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The propagation of an intense surface electromagnetic wave (SEW) along theinterface between a
solid and a low-density gas is analyzed for the case in which the wave is in resonance with the gas
molecules. A dispersion relation for the SEW is derived to first order in the gas density. Analytic
expressions are derived for the SEW absorption coefficient in the case in which the saturation is
determined primarily by molecular collisions and in the case in which diffusion of excited
molecules dominates. With increasing SEW intensity, the absorption coefficient tends toward the

value found for a solid-vacuum interface.

1. The propagation of intense surface electromagnetic
waves (SEWSs) has recently been attracting increasing re-
search interest, both theoretical and experimental.'s The
SEWs at the interface with a nonlinear medium whose di-
electric-tensor components are proportional to the wave in-
tensity were first studied in Refs. 1 and 2. The possibility of
self-induced transparency for ultrashort light pulses propa-
gating along a surface coated with a thin film of resonant
material was predicted in Ref. 3. A dispersion relation for
SEWs at an interface with a medium consisting of two-level
atoms was derived in Ref. 4; the effect of saturation was
taken into account. In those papers the nonlinear medium
was assumed to be an optically uniaxial medium with a di-
electric tensor component £,, which does not depend on the
wave field. Experiments were carried out in Refs. 5 and 6 on
SEWs in a metal-gas system under conditions for which the
wave is in resonance with gas molecules. The wave intensity
reached values comparable to the saturation intensity of mo-
lecular transitions. There is accordingly interest in the satu-
ration of the SEW absorption at an interface with a gaseous
medium.

In the present paper we consider an intense SEW which
is propagating along an interface between a solid and a reso-
nant gas. We assume that the wave is propagating incoher-
ently, i.e., that the duration of the effect of the light is signifi-
cantly longer than the relaxation times of the gas molecules.
We seek a solution of Maxwell’s equations by perturbation
theory in which the small parameter is the number density of
molecules in the gas. We derive analytic expressions for the
SEW absorption coefficient in two limiting cases: that in
which the saturation is determined primarily by collisions of
molecules with each other and that in which a diffusion of
excited molecules dominates.

2. Weassume that a SEW is propagating along the inter-
face between a solid, which occupies the half-space z <0
(medium 1), and a gas, which occupies the half-space z> 0
(medium 2). We assume that medium 1 is linear and iso-
tropic and has a dielectric constant

e (0)=¢, (0)+ie," (0).
We find a solution of Maxwell’s equations which corre-
sponds toa TM surface wave which is propagating along the

x axis. We seek the components of the fields and the polar-
ization of the gas in the form
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F='/,F (z)exp(—int+ikz)+c.c., (1)

where the amplitudes H,,,E;, ,E. P, ,P,(i=1,2) are non-
vanishing. Here k is the SEW wave number, and 2 Im k is the
SEW absorption coefficient. Substituting expressions (1)
into Maxwell’s equations, we find the equations

Ay 12Dy, kHy=——Dy,
dz
A . ;O
T i @

where D, = ¢,E, and D, = E, + 47P.

Let us assume that the SEW frequency o is approxi-
mately equal to the frequency w,, of transitions between mo-
lecular levels |1) and |2) and that we can ignore the interac-
tion of the wave field with the other levels. The polarization
can then be expressed in terms of the density matrix element

P12=p1: exp (—iot+ikz)

in the following way:

‘/zPa(Z)=N<wplzd21a>, (3)

whered,, is the transition dipole moment; N is the molecular
density; @ = x,z; and the angle brackets mean an average
over the velocities and the orientations of the molecules. In
the resonant approximation, the density matrix elements
satisfy the following equations in the Wigner picture (Ref. 7,
for example):

0
apt“ = — vVpuu ) (ne°paa—n2per) +'/21Q (p2r—p12) +Sts pus,
7}
(;);2 =—vVpn—y, (n4°P2a—12°p11) /50 (p12—pa1) TStz Pz,
d
5pt12' = — vVpu—[1,ti(A+kvs) 1pwt?/,iQ (p2a—p1s)

ou—pis ) dvSpp(M)=1, 4)
where v is the velocity of a molecule, ¥, and y, are the longi-
tudinal and transverse relaxation rates, n{ and n; are the
equilibrium level populations, A = w,, — w is the deviation
from the resonant frequency, St, and St, are collision opera-
tors, and Q(z) = d,,E,(z)/#is the Rabi frequency. In writ-
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ing (4) we assumed that the absorption of the SEW along its
propagation path can be ignored; i.e.,

exp (ik'z)~exp (ikz).

Simultaneous solution of Egs. (2)-(4) with the bound-
ary conditions

Hy(0)=Hy(0), E:(0)=Ex(0)

reveals the fields in the two media. In its general formula-
tion, however, this is a complicated problem, so we will re-
strict the analysis to a SEW at interface with a low-density
gas. In this case the terms containing the polarization in Egs.
(2) can be treated as small perturbations, and in first order
we can substitute the value of the density matrix determined
by the SEW field in vacuum into expression (3).
3. Let us find a dispersion relation for the SEW to first
order in the small parameter . Eliminating the components
'H, and E,, from the system (2), we find

2 2
ddf;,_( kz_%s‘)E‘Fo’ )
TEx_(, ) (d’P *p)
dzt =g =t dz* dz P

(6)

Equation (5) has a solution which decays with distance into
medium 1:

E..(z)=E,,(0) exp (x,z), (7

where x, = (k2 — 0%,/c*)"/?, and Re x, > 0. We solve Eq.
(6) by perturbation theory. For this purpose, we construct
the series

ES+...,

E.~E+ k=kO+EO+ .

(n—1)

Pe=PI ..., 1P =N " dud

in (6), and we equate terms with identical powers of the
small parameter. The zeroth-order equation

d*E, Q) (k(o)z _gz) ©® _g
dz* ¢

has a solution which decays with distance into medium 2:

E (2)=E," (0)exp(—x}" z),

where #{” = (k92 — ©?/c?)"/? and Re x{” >0. Writing
(7) in the form

E.(2)=(ES (0)+E{ (0)+...)expl (" +x{"+...)z],
and using the boundary conditions
HS® (0)=Hy" (0), EL (0)=EL (0),

we find the famlllar dispersion law for SEWs at an interface
between a linear medium and a vacuum®:

o € Ya
()
(4 81+1

We write a solution of the second-order equation,
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() -
d;f (k(m - cﬂ’) At —2kO kg
&P | P | o
=—4J'l:( dz? + kO —— dz +c_zpz“)) ’ (8)
in the form

| [ (esplo® (5001

—exp[—xi” (z—8) [} F (L) dt
—ES (2) kOk® (" +2z)]

+C,exp(—xs " 2) +Cyexp(x; 2),

where F(z) is the right side of (8). From the condition that
the solution decay in the limit z— «, we find

1 (0
Com =) SRR (O P )L,
while the constants C, and k " are found from the boundary
conditions

A 0)=H"(0), E (0)=E% (0).
After some straightforward calculations, we find the disper-
sion relation in which we are interested:

kO =tk O [ «»]-*I exp(—x:" 2) P;" ds.
9

4. The components of the polarization vector which ap-
pear in the expression for k " are determined by the zeroth-
order perturbation-theory density matrix p'®. The matrix
elements p@ij(ij = 1,2) in turn satisfy Eqs. (4) with

Q(2) =R (2) =d,,E," (2)/h, k=k". (10)

System (4) gives a microscopic description of the evo-
lution of the state of the gas in the field of the SEW. If the
macroscopic characteristics of the gas vary sufficiently slow-
ly through the volume of the gas, a less detailed macroscopic
description of this evolution is possible.” In this case we can
assume in a first approximation that thermal equilibrium is
established in each separate part of the gas, while the gasasa
whole is not in equilibrium. We assume the inequalities

xz(o)v'ﬁ Y QW)<<'Y.L? T—’v (11)

where 7 is the collision time, and v is the thermal velocity of
a molecule. We wish to find an equation for the difference
between the level populations. For this purpose, we rewrite
(4), using the substitution (10), in the form

0p/8i=\Lo+L,)p, (12)

where we are including in the operator L, the collision oper-
ators and also the terms which describe the transverse relax-
ation, while the operator L, contains the other terms which
appear on the right sides of Egs. (4). In accordance with
(11), the operator L, describes the rapid relaxation to a local
equilibrium, while L, describes the relaxation to an equilib-
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rium state of the gas as a whole. Since the field is slightly
nonuniform (1/%{”>v;7), and since the transitions
between the levels of the molecule are slow (¥, Qo <7~ Ly,
the macroscopic evolution equations must take the form of
diffusion equations for the excited and unexcited molecules,
and they must include terms which incorporate the change
in the state of the molecule. A diffusion equation can be
constructed formally by treating the operator L, as a pertur-
bation. Omitting the details of the derivation (see the Ap-
pendix), we write the result:

Ow/ot=DV*w—y (w—w,) —a.Q" exp (—2x%.Vz)w, (13)

where

o [ dvIp® M=o W], 2=0®(0),

w, is the equilibrium difference between the populations, D
is the self-diffusion coefficient,

_ o
a,= def(v) 'Y_,_2+(0)21—0)+k(0)v:)2

is the shape of the absorption line of the molecule, and

F(v)=n""v;~" exp (—v*[vr*)

is a Maxwellian velocity distribution.

We are interested in a steady-state solution of Eq. (13),
so we equate the right side of this equation to zero. The sub-
stitution

sdo (au) )"’ (0)
y=—xz—(°’— ) exp(—x: 2)

reduces the equation to an inhomogeneous modified Bessel
equation. In this case, the solution of the equation is ex-
pressed in terms of Lommel’s function,'® but we will restrict
the discussion to some limiting situations in order to find
some final results in analytic form.

a. Weassume /< (D / ") 1/2 ¢85, where I is the mean free
path of a molecule, and §=1/x5" is the depth to which the
SEW penetrates into the gas. These inequalities are seen
to have a simple physical meaning when we note that
(D /7y )!/2 is the average displacement of a molecule from
its original position over the lifetime of the excited state. In
this case the change in the difference between the level popu-
lations is determined primarily by longitudinal relaxation,
and the diffusion of molecules can beignored. Equation (13)
contains a singular perturbation.'! Its solution contains, in
addition to a regular part which can be written as a series in
the small parameter v =6~"(D /¥, )"/?, so-called boundary
terms, which decay rapidly in a boundary layer 0 <z < (D /
7 y!/2, By virtue of the inequality v < 1, however, the mole-
cules in the boundary layer contribute negligibly to the SEW
absorption coefficient which we calculate below. We accord-
ingly restrict the analysis to the regular part of the solution.
To lowest order in v, Eq. (13) has the steady-state solution

We

1+G exp(—2x!"z) ’

wo(z)=

(14)

where G = a, Q3 /y, is the saturation parameter at z = 0.

b. We now assume (D /y;)"/*>8. We assume that a
molecule near the surface of the solid is in theromodynamic
equilibrium with it. Equation (13) with the boundary condi-
tions
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w(0) =w(w)=w,

has the steady-state solution
wo(z) =w.lo(g exp (—x,"z)) {1+[1,* (g)~1]

X exp (—x2"v~'z)},
(15)

where I, is the modified Bessel function of the first kind, of
order n, and the dimensionless parameter

g=06Q(a./D)™

is a measure of the saturation.

The steady-state value of the matrix element p,,, which
determines that polarization of the gas in the steady state, is
found from the last two equations in the system (10).In the
approximation under consideration here, we find

w i QO

Pe = Ty ARy

(16)
5. We can find dispersion relations for the SEWs in the
limiting cases discussed above. Calculating the components
of the polarization vector with the help of (14) and (16),
and substituting them into (9), we find, for case a, the rela-

tion
e, In(1+G)

ED=9 JAD)
iy (@) i a (17)
where
i f(v)dv
= ——wN dydy,*>
1(@) nY j Yiti(wa—o+kPv,) (G’

is the linear susceptibility of the gaseous medium. The imagi-
nary part of relation (17) gives us the SEW absorption coef-
ficient « in the gas:
In(11+G)
G
where o, is the absorption coefficient for a weak SEW in the
gas.
Correspondingly, in case b, we find the dispersion rela-
tion

A=0o

er 1,(g)
EV=4ay () k' —— ——
* et gl,(g)

and the following expression for the SEW absorption coeffi-
cient:
! (8)
° gl(g)”

Figure 1 shows plots of & versus the saturation param-
eter. For G>1(g> 1) we have @ ~0, and the SEW absorp-
tion is caused entirely by absorption in the solid. This result
is a manifestation of bleaching of the gaseous medium.

The real part of k " determines the dispersion @ (Re k)
for a nonlinear surface polariton and thus the dependence of
the phase and group velocities of the SEW on its intensity.

We wish to emphasize that the results derived above are
valid under inequalities (11) and under the condition for the
applicability of perturbation theory:

2aN [x (o) | l |<<1.

€4
e, +1
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®/x,

i 1.0

0.5 05

These conditions can be satisfied, for example, during propa-
gation of a SEW of moderate intensity which is resonant
with a molecular vibrational transition at a gas pressure of
tens of torr.

I wish to thank Yu. N. Petrov for suggesting this topic.

APPENDIX

We introduce a projection operator P such that Pp is
proportional to the steady-state solution of the equation

09/0t=L0p.
Specifically,
Pp(v)=f(v)n,
where f (v) is a Maxwellian velocity distribution, and
( n, 0 )
n= .
0 n,
From (12), and using PL, =0 and L,P =0, we find the
equations

9
—; Po=PLPo+PLQp, (AD)

]
ey Qo=QL,Pp+Q(L,+L,)Cp, (A2)

where Q = 1 — P. A closed equation for Pp, which is valid to
second order in L, inclusively, is found after we solve (A2)
for Qp to first order in L, and substitute the result into the
second term on the right side of (Al):

%pp (t)=PL,Pp(t)+ 5 dtv PL,e™"QLPp (t). (A3)
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FIG. 1. The SEW absorption coefficient corresponding to ab-
sorption in a gas versus the saturation parameter. a—(D /
Y ) ”2<(5; b—(D/’}’” )23 6.

Using the explicit expression for the matrix of operator L,
and integrating (A3) over velocity, we find equations for n,
ad n,. From these equations we find Eq. (13) for
w = n; — n,. (A similar method was used in Ref. 7 to derive
equations for a photoinduced drift.)
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