slowness of temporal variadecrease comes immediately after its slow growth that ini-
tions of the field and plasma density. By choice of the padially takes place. For some values of the parameters, calcu-
rameterst,/&,, w, andchy/wg it is possible to satisfy this lations give frequency drop up t@,i,/we=0.7. Such be-
condition and, at the same time, to provide significant sharphavior of the electromagnetic field frequency is extraordinary
enning of the initial electric field distribution in the course of for the systems with time-growing plasma density, in which
the discharge evolution. This case is realized, for exampldfrequency upshifting of radiation is usually discusgéd].
for the following set of parameters, used in the numericalThe difference between the results presented here and in pre-
simulations:chy/wg=0.95 (,~18.2°), £&,/£,=0.025, and

1
2
08
\\ 2
gL
4 \ So06f
Z \ |2 g
« \\ <
g \ 2 0.4f
Eh \\
= 05 S~ 02
\
-1 \-}_— 0 50 100 150 200
0 1 2 3 4 5 @yt
mypy/c

FIG. 5. Temporal evolution of the energy of the waWe(per
FIG. 3. Transverse structure of the electric field amplit|Eg unit area ofx, z plane and 8 y<L) normalized to the initial value
(solid line) and plasma densiti (dashed lingfor two instants of ~ W(0)=B3jL/4ar. Sharp decrease OV/W(0) at wot~56 corre-
time: wot=2 (1); 190.72(2). sponds to the frequency drop in Fig. 2.
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vious works is explained by the fact that earlier only plane - /0y

waves or wide beams in a homogeneous and quasihomoge- 3 — 2
neous time-varying plasma were considered, whereas in our 12

case the dramatic changes in the transverse structure of the — N O/>1
wave and the medium occur. These changes are demon- Lt L e JCL T
strated in Fig. 3 where transverse distributions of the electric 08 | = ==
field |E,| and plasma densit\ for two instants of time 2

(before and aftewt~56) are presented. It follows from 06 [ 3

Fig. 3 that at the definite stage of the discharge evolution

(wot~56) the initial bulk(standing wave converts into sur- Qs

face(slow) wave localized at the interface between the dense 02|

and rarefied plasmas. Saying successively, within every spa- N/Nco
tial interval of the field periodicity the bulk wave creates o 0-5 1 1-5

plasma waveguide—the layer of an overdense plasma—that
in its turn traps the wave via its conversion into localized giG_ 6. Frequencies of the two lowest modes of the model struc-
mode of the waveguide. In other words, the self-sustainegre versus the density of the plasma skibnormalized to the
plasma waveguide arises and, thus, the self-channeling of thgitical (for the wave of frequency,) value N for different val-
electromagnetic radiation is realized. ues of the slab thicknesst/L=0.001 (1); 0.141 (2); 0.281 (3).

Figure 4 shows the time dependence of the wave’s powesegments of the dispersion curves lying below the lewéb,
flow P(t). The drop ofP(t) at wyt~56 is provided by both  =0.95 (marked by the dashed lineorrespond to slow surface
the slowing down of the wave and sharp decrease of theave.
wave energy\V(t) (see Fig. 5 W(t) decreases because ion-
ization rate reaches peak when density of the time-growing=0, which corresponds to the instant state of the waveguid-
plasma goes through the critical value and plasma resonangeg structure. The longitudinal wave number in the disper-
occurs. Peaking of the ionization rate gives peaking of th&ion equation must be fixed equallg: h=h,. For givenN
energy transfer from the wave to newly born electrons.  andd the dispersion equation is easily derived from E§s.

It also follows from Fig. 2 that after the sharp drop the and usual boundary conditions of continuity®f andB, at
frequency continues to decrease but slightly and slowly. Thehe plasma-vacuum boundary. Finally, we arrive at the equa-
slow decrease of the frequency is accompanied by the deion of the form
crease of the phase velocity, power flow, and energy of the
guided wave(see Figs. 4 and)5 Kp XP(kpd/2) — expl — kpd/2)

K, exp(kpd/2) +exp — k,d/2)

exfd «,(L—d/2)]+exd — k,(L—d/2)]

To reveal the underlying physics of the self-downshifting _Sex;:[/c (L—d/2)]—exd — x,(L—d/2)] =Y
and bulk-to-surface-wave conversion phenomena we attempt 0 0
here to construct a simple model of the field-plasma interac- 9
tion. First of all, let us note that the development of the
discharge leads to formation of the spatial distribution of thewhere & is the dielectric function of the plasma slab and
plasma density with a sharp step between two practically<,,=\/hoz—wzlcz, Kp= \/hoz—ewzlc2 are the transverse
homogeneous regions of dense and rarefied pldse®Fig. wave numbers in vacuum and in the plasma, respectively.
3). This fact allows us to model this nonstationary distribu-Equation(9) is transcendental and, therefore, the dependence
tion by a double-layefon every spatial periodl) structure  w(t), initiated by variations ofN(t) and d(t), cannot be
consisting of a homogeneous plasma slab of densi) expressed in explicit form. Moreover, E(@) does not have
and thicknesgli(t) and a vacuum layer of thickness—d. a unique solution. There is a set of branches corresponding to
The parameters of the plasma slsift) andd(t) are slow various modes of the periodic plasma-vacuum structure. We
(compared to the wave periodi2w) functions of time those investigated Eq(9) numerically for the same value of pa-
evolve according to described in Sec. Ill general pattern ofameterchy/wq as in Sec. lll, i.e., fochy/we=0.95. Note
the discharge evolution. Namely, we assume that, at first, thihat initial frequencywy appears in Eq(9) through the pa-
plasma density in the lay&i(t) grows in time at fixed value rameterL = 7w/2g9,= wc/(2w(Sin 6y) that corresponds to the
of d. Then, when the plasma density reaches a value that @riginal nonlinear problem formulated in Sec. Il. At first, we
slightly greater than the critical plasma density, the growthneglect collissions. Figure 6 shows the frequencies of the
stops and the thickness of the layit) begins to increase. two lowest modes of the structure in dependence on the
The slowness of the parameters variations allows us to corplasma densityN for different values of the plasma slab
sider the evolution of a wave, which propagates along théhicknessd. The peculiarity of the graph is that for small
spatially periodic structure, adiabatically, i.e., to write thethickness of the slabd{L=0.001) the narrow interval of
wave in the form as given by E@4). Within the adiabatic plasma density nedl/N =1 exists where the upper and
approximation, the time dependence of the wave frequenclower branches of the curve(N) (curve 1 in Fig. 6 are
w(t) may be found from the dispersion equatibr{w,h) very close to each othdthis region in Fig. 6 is marked by

IV. THEORETICAL MODEL
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the above described scenario of the discharge evolution, the
plasma density grows initially in a thin layer near the maxi-
mum of the electric field amplitude. Correspondingly, the
representing point in Fig. 6 moves along the upper branch of
curve 1 to the rightit is marked by arrow in Fig. 6 The
wave frequency practically does not change on this stage of
evolution. Further, when the representing point reaches the
region of the modes interactigthe shaded circle in Fig.)6
i.e., the plasma density reaches the critical value, a transition
from the upper branch to the lower one takes place. Simul-
) , ) , taneously, the plasma density stops to grow and the plasma
0.9 0.95 1 105 11 115 slab thickness starts to increase. The representing point in
N/Nco Fig. 6 moves down from curve 1 to the lower branches of
curves 2, 3, and so ofthis process is marked by the vertical
' ' " " arrow). On this stage of the discharge evolution significant
W> frequency downshifting occurs. It is worth noting that when
0.08 1 the representing point falls below the lewelwo=0.95 in
Fig. 6 it means qualitative change of the wave type: bulk

1.05t

09f

g 0.06 | (b) wave converges into surface one.
g 004 |
V. CONCLUSIONS
0.02 /ee**x\,\ To conclude, we have presented a nonlinear phenomenon
g of bulk-to-surface-wave self-conversion for intense laser ra-
0 09 095 ] 105 11 115 diation with inhomogeneous transverse structure in an ion-

N/Neo ized gas. This phenomenon consists in the creation of a lay-
ered plasma structure by the electromagnetic field and the
FIG. 7. Real(a) and imaginary(b) parts of frequencies of the conversion of the radiation into surface waves that are
model structure modes versus the plasma derity the case guided by the structure and that support in their turn ioniza-
when collisions are included. The plasma slab thicknesd/is  tion in the layers. The dynamic process of the formation of
=0.003, collision frequency i%/wy=0.2. Circles and stars mark such a self-sustained plasma waveguiding structure is traced
the segments attributed to different modes. numerically for two intersecting plane waves in a gas. Tun-
nel mechanism of ionization is considered. Parameters for
the shaded circle The calculations show that the branchesnumerical simulation were taken to provide adiabatic char-
touch each other at the poift/N;,=1 in the limitd—0.  acter of the laser-produced plasma development and bulk-to-
When parameterd/L increases, the upper and lower surface-wave conversion process. The process is shown to be
branches diverge, i.e., they move in the graph into oppositaccompanied by significant frequency downshifting of the
directions(curves 2 and 3 in Fig.)6 Thus, when collissions electromagnetic radiation. The underlying physical mecha-
are neglected the modes of the structure cannot converge onsm has also been explained on the basis of a simple ana-
into another adiabatically for any finite thicknessThe prin-  Iytical model of periodic structure with homogeneous plasma
cipal point of the consideration is in the fact that for small layers.
(but not vanishiny values of d/L the upper and lower To focus on the principal features of the phenomenon, we
branches merge together when collisions are taken into agonsidered the initial value problem for two intersecting
count. It is demonstrated in Fig(& that shows Re as a  waves of infinite transverse sizglane waves Certainly, for
function of plasma densit). Another important point is that a description of the real experimental situation with two
adiabatic evolution of the mode through the point where thecrossed laser beanisee, e.g., Refl38]) or a single beam
branches intercross should be accompanied by the transitiamith a stray quasiperiodic transverse modulation a more
from one branch to another. It is dictated by the physicallyjcomplicated initial-boundary problem should be addressed.
natural conditions that imaginary part of frequencydm This problem should include the limited transverse size of
should change continuously witk and the real part of fre- the laser field distribution, longitudinal inhomogeneity of la-
guency Re should change smoothifwithout the jump of  ser pulse envelope, process of entering the radiation into gas,
derivative. It follows clearly from Fig. Th) that continuity — and processes behind the intersection region of two beams or
of Imw leads to transition from the upper branch to the lowerfocal region for a one beam. Our consideration was aimed to
one and vice versgsee also Fig. (®]. By using Figs. 6 and demonstrate the principal possibility of the bulk-to-surface-
7, we can trace the initial wave evolution with the variationswave self-conversion phenomenon on a simplest model.
of parameterdN(t) andd(t). First of all, we note that when Although the results obtained concern directly the realiza-
N=0 the lower branch in Fig. 6 equals ze@=0) whereas tion of self-channeling in the intersection region, the pre-
the upper one equal®,. Evidently, it is the upper branch sented phenomenon of bulk-to-surface-wave self-conversion
that corresponds to the initial wave Bt=0. According to may be of interest as a possible mechanism of self-
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channeling of intense laser pulses beyond the intersectioonly a few spatial oscillations of electric field occur across

region. Indeed, we can await that the self-sustained plasmtae intersection region.

waveguiding structure shown to arise in the intersection re- In the above considered adiabatic conversion process

gion can prolong itself beyond this region due to ionizationelectron collisions play significant role: the relative collision

of the gas by the fields of surface waves propagating in fOI’frequenCy should not be too smgdiee Figs. 6 and(@,b]. It

ward direction along the plasma layers of the structure. Evimeans that the plasma density and, therefore, gas pressure

dently, beyond the intersection region the self-sustainednoyid pe high enough. Thus, one can await that the phe-

waveguiding structure will fade with due to depletion of omenon of bulk-to-surface-wave self-conversion may be

the surface waves energy. even more significant for dynamics of laser pulses interac-
One can conclude from our analysis that possibility of thetion with solid and liquid media. Also, it would be interest-

bulk-to-surface-wave self-conversion phenomenon is relieghg to consider similar effect for faster ionization processes
upon the existence of the dispersion curve of the createghere adiabatic approximation breaks down.

plasma structure whose different segments correspond to

waves of differen{bulk and surfacetypes(see lower curve

1in Fig. 6. However, it is not peculiarity of strictly periodic ACKNOWLEDGMENTS

structures only. It is easy to show, for example, that there is

a similar dispersion curve in a three-layer structure “plasma- A critical reading of the manuscript by A. V. Maslov is
vacuum-plasma.” This fact allows us to await that the bulk-gratefully acknowledged. This work was supported by the
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