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Abstract. The propagation and reflection of electromagnetic
waves in stratified and nonstationary media are considered on
the basis of a unified approach, using exact analytical solutions
of Maxwell’s equations. In this approach, the spatial structure
of a wave field in an inhomogeneous medium is presented as a
function of the optical path length of the wave (a one-dimen-
sional problem). These solutions predict strong dispersion of
both normal and abnormal types to occur in a given medium,
the magnitude of dispersion depending on the gradient and
curvature of the continuous smooth profile of the material’s
inhomogeneous dielectric susceptibility ¢ (z). The effect of such
a nonlocal dispersion on the reflection of waves is described by
generalized Fresnel formulas. Exactly solvable models are
introduced to describe the effects of both monotonic and oscil-
latory & (t) dependences on the wave dispersion due to the finite
relaxation time of the dielectric constant.

1. Introduction. Optics of nonsinusoidal waves

This review is devoted to the effects of optical and radio wave
dispersion in a dielectric medium, which arise due to the
spatial nonuniformity or the temporal relaxation of its
dielectric properties. The variable velocity of propagation of
the wave fields in such a medium can completely change the
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spectra of wave reflection and the spatiotemporal field
structure within the medium. The dependences of permittiv-
ity on the coordinates and time, which are described by
continuous and smooth functions of these variables, deter-
mine the domain of existence of nonlocal dispersion. For
certain values of the characteristic spatial nonuniformity
scales and relaxation times, this domain can be formed in a
frequency range remote from the natural resonances and
absorption bands of the material. Investigations into these
effects in different parts of the spectrum of electromagnetic
waves gain impetus from the problems of geophysics,
semiconductor and polymer optics, and the physics of
laboratory and cosmic plasmas. Harnessing materials with a
strong artificial dispersion opens up new avenues for the
synthesis of optoelectronic and radio engineering systems, the
development of nondestructive testing of complex materials,
and the elaboration of optimal modes of communication and
energy transfer through stratified and nonstationary media.
Moreover, the physical foundations and the mathematical
apparatus of the theory of electromagnetic waves in such
media are of interest in the analysis of wave fields in other
branches of the physics of continuous media.

The effect of nonlocal dispersion on the propagation and
reflection of electromagnetic waves in stratified and nonsta-
tionary media can be conveniently considered with the aid of
model dependences of the medium permittivity ¢ on the
coordinates, &(r), and time, &(¢z). While discussing one-
dimensional problems for stratified media, there is good
reason to note several models of &(z) which allow exact
analytical solutions of the Maxwell equations. The same &(z)
dependences constitute exactly solvable models for the wave
equation in a medium with a variable wave velocity v?(z) ~
[s(z)]fl. One of the first such profiles v(z) was found by
Rayleigh in 1880 in the solution of the acoustic problem of the
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structure of a sound field propagating with a coordinate-
dependent velocity [1]:

O (142) =,

v2(z=0) L (11

Here, the characteristic length L is the only free model
parameter. There also exists an exact solution for a more
gently sloping &(z) profile [2]:
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LG R A T
e(z=0) L
A more complex distribution containing four free parameters

makes up the Epstein layer [3]:
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f=expla(z+z1)].

(12)

(1.3)

A comprehensive analysis of the models (1.1)—(1.3), which
describe media with a moderate natural dispersion of the
wave velocity, was performed in the monograph [4] concerned
with the problems of acoustics of stratified media.

In contrast to the models (1.1)—(1.3), the distributions
(1.4) and (1.5) correspond to plasma-like dielectrics with the
frequency dispersion

e(z) =1—-glw)W(z). (1.4)
Here, the g(w) factor depends on the wave frequency and the
parameters of the dielectric, while the dimensionless function
W defines the electron distribution. Exact solutions of the
Maxwell equations are known for linear [5], parabolic [6], and
exponential [7] profiles of the normalized density W:

Z2 z

z
W=14—-; W=1
+L’

When it comes to nonlocal dispersion, it is pertinent to
note that this review is devoted to dispersion effects related to
macroscopic medium-nonuniformity scale lengths L; in this
case, the ratio between the wavelength 4 in vacuum and the
quantity L may be arbitrary. It is not our intention to discuss
here the widely known effects of spatial dispersion [8]
determined by a microscopic medium inhomogeneity at
distances of the order of a, where a is the size of molecules
or the lattice spacing (a < 1).

Since only a limited number of stratified media models are
exactly solvable, investigators’ attention is drawn to approx-
imate methods employed, for instance, in geometrical optics
[9, 10] and to the numerical simulation of wave problems,
which now forms the basis of the special course of studies
entitled “Computer Electromagnetics” in many universities
in Europe and the USA. Numerical techniques increase in
importance still further when we turn to the optics of
nonstationary media, where analytical results are seldom the
case. The limiting cases of adiabatic oscillations and rapid
jump-like variations of ¢(¢) are described in Refs [11, 12].
Examples of amplitude-phase evolution of near-breakdown
fields in a plasma are illustrated numerically in Refs [13, 14].
Exact solutions for the fast dispersion distortion of short
video pulses in nonuniform dielectrics were found in Ref. [15].

The time-dependent diffraction of such pulses was considered
analytically in Refs [16, 17].

An analysis of these results suggests that the spatiotem-
poral envelopes of the electric and magnetic components E
and H of the wave field propagating through a layered or
nonstationary medium suffer complex distortions. In parti-
cular, when a wave with harmonic envelopes of E and H is
incident on the surface of a stratified medium, the shape of the
spatial envelope of E within the medium becomes nonsinu-
soidal and changes during the propagation. Simultaneously
distorted is the spatial envelope of H, whose shape can
significantly differ from that of E. The rate of this distortion
is determined by the nonlocal dispersion of the medium.
Similar effects also develop in the time envelopes of E and H
in a nonstationary medium.

Therefore, a new branch of the wave theory — the optics
of nonsinusoidal waves — is formed in studies of electro-
magnetic fields in stratified and nonstationary media. Several
‘burning’ problems which are of consequence for the
development of this new avenue of investigation are dis-
cussed below.

1. Construction of exact analytical solutions of the Maxwell
equations for strato-nonuniform (one-dimensionally nonuni-
form) dielectrics. To find such solutions, we systematically
employ special transformations of the Maxwell equations
which eliminate the explicit dependence of these equations on
the ¢(z) distribution: in this case, the spatial field structure at a
point z within the medium depends on the phase path 7(z)
traversed by the wave from the medium boundary to the point
z (n is the phase coordinate). The conditions of such a
transformation define broad classes of continuous é&(z)
distributions allowing exact analytical representations for
the electromagnetic field components. The flexibility of such
models, which represent both monotonic and modulated
profiles of ¢(z) with an arbitrary modulation depth and
shape, is characterized by the existence of several free
parameters. The spatial field structure in the new variables
— the phase coordinates # — is in some cases represented by
elementary functions (see Sections 2, 5, and 6).

Several previously known, exactly solvable models of &(z)
for nonuniform dielectrics prove to be special cases of the
multiparameter ¢&(z) distributions derived here.

2. Strong nonlocal dispersion of electromagnetic waves in
stratified dielectrics. Employing exactly solvable models of
¢(z) permits the dispersion of nonuniform dielectrics to be
represented by waveguide-type formulas. The characteristic
frequencies in these formulas are determined by the non-
uniformity scale of ¢(z); the nonlocal dispersion can be either
normal or anomalous, depending on the &(z) profile. The
cutoff frequency for a stratified dielectric, which is deter-
mined by the ¢(z) profile, may occur in a spectral region far
from the resonance frequencies and the absorption bands of
the material (see Section 2).

For special ¢(z) profiles characterized by the absence of
nonlocal dispersion, the geometrical optics approximation
yields an exact solution of the wave equation (see Section 3).

3. Effects of broadband reflection and transmission of
radiation in nonuniform media. The nonlocal dispersion of a
nonuniform dielectric layer can radically change the reflec-
tion properties of the dielectric. Broad spectral intervals of
reflectionless transmission and strong reflection of radiation,
determined by the &(z) profile, arise in such a layer. The
compensation of phase shifts which appear as a wave passes
through a nonuniform dielectric and a dissipative medium
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permits the optimization of the parameters of broadband
reflectionless coatings for absorbing materials (see Sections 4
and 7). Advantage is taken of the phase coordinates to
consider the propagation of electromagnetic waves through
a plasma with a modulated density for symmetric and
asymmetric density profiles and an arbitrary modulation
depth (see Sections 5 and 6).

The importance of the gradient and the curvature of the
¢(z) profile for the formation of broadband reflectionless
properties of dielectrics was demonstrated with the aid of the
generalized Fresnel formulas.

4. Dispersion of nonstationary media with a finite relaxa-
tion time. The exactly solvable models of nonuniform
dielectrics, considered above, are generalized to the case of a
time-dependent permittivity &(z). The dispersion of such
dielectrics is described by waveguide-type formulas with
characteristic frequencies determined by the relaxation times
of &(¢). Exact analytical solutions of the Maxwell equations
describe nonsinusoidal waves in such media. We note the
feasibility of total wave reflection from a nonstationary
dielectric for certain relationships between the wave fre-
quency and the relaxation times of (¢) (see Section 8). The
effect of relaxation time on the reflection properties of a
conductor is demonstrated based on an exactly solvable
model for the telegraph equation with a time-dependent
conductivity () (see Section 9).

A generalized model is constructed on the basis of the
Fresnel formulas for nonstationary dielectrics, which
describes the dynamic effects of the first and second
derivatives of the ¢(¢) dependence on the amplitude oscilla-
tions and on the broadening of the spectrum of the reflected
wave.

5. Application of methods of the optics of stratified media to
the allied domains of the wave theory. We consider examples of
how the above mathematical formalism is applied to the
theory of long transmission lines with continuously distrib-
uted parameters, nonlinear optics, magneto-optics, and
quantum mechanics. Ways are highlighted toward broad-
ening the class of transformations of the Maxwell equations
in a continuous medium that lead to new exactly solvable
models of ¢(z) (see Section 10). We point out the prospects of
harnessing the optics of stratified and nonstationary media
for conducting prompt tests of the parameters of optoelec-
tronics materials.

2. Nonlocal dispersion of stratified media.
Phase coordinate method

This section is dedicated to the construction of a mathema-
tical scheme of describing large-scale dispersion effects in
stratified media. Let us consider the propagation of a plane
wave in a nonuniform, nonmagnetic dielectric whose permit-
tivity ¢ depends on the z-coordinate. To distinguish the effects
associated with the nonuniformity of ¢, we assume that the
wave absorption and the material dispersion are insignificant
in the range of frequencies » under consideration. In this case,
the £(z) dependence in the transparency region (¢ > 0) can be
represented as

e(z) =mdU*(z), Ul =1.

(2.1)

Here, ny is the refractive index of the medium at the boundary
z = 0 and the dimensionless function U? describes the spatial
permittivity distribution.

The Maxwell equations for a linearly polarized wave with
components £, and H,, which travels in the z-direction
through a medium obeying expressions (2.1), are of the form

0E,  10H,
x_ __ %% 22

oz c ot '’ (2.2)
O0H, n3U?(z) JE,

_ Sy TP ) Cox 23
0z c ot (2.3)

The function U?(z) still remains unknown.

Unlike the exactly solvable models (1.1)—(1.5) pointed
out in the Introduction, new analytical solutions of the system
(2.2), (2.3) will be derived employing a special transformation
in the space of phase trajectories. This approach leads to
several new, exactly solvable models for ¢(z) and allows a
clear representation of strong dispersion effects arising from
the permittivity profile. Expressing the E, and H, compo-
nents of the wave field in terms of some auxiliary function
permits the system of first-order equations (2.2), (2.3) to be
reduced to one second-order equation for the y function. This
transformation can be accomplished in two different ways:

(1) the auxiliary function y is selected so that Eqn (2.2)
becomes an identity while the iy function itself is defined by
Eqn (2.3);

(2) the y function that makes Eqn (2.3) an identity is
determined from Eqn (2.2).

It is appropriate to consider separately the solutions
constructed in these ways.

1. We express the wave field components in terms of a
vector potential A:

E:—la—A, H =rotA.
c ot

(2.4)

In the geometry of the problem (2.2), (2.3) under study, the

vector potential has only one component A, (4, = 4. = 0).

Expressing the 4, component in terms of the normalizing

constant A4y and the dimensionless function ¥(z, ) permits

Eqn (2.3), which determines the function i/, to be written as
mU?(2) oMy

oMy
32 2 0. (2.5)
One can see from Eqn (2.5) that the unknown function
obeys a wave equation with a coordinate-dependent velocity
of wave propagation.

Eqn (2.5) can be conveniently solved by introducing new
functions F and Q and a new variable # [18]:

F Z
= =U"!; = J U(zy)dz; . 2.6
W Vit 0 = (z1)dz (2:6)
In this case, Eqn (2.5) rearranges to the form
O°F m} O°F 12’0 1/[00\
__@_:F_Q_Q__ 90\ (2.7)
onr 2 or? 25 022 4\0z

The function Q(z) still remains unknown.

Consider, for instance, a simple particular solution of Eqn
(2.7) which corresponds to the function Q defined by the
conditions

0721 (10)

2952 1% (2:8)
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Here, p? is some constant which will be defined below.
Assuming that the time dependence of the field F is
harmonic, Eqn (2.7) can be written, in view of expression
(2.8), as

82F+ <n(2)a)2 —pz)F: 0.

e (2.9)

Note that the n-coordinate (2.6) is proportional to the
phase path L in the nonuniform medium: L, = non. Eqn (2.9)
describes a sinusoidal wave traveling in the #-direction:

F ~expli(gn — ot)] .

We substitute this expression for the function F into Eqn (2.9)
to represent the dimensionless vector potential i as a
traveling wave with a spatially modulated amplitude:

_exp [i(gn — w1)]
i’ e

92 2.2
g=kN; k=200 N=y[1-=5 @2=L 2 (210
C w l’lO

The factor N (2.10) for p? > 01is similar to the refractive index
for the waves propagating in a waveguide with a cutoff
frequency Q. To calculate the electromagnetic field compo-
nents E, and E, from (2.10), the function Q = U~ should be
found from Eqn (2.8), the parameter p? should be deter-
mined, and the y#-variable should be expressed in terms of the
z-coordinate. The profile U(z) that allows a representation of
the field  in the form (2.10) is given by the solution of
Eqn (2.8):

z 2\
UG) = (1451 =45 =
(2) ( s gt L%) :

S1 :O,il,

)

s =0,%1. (2.11)
Here, L, and L, are the free parameters of the model
(2.11), which have the meaning of characteristic nonuni-
formity scale lengths for the permittivity. The distributions
(2.11) are shown in Fig. 1. If s; and s, are of the same
sign, the dependences U(z) are monotonic; when s; and s,
are of different sign, there appear extrema of the functions
U(z):

— Lz
T 2L
(2.12)

Umax:(l_yz)_l; Umin:(l_'_yz)_l; y

In the limiting case L, — oo the function (2.11) corresponds
to the profile (1.1) for which the exact solution was pointed
out by Rayleigh [1].

We substitute formula (2.11) into (2.8) to obtain the
following expression for the parameter p?:

N )
a2

(2.13)
Depending on the ratio between the characteristic lengths L,
and L, and the signs of s and s,, the parameter p? can assume
positive, negative, or zero values. In each of these cases, the #-
variable (2.6) is represented by different formulas. For

Figure 1. Exactly solvable models of the spatial profiles of the normalized
permittivity U (2.11), x = zL{": (a) curve I corresponds to the case
s1 = —1, s, =41, whereas the signs of s are similar for curve 2:
s1 = s, = —1; (b) curve I corresponds to the case s; = +1, 55 = —1 and
curve 2, to the case s1 = 5, = +1.

instance,
L -0 /1442
n — 2 aptanh T2 VTV , (2.14)
p2>0,5<0 1+ )2 1 +s12z/2L,
L L0 /2 — 1
n :—2artanh%7 P>,
p2>0,5,>0 V=1 1 +S[Z/2L1
(2.15)
L L1 /1 =2
n = =2 arctan -2 Y- <.
p2<0,5,>0 1—y? 1 +s512/2L,
(2.16)

In the limit L, — oo, the y-variable is of the form

z
=Liln(14+4=—].
n 1Il< +2L1>

The case p? = 0 is considered below. All the quantities that
determine the vector potential i (2.10) are now expressed in
terms of the nonuniformity parameters.

Our results permit the effect of nonlocal dispersion of a
nonuniform dielectric (2.11) to be revealed. This effect,
determined by the parameters L, L,, 51, and s, of the profile
U(z), is described by the factor N (2.10). For p? > 0, the
medium is characterized by a normal dispersion

N8 o)
w?’ ! mL:

(2.17)
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Otherwise (p? < 0), the permittivity nonuniformity is
responsible for an anomalous dispersion:

2 2 2
& gy (2.18)
nyL;
We emphasize that the resultant characteristic frequencies Q;
and Q, are controlled by the nonuniformity parameters alone
and are not related to the material dispersion. The effect of the
characteristic frequencies 2, and Q, on the wave reflection
from a nonuniform dielectric is discussed in Sections 4 and 5.

Therefore, solving Eqns (2.2) and (2.3) through the first
procedure permitted the field in a nonuniform dielectric (2.11)
to be represented as modulated traveling waves. Before
discussing the properties of such fields, there is good reason
to dwell on other exactly solvable nonuniformity profiles in
dielectrics described in the context of the second procedure.

2. Unlike representation (2.4), the system (2.2), (2.3) can
be reduced to one equation by introducing an unknown
function @ according to the formulas [19]

B() 00 B()}’l% 00

X:Uz(z)§7 y= c o’
Here, By is the normalizing constant. Upon substitution of
formulas (2.19) into the system (2.2), (2.3), Eqn (2.3) becomes
an identity while the function @ is defined by the equation
following from Eqn (2.2):

(2.19)

¥e _

0z2 2 0r?

nU%(z) 9’6 20U 0O

= : 2.2
U 0z 0z (2.20)
Eqn (2.20) can be solved through the same procedure as Eqn
(2.5). We introduce new functions f and Q and use the #-
variable (2.6):
e=NU, 0=U"""2. (2.21)
In view of expressions (2.21), Eqn (2.20) can be rearranged to

give

n o*f
S 612

C

s
ol S
I\)|ON

(2.22)

o0
on?

o
QI

n

We consider the nonuniformity profiles satisfying the condi-
tion
20 _
— = 2.23
o =P 0, (2.23)
where p? is some constant. Depending on the sign of this

constant, the distributions of U= Q2 described by
Eqn (2.23) can be represented as

. [cosh (pn) + Msinh(pn)]fz, pr>0, (2.24)

P>
U‘p2<0 = [cos (pin) + Mysin (pin)] >, pi=-p*>0.
(2.25)

The constants M and p? are determined by the parameters of
the U(z) profile. The case p? = 0 is treated separately.

When the condition (2.23) is fulfilled, the function f (2.22)
is represented by a traveling wave in the variables # and ¢,

while the solution of Eqn (2.20) takes the form of a spatially
modulated wave

0 = \/U(z) expli(gn — ot)] . (2.26)
The wave number ¢ in expression (2.26) was defined in (2.10);
however, the profile U(z), the parameter p?, and the -
variable should be calculated anew. This consideration can
be conveniently performed separately for the cases p> > 0 and

p? < 0. We introduce the characteristic nonuniformity scale
length

L=|p" (2.27)
and consider the following two cases.

Case 1: p> > 0. Solving expression (2.24) for the #-
variable and comparing it with its definition (2.6), we arrive
at an equation for the profile U(z):

2
ai]:i2U

_ _ 2
= /1= U= m2),

0<M<I1. (228)

The plus and minus signs in the right-hand side of Eqn (2.28)
correspond to the ascending and descending U(z) depen-
dences, respectively. By solving this equation with the plus
sign, it is possible to investigate the growth of the dimension-
less function U from the value U = 1 at the boundary of the
medium to the maximum value Upgx = (1 — M2) ™"

1 1—U(1 = M?)
2 U
U—1

V1I- U0 =M+ MU

The distance from the boundary to the point at which a
maximum Uy, is attained, z,,, is as follows:

+ (1 — M?)artanh

}. (2.29)

Zm 1

mo_IM—(1-M? artanhM} . (2.30)

L 2

After the peak (z > zn), the nonuniformity profile U is
determined by the descending branch of the solution of
Eqn (2.28), which corresponds to the minus sign in the right-
hand side of this equation:

—M?)

zZ—zZm 1

1-U(1
L, 2 U

+ (1 — M?*)artanh /1 — U(1 — M2)} . (231)

This solution describes a decrease of U from U = Upux to
U=1.

The dependences (2.24) and (2.31) characterize the family
of U(z) profiles with two free parameters M and L (Fig. 2a).
Unlike the explicit expression for the function U(z) (2.11)
obtained in the context of the first procedure, the profile
(2.29) is expressed through the inverse function z = z(U).
This function is, together with its first derivative, continuous
at the maximum z;,,, where both branches are tangential to
one another. It is significant that this continuity is retained
even when the values of the parameters L and L,, which
characterize the branches (2.29) and (2.31), are different; if so,
the cases where L =L, and L # L, correspond to U(z)



1206

A B Shvartsburg

Physics— Uspekhi 43 (12)

0 1.3 26 x

Figure 2. U(x) dependences, x = zL™': (a) in the model (2.29), M = 0.7;
(b) in the model (2.33), M = 0.5.

profiles symmetric and asymmetric about the maximum
Umax, respectively.

Case 2: p? <0, p>=—p2, Ly = |p)|"". The analysis is
performed according to the same procedure as in the case
where p? > 0. Taking advantage of relationship (2.25), it is
possible to write down the differential equation for U(z):

oU 202
=+

— — 1+M3)—1. 2.32
5=\ Ju+m) (232)

The descending and ascending branches of the solution of
Eqn (2.32), which determine the decrease of the function U
from U =1 to the minimum U(z,) = (1 + M?2)~" and the
subsequent growth of U from the minimum to the value
U(z = z3) = 1, are described by the solutions of Eqn (2.32):

U(l+M3) —1
U

z 1

Mf
L, 2|

1-U
Ull+ M) — 14 MU

+ (1 + M{)arctan

I

U(l+M?) — 1
U

z—z1 1

Ls 2

+ (1 + M}) arctan U(1+M12)1]. (2.33)

The rise and fall of the function U are shown in Fig. 2b.

Now let us find the phase path # (2.6) for the profiles (2.30)
and (2.33). Since the U(z) dependence is prescribed with the
aid of inverse functions z = z(U), it is advantageous to make
use of the differential expression for # in the form dy = Udz.
We substitute the value of dz from Eqn (2.28) and rewrite
formula (2.6) as

U
n=£J dUi . (2.34)
2)1 U\1T-U (1 - M?)

We calculate the integral (2.34) to obtain

L . tan[(1/2)arcsin /U(1 — M?) |
"7 tan[(1/2)aresin V1 — M2] (2.35)

The phase path for the profile (2.33) is found in a similar way:

n= 2L{arctan(M+ V1 +M2)
- arctan(\/U(l +M2) UL+ M2) - 1 )} . (2.36)

Therefore, the field in nonuniform dielectrics, which are
characterized by the z(U) profiles prescribed with the aid of
the inverse functions (2.30) and (2.33), is also represented as a
traveling wave (2.26) in the space of phase trajectories. The
nonlocal dispersion of such media, caused by the nonunifor-
mity of &(z), is described by the parameter N (2.10). The
normal and anomalous dispersions are determined by
formulas (2.17) and (2.18), the characteristic frequencies
corresponding to the profiles (2.30) and (2.33):

2 ¢ 2 ¢

f= oyl y = el (2.37)
Despite the fact that the formulas describing the nonuni-

form dielectric models (2.11) and (2.29) are different, several

common properties of these models are noteworthy.

1. In the determination of the wave number g = wngc ' N
(2.10), the local frequency dispersion of the refractive index
no(w) is not taken into account. The dispersion-induced
variation in the wave number Ag corresponding to a
frequency shift Aw is given by the relationship

-1 1 Ong

Agqq™" = Awn, %0
Away from the resonance frequencies this ratio is small:
Agg~'<1072. At the same time, the nonlocal dispersion
characterized by the frequencies Q; » can radically alter not
only the magnitude of ¢, but the very nature of propagation,
for instance, for frequencies w < Q.

2. In the analysis of the models (2.11) and (2.29), it was
assumed that the nonuniformity distribution scale length L is
far shorter than the characteristic absorption lengths; in this
case, the absorption was neglected and the values of L were
real. However, these same models are easily generalized to the
case of an absorbing dielectric with a nonuniform distribution
of complex permittivity. In this case, the parameters L; and
L, are complex quantities: L = Re L+ 1iIm L.

3. The traveling waves (2.10) describe only one of the
solutions of Eqn (2.9) — the direct wave. The second solution
of this equation (the return wave) corresponds to the
replacement of the factor exp(ign) with exp(—ign) in the
solution (2.10).
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3. When does the WKB approximation yield
exact solutions of the wave equation?

The solution of a one-dimensional wave equation for a
medium with the coordinate-dependent refractive index
(2.10) provides a traditional example of constructing approx-
imate solutions within the framework of the WKB method
[9]. This method, based on the assumption that the refractive
index varies only slightly over a distance of a wavelength,
permits the approximate solution of Eqn (2.10) to be written
as

Wy

Y= [U(z)]_l/zexp{i<kJUdz—wt)}7 k=—=. (3.1

c

By comparing expression (3.1) with the exact solution (2.10),
it can easily be found that these solutions coincide when
k = g = wngNc~!. In other words, the solution (3.1) is exact
when the parameter N (2.10) is equal to unity, i.e.,

p=0. (3.2)
As seen from the definition of the quantity p? (2.13), the
characteristic nonuniformity scale lengths L, and L, in this
case are related as L, = 2L;. The profile of ¢(z) correspond-
ing to the equality (3.2) is determined by expression (2.11):

(3.3)

The y-coordinate (2.6) for the profile (3.3) is given by the
expression

-1
S1zZ
=z(14+=— .
1 Z< +2L1)

The solution (3.1) corresponds to the WKB approxima-
tion for Eqn (2.5), which originates when the Maxwell
equations (2.2), (2.3) are transformed with the aid of the
function ¥ (2.4). Transforming the same equations with the
aid of the function ® (2.19) leads to Eqn (2.20). The
approximate solution of Eqn (2.20) obtained within the
framework of the WK B approximation is of the form

o= \/Wexp[i(kJUdsztﬂ .

(3.4)

(3.5)

By analogy with the case (3.1), it can be shown that expression
(3.5) is an exact solution of Eqn (2.5) if the condition p =0
(3.2) is fulfilled. The permittivity profile and the phase path 5
can be found from Eqns (2.21) and (2.23):

o\ 43
&(2) :n§<l +Z) ,

sl

The resultant expressions (3.3) and (3.6) describe the
permittivity profiles for which the WKB approximations
coincide with the exact solutions. On the strength of
condition (3.2), the nonlocal dispersion does not occur for
waves propagating in these media.

(3.6)

(3.7)

Therefore, the WKB approximations for the field equa-
tions (2.5) and (2.20) can be regarded as special cases of the
general solutions derived by transforming the Maxwell
equations (2.2), (2.3) in the space of phase trajectories
n =1(z). In other words, in the absence of artificial disper-
sion of the nonuniform layer (p =0), the nonuniformity
causes the amplitude and the phase of the field to change,
but the wave number ¢ remains invariable during propaga-
tion. A similar effect is considered in Section 8 also for
nonstationary media: for a certain time dependence of the
permittivity (8.40), the wavelength of the radiation propagat-
ing through this medium does not vary.

4. Broadband reflectionless properties
of nonuniform dielectric layers

It was noted in Section 2 that the permittivity distributions
(2.11) and (2.29) are convenient for the description of
optically nonuniform layers of finite thickness and thin films
in particular. Such films deposited on a surface are widely
used to alter the reflectivity of this surface. Owing to the
interference of the waves reflected from the surface and from
the film coating, the reflected waves may quench each other.
This situation arises, for instance, when a wave is incident
normally from the air onto a film of thickness ¢, which covers
a half-space with a refractive index ;. If the quantities d and
n;, the wavelength A, and the refractive index of the film
material ny are related as

4I’lod

I’ll:n%§ /Lm:77 m:1’273""’ (41)

then, as is well known [23], all the waves enter the film-coated
half-space without reflection (a ‘quarter-wave’ plate). How-
ever, this resonance effect arises in a uniform layer only for a
discrete wavelength spectrum (4.1). Nonuniform dielectric
layers with a special permittivity profile ¢(z) hold promise for
the formation of broadband reflectionless coatings. Techni-
ques for producing such coatings on the basis of polymers
[20], ZnSe-type semiconductor materials [21] and silicon
nitrides [22] have been elaborated in recent years.

To optimize the reflection properties of a nonuniform
layer over a broad frequency range, advantage can be taken of
the artificial dispersion effects (see Section 2). We consider a
plate of thickness d with a refractive index profile
n(z) =noU(z), which covers the surface of an optically
uniform material with a complex refractive index n; + ix;
(Fig. 3); the dimensionless function U(z) is assumed to be of
the form (2.11). Let us assume that a wave with a frequency
is incident normally from the air onto a plate surface z = 0.
For the U(z) profile (2.11), the electric (E,) and magnetic
(H,) components of the wave field in the plate material
(0 < z < d) can be determined by substitution of the vector
potential (2.10) into formulas (2.4):

E. =idwc U2 exp[i(qn — a)t)] ,
H, =idjonge 'U"A(N - iG) expli(gn — w1)]

c s1 28z
G= Lz,
2(1)710 <L1 + L% )

Here, A is the normalizing constant; the value of the quantity
N is given by formula (2.10); ng, Li >, and s;, are the
parameters of the model (2.11).

(4.2)

(4.3)
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d

Figure 3. Transition layer I of a nonuniform dielectric of thickness d on the
surface of a uniform absorbing dielectric /7. Curves / and 2 correspond to
the cases of normal and anomalous nonlocal dispersion in the model U(z)
(2.11).

The total field within the plate, derived with the inclusion
of the wave reflected by the surface z = d, can be written as

E, =iwAic ' U2 [exp(ign) + Kexp(—ign)] exp(—iwt),
(4.4)
H, =iwAnc™ UI/Z{N[eXp(icm) — Kexp(—ign)]

—iG [exp(ign) + Kexp(—iqn)}} exp(—iwt). (4.5)

Expressions (4.4) and (4.5) imply that the amplitudes of the
direct and reflected waves are equal, respectively, to unity and
K. The components of the wave field in the air (z < 0) can be
written by introducing the electric-field reflectivity R [23]:

E, =iwAoc " [exp(ikz) + Rexp(—ikz)| exp(—iwt),
H, =inAgc™" [exp(ikz) — Rexp(—ikz)] exp(—iwt),
k=oc". (4.6)

Substituting expressions (4.4)—(4.6) into the conditions for
continuity of the electric and magnetic field components at
the boundary z =0 (y =0) permits the quantity R to be
represented as

R=128  p_, [N(l;K) - iGO} . (4.7)

1+ B 1+ K

The parameter Gy in expressions (4.7) is related to the
parameter G in formula (4.3):

CS1

Gy = G’ (4.8)

2:0: 2(1)1/1()[,1 '

The formula for the reflectivity R (4.7) contains an
unknown quantity K, which can be calculated from the
conditions for continuity of E, and H, at the boundary
z = d. By substituting the vector potential of the traveling

wave in the z > d domain as

Az expi(ny + i) (z — d) — iwt]

it is possible to find the value of K:

. m+ 1% + Py .
K== P, exp(2ign, ) , (4.9)
n = ﬂ(d) ) U, = U(d) ) G = G(d) )
PIZI’IoU](N—iGl). (410)

Upon substitution of K (4.9) into the formula that defines B
(4.7), we separate the real and imaginary parts of this
expression:

B=ReB+ilmB, 4.11)
ReB= [n{N?Ui(1 +t))|mA~", t=tan(qn,), (4.12)
A:n2[2+ [%zl-l-noU](N—i- Gll)]z, (413)
ImBII’loNA_l{l—i-n;z[%z+n0U1(G1 —NZ)]

X [%Ql—‘rl’loU] (N—l— Gll)]} —nyGy . (414)

With a knowledge of the values of Re B (4.12) and Im B (4.14),
it is possible to derive the complex reflectivity R from
expressions (4.7).

The amplitude and phase of the R coefficient essentially
depend on the characteristic nonuniformity scale lengths L;
and L, as well as on the values of s; and s,.

This dependence manifests itself, in particular, in the
influence of the artificial frequency dispersion (2.17), (2.18)
on the reflection processes. This effect can easily be illustrated
by the example of a simplified problem of reflection from a
nonuniform transparent plate in the air (n; = 1, %, = 0). The
effects of normal (p? > 0) and anomalous (p? < 0) artificial
dispersion are treated below separately.

1. p? > 0. In this case, which corresponds to the upper
curve in Fig. 3, the medium is characterized by the cutoff
frequency Q; (2.17). By introducing the normalized wave
frequency x| = wQ ! it is possible to write the expression for
the parameter 7 (4.13) as

t= tan(\/x% -1 artanhul) ,
wr = (aLy VU7 ) (14 yary") ™"

From this point on, d is the layer thickness, and the values
x1 > 1 correspond to the transparent region. The frequency
dependence of the reflectivity for w > @) is exemplified in
Fig. 4.

2. p2<0. In this case, the lower curve in Fig. 3
corresponds to the profile of the refractive index. When
deriving the reflectivity for the given U(z) profile, one has to
use the expression for the parameter ¢ corresponding to
formula (2.20):

= tan(ﬂl + x3 arctan u2> ,
u2:(dL;lx/l—yz)(l—ydLgl)il, )=y

(4.16)

(4.15)

For an anomalous dispersion (p2 < 0), the cutoff effect does
not occur, and the characteristic frequency @, is defined by
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IR[?

0.05

0.03

0.01 -

1 1
1 2 3 X1

Figure 4. Broadband weakly reflecting domain in the power reflection
spectrum |R|* of a nonuniform dielectric layer with a normal nonlocal
dispersion (Fig. 3, curve /). The normalized frequency x; is defined by
expressions (4.15), np = 1.73. The effect of layer thickness d and of the
parameters L; and L (2.11)is represented by curves / (dL;! = 0.15) and 2
(dL;" = 0.3); y = 1 in both cases.

IR’
0.75 |

0.45 -

1 1 1 1
0 1 2 3

4X2

Figure 5. Spectral modulation of the reflection properties of a nonuniform
dielectric layer of thickness d with an anomalous nonlocal dispersion (Fig.
3, curve 2). \R|2 is the power reflectivity, x; is the normalized wave
frequency (4.16); the profile of U is defined by expression (2.11),
L,=15L,d=L,.

expressions (2.18). The frequency dependence of the reflectiv-
ity for this model is exemplified in Fig. 5.

We can now revert to the more general case of reflection
from a nonuniform layer residing on the surface of an
absorbing dielectric with a complex refractive index n, + i,
(see Fig. 3). The reflection of a wave incident on the surface of
an absorbing dielectric from vacuum is, as is well known,
characterized by an absorption-dependent phase shift ¢,, [23]:

tan ¢, = 2x(1 — n® — %2)71 . (4.17)
However, the reflection from a nonuniform transparent layer
also gives rise to a phase shift controlled, in contrast to
expression (4.17), by the profile of the refractive index. The
mutual compensation of these shifts can substantially change
the reflection properties of the system, resulting, in particular,
in a weak reflection over a broad spectral range (Fig. 6).

IR[?
0.04 -
2
0.02 K
1
0 | |
2 3 4 X1

Figure 6. Suppression of the reflection properties of a dielectric with losses,
coated with a nonuniform dielectric layer U(z) (2.11). The suppression
arises from the mutual compensation of the phase shifts, due to the losses
and the nonuniformity, in the reflected wave. |R|2 is the power reflectivity,
X is the normalized wave frequency; the effect of layer thickness d and
parameters L; and L, is demonstrated by the curves / (d = 0.25L,) and 2
(d =0.3L,). In both cases, y = 0.25.

As the characteristic nonuniformity lengths increase, the
frequencies Q; and ©Q, tend to zero, while formulas (4.11)—
(4.14) pass into the well-known result for the reflectivity of a
uniform plate; in particular, for %, = 0 in the limit L; — oo,
L, — oo we obtain

Ny=U; =1, Gy=G, =0, qnlzwnodcq:y,
n3 nj ny(n — n3)sinycosy
ReB = iy tnicosy ' BT i ey
3 Y + ngcosy 15 sIn” y + ng cos” y

(4.18)

The following tendencies characteristic of the reflection
properties of nonuniform layers can be traced in Figs 4—6.

1. The cutoff frequency Q; for a material with a given
value of the refractive index ny depends on the characteristic
lengths L, and L,. By varying the parameters L; and Ly, it is
possible to produce the cutoff effect in any spectral region.
For instance, for ny = 1.73, L; = 100 nm, and L, = 200 nm,
the Q| frequency isequal to 1.25 x 10'* Hz. Referring to Fig. 4
(the curve corresponding to the value o = dL;!' = 0.15), the
power reflectivity |R\2 of this layer for a thickness d = 30 nm
is no higher than 5% over the spectral range
0.5 < A < 1.5 pm. The same curve shows that a nonuniform
layer whose geometrical parameters are, say, ten times larger
(L; = 1000 nm, L, = 2000 nm, d = 300 nm) provides a weak
reflection (|R|* < 0.05) over a broad far-IR frequency range
(5 <4< 15 um).

Therefore, by selecting the proper values of the para-
meters Li, Ly, s1, and s, it is possible to optimize the
parameters of broadband reflectionless coatings for different
spectral regions using Fig. 4. Figure 4, as well as Fig. 5 which
follows, is plotted for normalized frequencies x = wQ ' and
different thicknesses of the reflecting nonuniform layer. A
more specific example of the effect of the U(z) profile on the
reflection spectrum of a layer with a given thickness appears
in Fig. 7.

2. In the case of a nonuniform layer with an anomalous
artificial dispersion (p? < 0), transmission and enhanced-
reflection frequency bands (see Fig. 5) can form. For instance,
the power reflectivity of a layer with the parameters
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0.75 0.95 1.15 1.35

A, nm

Figure 7. Effects of the gradient and the curvature of the U(z) profile on the
reflection spectrum of a nonuniform dielectric layer with a given thickness
d: (a) U(z) profiles (2.11) for the cases s; =0, s = +1 (curve /) and
s1 = +1,5 = —1 (curve 2); (b) dependence of the power reflectivity on the
wavelength 4. Curves / and 2 correspond to the reflection from the layers
with the nonuniformity profiles / and 2 in Fig. 7a, ny = 1.73, d = 120 nm.
Curve 3 is the reflection spectrum of a uniform layer with the same values
of the refractive index ny and the thickness d.

nyp =173, y=0.75, L, = d =900 nm (x; = 1.45) for CO»-
laser radiation with a wavelength 1 = 10.2 pm is |R|2 =0.73,
as can be seen from Fig. 5. The value of this coefficient for the
second harmonic radiation (x, = 2.9) is an order of magni-
tude lower: |R|2 = 0.07. This property is of interest for the
spectral filtration of separate field harmonics.

3. For a specific wavelength, the thickness of a nonuni-
form reflectionless layer can be several times smaller than
the thickness of a uniform quarter-wave plate d; (4.1). In
particular, for the wavelength 2 = 10.2 pm and the refrac-
tive index ny = 1.73, the layer thickness d, is 1.45 pm; at the
same time, as seen from Fig. 4, the thickness of the
nonuniform layer that limits the A = 10.2 um wave reflec-
tivity to the level R =0.01 is (« = 0.15) only 0.3 um. This
distinction can be used to optimize the parameters of
reflectionless coatings.

Here, the reflection by a nonuniform dielectric is analyzed
assuming the permittivity profile to be prescribed by expres-
sion (2.11). The profiles of the form (2.29) and (2.33) can be
treated in a similar way. In particular, for profile (2.29), the
wave field components can be obtained on substitution of
expression (2.26) into expressions (2.19):

E. = {1;— 1—U(1—M2)}exp[1(qn—wt)],

U(z) qL
(4.19)
H, = idande '/ U(z) exp [i(qn — wl)] . (4.20)

The plus and minus signs in expression (4.19) correspond to
the ascending and descending branches of the U(z) profile
(see Fig. 2); the phase path 7 is given by expression (2.35). By
using the continuity conditions for the field components at
the layer boundaries, it is possible to find the amplitude of the
reflected wave within the K layer [see expression (4.9)] and
calculate the reflectivity R. It is instructive to compare our
approach to the calculation of the reflectivity of a nonuniform
layer with the commonly used technique that involves the
replacement of the smooth U(z) distribution with a step-wise
profile and the description of each layer with the use of Abeles

matrices [25]. On the one hand, the formalism of these
matrices allows the reflectivity R of any multilayer coating
to be determined numerically. On the other hand, a regular
procedure for analyzing the reflectivity of these profiles —
monotonic or nonmonotonic, symmetric or asymmetric —
was constructed here with the aid of a set of U(z) profiles
involving several free parameters. Unlike a numerical calcula-
tion, the analytical solutions obtained allow several physical
characteristics of nonuniform media to be revealed: the
nonlocal dispersion, the cutoff frequency, and the transmis-
sion band. Moreover, unlike several exactly solvable models
which result in complex hypergeometric functions [4], the
structure of the field in the models considered in our work is
expressed in terms of elementary functions, which facilitates
and quickens the calculations.

5. Effects of the gradient and the curvature of
the ¢(z) profile on the nonlocal dispersion of
periodic nonsinusoidal dielectric structures

The wave reflection at the boundary of two uniform media,
caused by the jumps of refractive index, is described by the
well-known Fresnel formulas. The analysis of the reflection
properties of a nonuniform layer performed in Section 4
reveals the dependence of wave reflection on the jump of the
derivative of the refractive index [the G factor in relationship
(4.8)] at the layer boundary. The wave number ¢ (2.10) in the
model (2.11) is also dependent on the magnitude of L.
However, the model (2.11) also allows a more complicated
effect to be revealed — the dependence of reflectivity on the
second derivative of the refractive index of the medium,
characterized by the parameter L,. It is this effect that may
come to be the determining one in the wave reflection from a
dielectric with a periodic nonuniformity &(z).

To demonstrate the contribution of the second derivative
*U /027 to the efficiency of reflection, we consider the special
case where the values of both the refractive index and its first
derivative are continuous at the media interface. The
geometry of the problem is shown in Fig. §: a nonuniform
layer of thickness d separates the domains with refractive
indices n; (z < 0) and n; (z = d). The profile of the refractive
index in the intervening layer 0 < z < dis composed of curves

U, U,

n n

0 Z0 d z

Figure 8. Smooth transition layer of thickness d composed of the curves U,
and U, (5.1) which are tangent to one another at the point z.
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U, and U;:
2\ 7!
Uy=(1+=
1 ( +L%) )
d_ 21!
UZ:UO{I—F(I—;)] L Up="2. (5.1)
3 m

The curves U; and U, are smoothly tangent to one another at
some point zyp. The values of the refractive index n are
continuous at the layer boundaries z =0 and z = d, the
values of gradn at the layer boundaries are equal to zero;
however, the curvatures of the arcs U; and U, at the points

z = 0 and z = d are different:

~ 0*U /o2 ~ 2
K= app MTT12
[1 + (0U/0z) ]

At the point of tangency of the profiles U; and U,, the
following conditions are fulfilled:

o,

o,
’ 0z o

U
! oz

:U2

=z

(5.3)

=20 =20 =20

By substituting expressions (5.1) into conditions (5.3), it is
possible to find the coordinate of the point of tangency and
the relation between the parameters L, and /, which ensures
the smoothness of tangency. We assume for definiteness that

ny < ny and Uy < 1 to obtain

d L3 Uo Uol3
ZOZX07 ﬁ 0:1_U07 A0_1+L2

(5.4)

One of the parameters L, and /, in formulas (5.4) is free.

We consider a linearly polarized wave with a frequency
incident normally from the z < 0 domain onto the boundary
z=20. For each of the media shown in Fig. 8, the vector
potential of the wave field y (2.11) can be represented as

VY = exp(ik1z) + Rexp(—ikiz), z<0,

V= AlUfl/z [exp(iqim) + Qrexp(—igim)],  0<z <z,
¥ = AUy P[exp(iqan,) + Qaexp(—igamy)], 20 <z<d,
¥ = Dexp(ikyz), z=d. (5.5)

Here, R and D are the reflectivity and the transmittance of the
nonuniform layer; the coefficients 4, A,, Q, and Q, are
determined from the conditions of continuity at the planes
z =0,z =zp,and z = d. The wave numbers ki, ks, ¢1, ¢> and
the quantities 7, 17, are given by

kiao=wc'nia,  qia=kiNia,
1 T 6
Ny= J1-— 5.
o2 2L27 : ma?l3’ (5.6)
) Jvldzl, n2<z>=m<20>+[ Urdz . (5.7)
Jzp

As seen from expressions (5.6), the wave numbers ki, kj,
q1, and ¢», which characterize the field structure in the four
regions shown in Fig. 8, are different; thus, the reflected and
transmitted waves are formed by reflections at the boundaries
z=0, z=1zp, and z = d. It is significant that the refractive
index and its gradient are continuous at each of these planes

and the reflections originate at the points of inflection of the
profile (5.2) owing to the jumps of the curvature k of the
profile at these points. The calculation of the reflectivity is
similar to that performed for a monotonic layer in Section 4.
It is noteworthy that the quantities R and D are found
employing the transformation (2.6) without expanding the
periodic function into a Fourier series.

By combining the models (2.11) and (2.29), it is possible to
construct more complex, deeply modulated, nonsinusoidal,
periodic U(z) profiles with a continuous distribution of the
refractive index. In particular, of interest is a profile
composed of convex (U;) and concave (U,) curves (2.11); in
this case, the parameter values s; = —1,5, = +1and s; = +1,
s» = —1 correspond to the U; and U, functions. We assume
for simplicity of analysis that these curves are tangent to one
another at points z, (n = 1,2,3,...) which lie in the straight
line U; = U, = 1. For each arc U, and U,., the distance
between the neighboring points of tangency d, = z,.1 — z,
and the slope of the tangents at these points are determined by
the nonuniformity scale lengths L; and L,:

L3 oU 1

dy="2, | =+
n L]’ aZU:] Ll

(5.8)
The plus (minus) sign in expressions (5.8) corresponds to the
passage from a convex (concave) arc to a concave (convex)
one. The smoothness of tangency requires that the value of L,
should be constant for all the arcs. Continuing the U profile
with obedience to the condition L; = const gives a smooth
periodic distribution of the normalized profile of the
refractive index of U shown in Fig. 9.

The resultant U(z) distribution differs essentially from the
frequently considered periodic structures arising from the
harmonic modulation of the refractive index, specifically:

(1) the deviations of the maximum and the minimum of
the U(z) profile from the value U = 1 are not equal:

_ _ L
Umax:(l_yz) 17 U1nin:(1+y2) 17 y:i;
(5.9)
U

1.33

1.00

0.67

Figure 9. Spatial modulation of the profile of the normalized refractive
index U(x) composed of ‘modulation half-waves’ U; and U, (2.11),
x = zL[!; the ‘half-wave’ lengths d; and d, (5.8) correspond to the values
y}=025and )3 =0.5.
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(2) the ‘modulation half-wave’ lengths d; and @, (5.8) are
different if the values of the parameter L, for the neighboring
curves U; and U, are not equal;

(3) by composing a continuous profile W of curves (2.11)
with different but periodically repetitive values of the L,
parameter (L; = const), it is possible to find the reflectivities
and the transmittances of modulated structures of complex
symmetry, for instance, doubly periodic structures.

A periodic profile composed of the arcs U; and U, (see
Fig. 2) is calculated in a similar manner. We compare
expressions (2.28) and (2.32), which determine the slope of
these curves, to obtain the condition for the smoothness of
tangency of U, and U, at the points z, which lie in the line
U] = U2 =1:

M M,

L= L (5.10)

The wave numbers ¢ and ¢, (5.6) of the wave propagating
through the portions U, and U, are different because p> > 0
and p? < 0, according to expressions (2.24) and (2.25). The
wave propagation is therefore accompanied by reflections at
the points z,. Similar reflections also originate at the points of
tangency of the arcs U; and U, (see Fig. 8), since the p?
parameter values are not equal for the portions U; and Us:

, 11 L, 1

_1 1 ' 1 5.11
nEIRTn Tt (5-11)

Contrary to the cases considered above, a combination of
the models (2.11) and (2.34) allows us to construct an
interesting example of a continuous periodic U(z) profile
characterized by a constant value of the wave number ¢ in the
convex and concave portions of the profile. To this end, we
represent the convex portion U; with the aid of expression
(2.11), where s; = +1 and s, = —1, and the concave one, U,,
with the aid of expression (2.29) and write down the condition
for the equality of the wave numbers ¢; and ¢»:

1 1 1
—+—==—=. 5.12
412 * L r (5.12)
The condition (5.12) should be fulfilled simultaneously with
the condition for the profile smoothness at the points U = 1:

LL' =2M. (5.13)
We substitute expression (5.12) into condition (5.13) to obtain
a relation between the parameters y = Ly(2L;)"' and M for
the modulation half-waves U, and U, at a smooth tangency:

¥ =M*(1-M)". (5.14)
The profile (5.14) is shown in Fig. 10. However, even in this
case (q1 = ¢2) the wave reflection is bound to occur at the
point of tangency of the curves U; and U,. To make sure that
this is the case, it would suffice to compare the expression for
the field components in the U; domain, (4.2) and (4.3), with
the corresponding field components in the U, domain, (4.19)
and (4.20). For instance, the requirement for the electric field
component that it be continuous for z = d, U = 1 would, in
the absence of reflection, lead to the unsatisfiable condition
noN(1 —iM) = 1, where ngy, N, and M are real quantities. The
origination of reflection is associated with the jumps of the
profile curvature at the point z = d.

0.5

1 1 1
0 1.6 3.6 5.6 X

Figure 10. Modulated U(x) profile, x = zL~!, which provides a constant
wave dispersion, as composed of curves U; (2.29) and U, (2.11), which are
tangent at the level U = 1 (5.14). The wave numbers ¢ in the domains U,
and U, are determined by formulas (2.10) and (2.27), respectively;
M =0.5.

Therefore, the combination of the models (2.11)—(2.29)
allows constructing broad classes of exactly solvable models
of nonuniform dielectrics with nonsinusoidal periodic &(z)
distributions. Within the framework of these models, it is
possible to analytically represent the contribution of the
jumps of the refractive index as well as of its first and second
derivatives to the formation of reflected and transmitted
waves.

6. Dispersion of high-frequency waves in plasmas
with monotonic and nonmonotonic density
distributions

The above consideration of the wave propagation through
dielectric media implied the remoteness of resonance frequen-
cies; it was assumed in this case that the local effects of
material dispersion were negligible in comparison with the
dispersion effects caused by the nonuniform permittivity
distribution ¢(z). For a number of dielectrics, however, the
¢(z) nonuniformity may significantly alter the reflection and
transmission wave spectra in the proximity of local reso-
nances. These changes can be illustrated by the simple
example of the propagation of high-frequency transverse
waves in the electron plasma of a semiconductor with a
nonuniform carrier density N(z).

In studies of the wave processes in a nonuniform plasma,
reference N(z) distributions are of frequent use, which allow
exact analytical solutions of the wave equation. In particular,
for a linear density profile (1.5), the field structure in the
plasma is, as is well known, represented in terms of of the Airy
functions [5]. For a parabolic profile, the exact solutions of
the wave equation are given by the functions of parabolic
cylinder [6]. However, the validity of these models, which
contain only one free parameter L, is limited to plasma layers
of finite thickness.

A more flexible model is treated below, which describes
the ionization profile throughout the z >0 half-space
employing two parameters a and b [18],

N(z2) 1

—1—-
No b

U?(za™")

W= - (6.1)
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Here, the characteristic length ¢ and the dimensionless
quantity b are the free parameters of the model and Nj is the
ionization density at the medium boundary z = 0; the
function U(za~") satisfies the conditions

U

=1, IlmU

=0. (6.2)

Z—00

Therefore, the normalized electron density distribution (6.1)
describes the ‘saturation’ of the ionization and the permittiv-
ity ¢ of the plasma with depth:

. 2 i
lime(z) _uoo: er fg(l —-b7)|,
4mte? Ny
Q2 = 6.3
07 epmey (63)

Here, Q is the plasma frequency, my is the effective carrier
mass, and ¢ is the lattice contribution to the permittivity. The
values of the parameter » in formula (6.1) lie in the ranges
b<0Oandb > 1.

Now let us consider the propagation of an S-polarized
wave in the medium (6.1) for z > 0. The direction of the y-axis
is given by the k| component, which is perpendicular to the x-
axis. The E, H,, and H. components of the wave field are
interrelated by the Maxwell equations:

0E,  10H, Q3E, 10H.

oz ¢ ot oy ¢ o’ (6:4)

0H. 0H, ¢ Q; L QFU(2)
N 0 —p ) = E L (6.5

dy 0z ¢ { w2( ) w?b e (69)

Expressing the field components in terms of the component
A, = Aoy of the vector potential (2.4), we transform the
system (6.4), (6.5) into an equation for the function y:

Yy Y et {1_902

oy oY 2 _%U)
0z2  0y? 2 ?

-l
(1-b71) o7h

}w:o.
(6.6)

We rewrite Eqn (6.6) using the #-variable (2.6) and
introducing a new function f*:

¥ =fU"expli(kyy — wr)] . (6.7)

The function f satisfies the equation which follows from
Eqn (6.6),

f | p? e} 10U 1 (oU\’

Ll T2 () | =0, (6.8

o 2T 2w 6112+4U2<6;1>  (68)
& _

=0 —Qi(—b"] —if. (6.9)

To this point the function U, which determines the carrier
density profile, has remained unknown. By using the #-
variable, it is possible to construct models of both the
monotonic and nonmonotonic ionization profiles W(z)
admitting exact analytical solutions of the wave equation
(6.8).

1. A simple model of a monotonic ionization profile can be
represented by the formula U = exp(—na~!), where a is some
characteristic length. However, this formula expresses the
profile U as a function of the n-coordinate. To determine the

30 ¢
v 2
20 F
1
10
05 - 3
| | |
0 05 1.0 15 x

Figure 11. Plasma density profile W(x), x = zL~' (6.1), which tends to the
constant value W =1—b"" with depth in the plasma. The respective
values of the b parameter for curves / — 3 are 2, —0.5, and —1. The function
U in expression (6.1) is defined for curves / and 2 by expression (6.10) and
for curve 3 by expression (7.11).

dependence of U in an explicit form, the expression
n = —aln U should be substituted into the definition of the
n-variable. On solving the resultant equation, we find

-1
U= (1 + 5) .

a
The W(z) density profiles corresponding to the distribution
(6.10) are shown in Fig. 11. We substitute expression (6.10)

into Eqn (6.8) and go over to the new variable u = U~! =
exp(na~') to obtain the Bessel equation for the function f:

(6.10)

of 1o 20 @
- -1 ) = 11
6u2+u6u+‘f<ap u2> 0, (6.11)
QzazsL 1 z
¢ = 0ch tgou=l4s (6.12)

The parameter p> was defined by expression (6.9).

We first consider the frequency range defined by the
condition p2 > 0. If ¢ > 0, the solution of Eqn (6.11) is
represented by the Hankel function Hé” (apu). Reverting to
the z-variable, we can represent the function y (6.7) as

=4/1 +§H;l> [pla+ z)] expli(kyy — wi)] . (6.13)

We substitute the component A, = Ag) of the vector
potential into Eqns (2.4) to obtain the expressions for the
components of the wave field:

Ex = iAoa)C_llﬁ, I‘IZ = —iAokHl//,
Ay (1 pa oHM (x

7 — (2_ ng() V. (6.14)
a u Hq (X) x xX=pau

By taking advantage of the asymptotic form of the Hankel
functions

(6.15)
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we can easily show that the components of the wave field deep
in the medium (z > a), where the density nonuniformity
vanishes, are represented by a traveling harmonic wave. For
instance,

E ~exp[i(pz + kjy — o1)] . (6.16)
The dispersion of a medium of this kind is described by
Eqn (6.9).

The density nonuniformity in the proximity of the plasma
boundary (6.1) can significantly alter the wave reflection
spectrum. For simplicity we consider the case of normal
wave incidence from the air onto the boundary of a solid-
state plasma. We introduce the reflectivity R, which can be
found from the conditions of continuity for the field
components at the plane z = 0

1+ R _2iac ( 2ap aH,jl)(x)
H

I1-R o W) Ox

,,) L (617)

By representing the Hankel function as the sum

1 .
HY =1, +iN,,

where /, and N, are the Bessel and Neumann functions, and
using the Wronskian of the pair of functions I, and N,

Ny(x) _61,]()6) = 2 )

Ox X

Iy(x) —@N,,(X) -

7 (6.18)

we obtain the complex reflectivity from expression (6.17):

~ —Re 0 +i(2wac™' —Im Q)

R= 6.19

ReQ +i2wac=' +Im Q) ’ (6.19)

2pa ol ON,
ReQ=-14+—— 24N 4
cQ +I§+N§("@x 1 6)6)7
4 1

I === 2
MmO = TN (6.20)

The argument of the Bessel and Neumann functions in
formulas (6.20) is the quantity pa.

In the calculations using the formulas (6.19) and (6.20),
the order ¢ of the Hankel functions can assume any real values
if the plasma density deep in the medium is lower than at the
boundary. Otherwise (b < 0), the values of the parameter b
are bounded by the condition g2 > 0 (6.12).

An example of the frequency dependence of the reflectiv-
ity of a nonuniform electron plasma of InSb is given in Fig. 12
for the simple case ¢ = 1 (6.12). Comparing curves / and 2 in
this figure shows that the transition layer can significantly
suppress the reflection capacity of a semiconductor plasma
over a broad frequency range.

2. Models with a nonmonotonic ionization profile 7 can be
represented in terms of the function

_cosh(n/ay — arsinh M)
V14 M?

Un) . M>0. (6.21)

Here, aq is the characteristic nonuniformity scale length and
M is a free dimensionless parameter. By resolving formula
(6.21) for n and substituting it into expression (2.6), we find an

IR|
10
1
0.5 |
02 |
2
1 1 1
1.0 1.5 20 v

Figure 12. Modulus of the reflectivity R for a wave incident normally onto
the surface of a nonuniform electron plasma of InSb (g = 12.5,
No =5 x 107 cm™3) as a function of the normalized wave frequency
v = wQO’l (curve I). Profile of the carrier density is specified by Eqn (6.1);
b = 2; the function U is given by expression (6.10), « = 10~* cm. Curve 2is
a plot of the reflectivity R for a uniform plasma (¢ — o).

explicit expression for the U(z) profile:

-1
z .z

U(z) = —+ Msin —

(2) <c0sL+ sin L) ,

L:ao\/1+M2.

The distribution (6.22), defined in the interval 0 < z < z, 1S
minimum at the point z,,, where

(6.22)

Zm
1= arctan M ;

Z,

o 1
— = —arctan — . 6.23
7 arctan - (6.23)

The function U(z) (6.22) assumes the value U =1 at the
points 0 and z;:
)

. 2M
7 = aresin (6.24)
The points zy, (6.23) and z; lie in the domain of definition of
the function U(z): zy < z1 < Zao.

We substitute the U(z) distribution (6.22) into expression
(6.1) and consider the ionization profile, which comprises, in
theinterval 0 < z < zj, the convex arc (6.1), where b; < 0; the
continuation of the profile in the interval is described by the
concave arc (6.1) for b, > 1. The condition for the smooth-
ness of tangency at the point z; relates the parameters of these
profiles:

M, |b|L,
— = 6.25
M, bl ( )

By continuing to construct the sequence of such arcs, we will
obtain a continuous, smooth, oscillatory ionization profile
N(z). The maxima and minima of this profile are

Nmax 1 M} Nmmi1 1 M}

No  l[1+ME Ny by leMIT

(6.26)
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Figure 13. Deeply modulated harmonic plasma density distribution W/(x)
described by formula (6.1), where the function U is defined by expressions
(6.22). The parameter b in expression (6.1) for domains / and 2 is equal to
F1, M =2, x = zL~". The modulation depth K is 80%.

In the simplest case, when M| = M, and |b,| = b,, a periodic
electron density profile arises with the period 2z; (6.24) shown
in Fig. 13.

To find the wave field, for instance, in the domain
0 < z < zj, the function U(n) (6.21) should be substituted
into Eqn (6.8). We introduce a dimensionless variable x and
rewrite Eqn (6.8) as

s +f14 =0 T= ! (pL )2 (6.27)
ox? 1 cosh?x ’ 4 Yo '
1 Q13
2 54 Ly n :
= X=—— hM. 2
q 1 2] X @ arsin (6.28)

An equation of the type (6.27) coincides formally with the
Schrédinger equation of quantum mechanics which describes
the particle scattering by the potential cosh™ x [26]. In this
case, there is good reason to emphasize once again that the
potential cosh ™2 x was defined here as a function of the ‘phase
n-coordinate’; in the real space, the potential is defined by a
different function (6.22). We go over to the new variable

1
u= 5(1 — tanh x)
and substitute the unknown function f of the form

f=(coshx)"F, (6.29)

to obtain, for the function F, the hypergeometric equation

o'F oF
u(l *”)6742* [y —u(l +O€+ﬁ)]$*fxﬁF:07
1
a,ﬂzz(l—Ziq:I:ZPLl), y=1+iq. (6.30)
Since the parameters o, ff, and y (6.30) are related as
o+ p+1=2y, (6.31)

the fundamental solutions of Eqn (6.29) can be expressed in
terms of the hypergeometric function G [27]:

Fy =G, B,p,u), F,=G(,p,y,1—u). (6.32)

By using expression (6.28) for the u-variable, it is possible to
write the solution of the equation for the vector potential
(6.7) as

¥ = y/cos %—i— M sin % (cosh x)" expli(ky — wt)]

% [G(o, B, y,u-) + SG(ot, By, us )]

Here, S is a constant determined from the boundary
conditions and G is the hypergeometric function of the
argument

(6.33)

== (1 Ftanhx). (6.34)

N —

Uz

The solutions of Eqn (6.7) in the adjacent domain z; < z < zp,
which corresponds to the concave arc of the W profile (see
Fig. 13), can be constructed in a similar way (6.33). By
invoking the conditions for the continuity of the field
components at the points z =0,z,z5,..., it is possible to
investigate the field structure in a plasma with a periodic
profile of electric density. To calculate the field at these
points, the corresponding values of the x-variable (6.28)
should be found. These values can be obtained on substitu-
tion of the function U(z) (6.22) into formula (2.6):

_ . 1 +m, tan(z/2L)
v = _arsmhM-Hn’sz(zﬁL) 7

mi:\/l—kMziM.

(6.35)

Upon substituting the values z =0 and z; (6.24) into
expression (6.35), we have

= —arsinh M, x = arsinh M .

» (6.36)

z=1)

For z — z, (6.23), the x-variable (6.35) increases indefinitely.
The resultant values of x (6.36) are used to calculate the values
of the function f (6.33) at the points of inflection
z=0,z,z2,...,etc., which separate the concave and convex
portions of the W profile. The difference between these values
determines the wave reflection at the points of inflection of
the periodic ionization profile involved.

By combining the U(z) distributions (6.10) and (6.22), it is
possible to find the field structure in plasmas with nonmono-
tonic ionization profiles; this refers, for instance, to the
density distribution (6.1) composed of the convex arc U
(6.22), where b= —b; (by >0), and the monotonically
decreasing function U (6.10), where b = b, > 1. The condi-
tion for the smoothness of tangency of these curves at the level
U = 1is of the form

M 1
— = 6.37
|b1|L bza ( )
The resultant nonmonotonic carrier density distribution,
which is characterized by the single peak Np.x and which

tends to the constant value N, deep in the medium, is given in
Fig. 14 (curve 1):

Nmax M2 Nc Ma

=1+ , —=1-—.
Ny |b1‘(1 +M2) Ny |b1|L

(6.38)

This distribution contains four free parameters: M, by, L, and
a. A similar distribution of N, characterized, unlike the



1216

A B Shvartsburg

Physics— Uspekhi 43 (12)

1.5
w 2
1.0
1
oS- — — — — -
| |
0 3 5 x

Figure 14. Nonmonotonic profiles of the normalized plasma density W
(6.1), x =zL~'. Forcurve I, by = —1 and b, = 1. For curve 2, b; = 2 and
by = —2. The function U is defined by expressions (6.22) and (6.10) in the
ranges of the dimensionless coordinate 0 < x < wand x > =, respectively;
M=1.

distribution (6.38), by a single negative peak Npin,

Noin _y M Ne 1y

No — b(1+M2’ N

Ma

bL’

(6.39)

is shown in Fig. 14 (curve 2).

To calculate the reflectivities and the transmittances of a
nonuniform plasma described by the curve (6.22), the
hypergeometric functions G(a, f8,y,u) should be tabulated.
One way to independently verifying the precision of this
tabulation is to consider, in the context of Eqn (6.27), a
simple problem of wave propagation, for the parameter 7 in
Eqn (6.27) equal to zero, i.e., 4(])L1)2 = 1. In this case, the
solution of Eqn (6.27) is described by the harmonic wave

f=-exp(igx) + Sexp(—igx), (6.40)
where the wave number ¢ and the x-coordinate are defined by
expressions (6.28) and (6.35). By using the solution (6.40), it is
easy to find, for instance, the reflectivity of a nonuniform
plasma layer containing one ‘half-wave’ of the spatially
modulated carrier density (see Fig. 13). On the other hand,
this reflection coefficient can be calculated in the context of
the general approach with a recourse to the eigenfunctions .
Comparing the results would allow an estimation of the
precision of the calculations with the use of hypergeometric
functions.

As seen from Figs 11— 14, the use of the phase coordinate
considerably extends the scope of exactly solvable models in
the problems of wave propagation in nonuniform dispersion
media. The reflection properties of such media are signifi-
cantly changed due to the coordinate dependence (see Fig. 12),
which results in the formation of broad low-reflectivity
spectral intervals. The resultant analytical solutions, which
contain several free parameters, allow the wave reflection
spectra to be studied over a broad parameter range. An
alternative statement of the reflection problem involves a
search for a medium nonuniformity profile which provides
broadband reflectionless wave passage through the medium
boundary. Examples of such profiles for normal wave

incidence onto the boundary of a dielectric described by the
Debye or Lorentz models for constant values of the para-
meters Qp and ¢, were found by numerical techniques in
Ref. [28].

7. Surface electromagnetic waves
in a nonuniform dielectric

In the foregoing, the propagation of electromagnetic fields
along the direction of the gradient of ¢(z) in a nonuniform
dielectric was discussed. However, the ¢(z) nonuniformity can
significantly affect the dispersion properties of the waves
which propagate in the direction perpendicular to Ve, in
particular, the waves on the surface of a nonuniform
medium. Effects of this type, which are known in the radio
and IR ranges [23], can be conveniently considered by the
example of a surface wave in a nonuniform plasma medium.

For an abrupt boundary between two uniform media,
characterized by a jump of the permittivity, the localization of
waves in the vicinity of this boundary is possible only on
condition that [29]

(i) the spectrum of surface waves in the plasma has an
upper bound w, = Qy/v/2, where Q is the plasma frequency;

(i1) all the components of the surface wave field decay
exponentially with depth within the medium, the character-
istic decay depth being the same for all the components;

(iii) the polarization structure of the surface wave
propagating in the y-direction close to the boundary z = 0 is
determined by two electric components £, and E. and a single
magnetic component H, (the TM wave).

The interest in the properties of surface electromagnetic
waves (SEWs) in a plasma with a blurred boundary fostered
the development of a two-layer model. This model corre-
sponds to a plasma layer with a finite thickness and a linear
ionization profile, adjacent to a half-space bounded by a
conventionally adopted plane and filled with a uniform
plasma. The TM-polarized waves in this system, which
resembles a strip line with a nonuniform cross section placed
on a uniform substrate, were considered in Ref. [30].

In contrast, the surface waves in a nonuniform plasma are
considered here within the framework of the method of the
phase coordinate 7 (2.6). Employing this method does not
necessitate invoking conventional boundaries in the bulk of
the medium, which are inherent in the multilayer model, and
furnishes the possibility of obtaining exact analytical solu-
tions for the surface wave fields in a plasma with a continuous
density distribution. This approach makes it possible to
reveal branches of surface waves not subject to the limita-
tions (i) — (iii), which are intrinsic in the waves at the surface of
the media with an abrupt interface.

Some of the results of Section 6 can be used in the analysis
of the problem under consideration. We begin with the
Maxwell equations for an S-polarized wave with the
components Ey, H,, and H. (6.4), (6.5), which propagates
through the plasma with a carrier density profile prescribed
by expression (6.1). Assuming that the carrier density
distribution is defined by the function U= (1 +za~')~
(6.10), we arrive at Eqns (6.11) and (6.12) for the vector
potential of the wave field. The solutions of the resultant Eqn
(6.11) depend on the values of the parameter p2. The domain
p? >0 considered in Section 6 corresponds to the waves
which travel deep inside the nonuniform plasma. The
solutions of Eqn (6.11) for negative values of the parameter
p? (6.9) are constructed below.
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The solutions of Eqn (6.11) for p? < 0 are the modified
Bessel functions K,(z), whose values decrease with the
increase of the z-coordinate. These functions describe the
structure of the field localized near the plasma boundary
z=0. By introducing the designation p? = —p? >0, it is
possible to represent the function v (6.7) as

U =4/1 +§Kq[p1(a+z)] exp[i(ksyfcut)} .

The wave field components in the medium (z > 0) can be
found by substituting expression (7.1) into Eqns (2.4):

(7.1)

E,. = iAlwc*Hp, =e.Ey

I
z=

H: = iAllepl - th:‘ )

z=l

A 0K, (pu)

1 1
Y a {Zu K,(pu)  Ou

}‘ﬁu

u=14za'. (7.2)

To calculate the components of the field localized in the air
close to the plasma boundary, we first find the corresponding
function v, from Eqn (6.6) by putting Q) = 0 and ¢, = 1:

Vo = exp [i(ksy —wf) + ﬂ . (7.3)

Here, / is the characteristic scale length for the decay of the
surface wave in the air. We substitute expression (7.3) into
Eqns (2.4) to determine the values of E, H,, and H. in the air:

Ey=idowc Ny,  Hy=—Aol "W, H.=idokgp,.

(7.4)

The dispersion equation which relates w, ky, and / follows
from the Maxwell equations (6.4) and (6.5):
K=

s =3+ (7.5)

ﬁ .

By comparing the field components in the air (7.4) and in the
plasma (7.2) and invoking the conditions of continuity at the
boundary z = 0 (u = 1), we obtain the relationships

0K, (pau)
Ky(pa)  Ou

a_l+ 1
[ 2

(7.6)

u=1

Note that the left-hand side of equality (7.6) is positive
and the derivative of the decaying K, function is negative.
Since the limiting value of the second term in relationships
(7.6)isequal to —g, the constraint a/ ~! > 0 limits the values of
the ¢ index in the expression for the vector potential y; (7.1):

l?q;&

5 (1.7)

As seen from the definition of the ¢ index (6.12), condition
(7.7) can be fulfilled only for negative values of the parameter
b of the carrier density distribution (6.1). These values
correspond to the growth of the carrier density deep in the
plasma (see Fig. 11).

The spectra of surface waves in a nonuniform plasma
obtained by solving Eqns (7.5) and (7.6) in combination are
given in Fig. 15. These spectra essentially depend on the
parameters a and b in the carrier density distribution (6.1).
The field decay scale length in the air, /, determined from
Eqn (7.5), also depends on these parameters. As is clear from
the condition for the existence of SEWs (p? < 0), their
frequencies are bounded from above:

o’ <w§:Q§(l+|b\_l)+k§czail. (7.8)
In the domain of low values of the parameter pa (pa < 1), itis
possible to obtain an approximate dispersion equation for the

waves under study even without a numerical solution of the
system (7.5), (7.6):

2 2
) 1 /1
h‘?*;G*O-

The surface waves whose spectra are shown in Fig. 15
propagate along the plane air—plasma interface. However,
when a wave is obliquely incident from the air onto the
plasma, the projection of the wave vector k| onto this plane
is always smaller than the modulus of the wave vector of the
plasma wave k; (7.9). To excite a surface wave in this case, the
magnitude of k) should be increased, for instance, by passing
the incident wave through a prism with a refractive index
n>1 located on the z=0 plane [29]. In this case, the
condition for matching the incident and surface waves has
the form

(7.9)

nsiny = kyew ! (7.10)

Referring to Fig. 15, the condition for the excitation of a SEW
(7.10) can be fulfilled over a broad IR frequency range.

The above analysis shows how the prerequisites to the
existence of surface electromagnetic waves (i) — (iii) change if
at least one of the contiguous media is nonuniform:

4.0

3.0

2.0

1 1 1
4 5 6 w

Figure 15. Spectra of TE-polarized surface waves in a nonuniform electron
plasma of InSb (e, =12, Np=3x10"° cm™>, a=10"* cm,
mege = 0.01my), ks = k x 10> em™!, @ = v x 10'3 rad s~!. The normalized
distribution of the carrier density is described by the models (6.1) and
(6.10), x = za~". Curves /-3 correspond to different values of W deep in
the medium; the dimensionless parameter b for these curves is equal to
—0.7, —0.5, and —0.4, respectively.
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(1) the spectrum of surface waves broadens: in lieu of the
limitation @ < Qy/ V2, the condition (7.8) arises, which is
indicative of the existence of a SEW with a frequency higher
than the plasma frequency Q at the surface z = 0;

(2) unlike the monotonic exponential decay of all the SEW
components in a uniform medium, the spatial structure of
surface waves in a nonuniform plasma (7.2) is nonmonotonic:
the E, and H, components pass through a maximum while
the H, component is sign-variable (Fig. 16);

0 20 40 X

Figure 16. Spatial structure of the normalized field components of a TE-
polarized surface wave deep within a nonuniform plasma (see Fig. 15,
b = —0.5). Curves / and 2 correspond to the components ¢, and £, (7.2),

X:ZailA

(3) the electromagnetic wave at the surface of a nonuni-
form plasma is TE-polarized; it should be mentioned that a
TE-polarized SEW at the boundary of a granular medium
was reported in Ref. [31].

Eqn (6.8) can be used to analyze the SEW in a plasma for
other carrier density profiles as well. Consider, for instance,
the distribution (6.1) for an exponential variation of the
function U(z) (see Fig. 11, curve 3):

U:exp(—£> =1—na'.
a

We substitute expression (7.11) into Eqn (6.8) and introduce a
new function Q to obtain

(7.11)

_ [P0 1030 A
Qf\/ﬁ, a)624-)68)(4-Q v+ s =0, (7.12)
z e Q2a?
x:exp(—a); 2:%. (7.13)

The solution of Eqn (7.12), which decays with depth in the
medium and corresponds to the case b < 0, p? = —g> <0,
can be expressed in terms of the Bessel function I, (vx).
Reverting to the z-variable, we obtain an expression for the
component of the vector potential of a surface wave y (6.7):

V=l {v exp <— Z)} expli(key — 1)) . (7.14)

We substitute the function y (7.14) into Eqns (2.4) to
obtain the field components in the plasma. The asymptotic

form of the Bessel functions for small values of the argument

~,<§>" !
c<l 2) T(n+1)’

where T' is the gamma-function, shows that the field
components decay exponentially with depth in the medium:

z v\ * exp(—gz)
I —= =(z] =—/—/————=.
oDl - 6) e
z>a
With the use of the continuity conditions for the field
components in the air (7.4) and in the medium for z = 0, we

obtain, in view of Eqn (7.5), a SEW dispersion equation of the
form

V[Iga1 (v) = Igas1(v)] wa\’
e ()

(7.15)

(7.16)

(7.17)

The domain of existence of such waves, which is defined by
the condition g2 > 0, coincides with that defined by condition
(7.8). In the special case of v < 1, Eqn (7.17) can be simplified
using the asymptotics (7.15):

k) wa\’ 1 v 2
war = (%) = [1rae—gg]

We should emphasize the difference between the SEW
dispersion equations (7.6) and (7.17) and their respective
approximations (7.9) and (7.18). These equations describe
models of a nonuniform plasma wherein the carrier densities
at the surface U|Z:0: I and at the depth U], =1- b1
coincide; moreover, the values of the density gradients near
the surface z = 0 also coincide. The difference in the SEW
spectra of these models, which are defined by Eqns (7.6) and
(7.17), is related to the carrier density distribution W deep in
the medium (see Fig. 11). This SEW field sensitivity to the
profile of W may be of interest for the density diagnostics of a
nonuniform plasma through the use of surface electromag-
netic waves.

(7.18)

8. Dispersion properties of nonstationary
dielectrics

Wave phenomena in media whose electromagnetic character-
istics are time-dependent are the key to understanding a
variety of problems of space physics [32], short-pulse wave
dynamics in continuous media [33], and optical diagnostics of
fast processes [34]. Temporal variations in permittivity can
radically alter the reflection and refraction properties of such
media. Unlike the Doppler effect, where the tuning of the
reflected wave is related to the reflector motion, the subject to
be discussed here is the time evolution of electromagnetic
fields in immobile media whose permittivity is a function of
time 7.

An important characteristic of such nonstationary wave
processes is a finite relaxation time of the electromagnetic
parameters of the medium and, in particular, its permittivity.
Individual cases that correspond to adiabatic periodic
variations of ¢(z) and a linear variation of &(f) were
considered in Refs [11, 35]. However, in a number of
problems, both applied and academic, situations occur
whereby the period of field oscillation 7" and the medium
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relaxation time ¢y prove to be of the same order of magnitude.
In these instances the ratios 70T ! or Tty ! are not small
parameters, and exact analytical solutions of the Maxwell
equations with time-dependent coefficients are required to
analyze the wave problems. Here, such solutions are con-
structed for simple models assuming that the dynamics of
medium relaxation are determined by factors independent of
the wave field, for instance, by heating, ionization, or phase
transitions [36]. In particular, such a model is of interest for
the analysis of fast relaxation processes in media perturbed by
alaser pulse [37]. In the context of this model, the induction D
of the field £ in the medium can be represented as

D(t) = e(1)E(t);  &(t) =nmU(1). (8.1)

Here, ny is the refractive index of the medium prior to the
onset of the relaxation process and the dimensionless U(r)
function describes the dynamics of this process. For simplicity
we neglect the wave absorption in what follows, i.e., the &(¢)
dependence is described by a real U(#) function. Three
problems should be solved to find the reflection and the
refraction of electromagnetic waves at the medium boundary
(8.1);

(i) to construct solutions of the Maxwell equations for the
medium (8.1);

(i) to find explicit expressions for the functions U(r)
which lead to such solutions;

(iii) to generalize the Fresnel formulas for the description
of wave reflection by the media characterized by the functions
U(e).

These problems for nonstationary media can be conve-
niently considered developing the method of the phase
coordinate, which was previously employed in the optics of
nonuniform dielectrics (see Section 2). By analogy with the
phase coordinate 7 (2.6), we introduce a t-variable, which has
the dimensionality of time:

Jt dy

T ) Um)
This permits us to find broad classes of analytical solutions
for nonstationary Maxwell equations in the form of traveling
waves. Such solutions make it possible to represent, in an
explicit form, the effect of the finite relaxation time of the
medium permittivity on the wave dispersion.

To demonstrate the principal stages of this approach, we
consider a normal incidence of waves from vacuum onto the
half-space z > 0 occupied with a nonstationary dielectric
(8.1). In this half-space, the propagation of a linearly
polarized wave with the components E, and H, in the z-
direction is described by the Maxwell equations

0E,  10H,  0H, 10D,

oz ¢ ot 0z ¢ Ot

(8.2)

(8.3)

Let us solve the problems (i) — (iii) for the system of equations
(8.3).

Problem (i). By extending the analogy with the approach
described in Section 2, it is possible to solve the system (8.3) in
two ways.

1. By expressing the field components E, and H, in terms
of the function y/, (2.4), we reduce the first of Eqns (8.3) to an
identity; in this case, the second equation in (8.3) assumes the
form

Oy, mUR (1) Oy,
0z2 c? o0t2

2 2
ng 0U* oy,

=0-—_ L 4
¢z 0t? Ot (8.4)

1219
We introduce the new function
Fi = y,\/U(1) (8.5)
and, using the t-variable (8.2), rewrite Eqn (8.4):
2 2 2 2

Although the function U(r) is still unknown, the transforma-
tions (8.2) and (8.4) allowed us to eliminate the time-
dependent coefficient in the left-hand side of Eqn (8.4); the
nonstationary effect is described by the expression bracketed
in the right-hand side of Eqn (8.6).

To determine the dependence U(?), we consider a simple
case where the expression in the square brackets in Eqn (8.6) is
equal to some constant —p12:

2 2

Uo'u 1 (E)U) (8.7)

[, ) — :_2
2o Ta\% Pi-

In this case, all the coefficients of Eqn (8.6) are constant [37]:

62F| n(z) *F, B n(z)plz F
%o — -

0z2 2 012 c2

(8.8)
The solution of Eqn (8.8) can be written in the form of a
traveling wave:

Fy =expli(qiz — w1)],

g =onc 'N, N=y/1-plo?.

We substitute expression (8.9) into the equality (8.5) to obtain
an expression for the function y,:

(8.9)

_ Ajexp [i(qlz — wr)]
- O

/2 (8.10)

Here, A, is the normalizing constant. With the use of relations
(2.4), we find expressions for the field components in the
nonstationary medium:
i i oU .
= (1 - == H, = .
! cU(I)( 20 ar)‘”" v =ia
2. An alternative way of solving the system (8.3) involves

representing the field components in terms of an auxiliary
function i, by analogy with formulas (2.19):

__ L %, _ 1o,
Y mUA(t) oz AT

(8.11)

(8.12)

Unlike the first way of solution, on substitution of expres-
sions (8.12) into the system (8.3), the second of Eqns (8.3) is
identically fulfilled and the first one assumes the form

Py, mU(1) By
0z2 c2 o2

=0. (8.13)

~1/2

We introduce a new function >, =y, U and, using the t-

variable, rewrite Eqn (8.13) as

I’l% 62F2 o n_%

2 2
5, U U 1<6U> 64

2 02 4\ar
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By equating the expression bracketed in the right-hand side of
Eqn (8.14) to some constant p22,

UdtU 1 [0U\*

(=) = 8.15

2 o 4(@:) Pr (8.15)
we arrive once again at an equation with constant coefficients,
which coincides, after the change p, — p;, with Eqn (8.8). By
writing down the solution of this equation in the form of a
traveling wave, we can represent the function v, as

Wy = A/ U(1) expli(qoz — 1),

¢ =onge "Ny, Na=+/1-pio-2.

We substitute expression (8.16) into expressions (8.12) to
obtain the components of the wave field:

i i oU
0] (1 50 5)% (8.17)

Expressions (8.11) and (8.17) describe two types of
solutions of the nonstationary Maxwell equations. These
solutions correspond to different dependences U(7) defined
implicitly by Eqns (8.7) and (8.15). We will now seek these
dependences in an explicit form, assuming the function U to
be equal to unity at the instant of commencement of the
permittivity relaxation.

Problem (ii). We first consider the model of the nonsta-
tionary permittivity U(¢) described by Eqn (8.7). Upon the
change U = Q2 and the passage to the t-variable (8.2), the
solutions of Eqn (8.7) can assume one of two forms,
depending on the sign of the constant p2:

(8.16)

ig>
=y H=-
A n%Uz(l) l//2 y

2
U1:(COSL+M15ini)7 pr=-T2<0, (8.18)

T, T,

2
Uy = (cosh ~ 4 M,sinh i) . pP=T2>0. (8.19)
T, T,

Here, M| and M, are free parameters of the models and T
and T, are the characteristic permittivity relaxation times.

We emphasize: it is the parameter t rather than the real
time ¢ that appears in expressions (8.18) and (8.19). To obtain
the dependences U(z) in real time, one can resolve these
formulas for 7 and substitute the result into the definition of
7 (8.2).The mathematical formalism of this approach is
similar to the determination of U in the problems on
nonuniform dielectrics (2.29)—(2.33). Specifically, using
expression (8.18), we obtain

T

U . M
—— = arccos 712 + arcsin ———— . (8.20)
T 1+ M; /1 + M12

By differentiating expressions (8.20) and (8.2) and equating
the expressions for the differentials dz, we obtain the equation
that characterizes the dependence of U on the real time #:

1+ M?
%:ii + L_1.
ot T U,

The plus and minus signs correspond to the ascending and
descending branches of the function U, respectively.

(8.21)

The ascending branch of the solution of Eqn (8.21)
describes the growth of the function from the value U, = 1
to the peak Upax = 1 + M

— == (M —\/JU(1+M}-U
T 2 1 (1 + M 1)
. U . 1
+ (1 4+ M}) | arcsin 1 5 — arcsin —=——| | .
1+Ml /1 +M12
(8.22)
The duration of this process 7] is
f—l:l M1+(1+M12)arccos; (8.23)
Ty 2 1+ M2
i

The solution of Eqn (8.21) that corresponds to the decrease of
the function from the value Uy, to U = 1 is of the form

l—fl_l

T, 2

Ui(1+ M2 —Uy)

T . Ui
+(1+M12)<2arcsm 1+M12>} (8.24)

Here, T, and T, are the characteristic increase and decrease
times of the function Uj(¢). It is significant that these times
may be different; for 71, # T2, the shape of the U, (¢) curve is
asymmetric about the peak Upay.

The model U() in the case of expression (8.19) can be
found in a similar way. The decrease of the function U = U,
from the initial value U = 1 to the minimum Up;, = 1 — M22
(it is assumed that M3 < 1) and the duration 7, of this
decrease are determined by the expressions

ro1 ;
T_21§|:M2_ UZ(U2+M2 —1)
1 U
+ (1 — M})| arcosh —————— — arcosh 2 51
1 - M2 I=M;
(8.25)
2—2—1 M +(1—M2)arcosh; (8.26)
T 2|7 : 2| '
3

The ascending branch of the U(r) curve is given by the
function

l—t~271

Ty 2

Us(Uy + M35 — 1)

U,

1— M3 h
+ ( ;) arcos vE

. (8.27)

Here, 75, and T», are the characteristic relaxation times.

By alternating the branches U, and U,, provided that their
tangency is smooth, it is possible to model continuous
oscillations of the permittivity (). The solutions that
describe these branches contain two free parameters — the
quantity M, which determines the oscillation amplitude and
shape, and the characteristic time 7. The conditions for the
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0 1 2 3

Figure 17. Nonharmonic oscillations of the function Us(v), v =Ty},
represented by the solutions (8.23)—(8.27) for the parameter values
M, = 0.4 and M, = 0.6. The branches oa, ab, bc, and cd determined by
these solutions correspond to the characteristic times 7, = 0.57),
Tz[ = 0.75T]1, and T22 = 1.5T|],

smoothness of tangency impose limitations on the values of
M for the neighboring branches. Specifically, for a tangency
at the level U = 1, these quantities are related as follows:

M, Ty
T, (8.28)
An example of nonsinusoidal oscillations of the function
U(t) described by formulas (8.22)—(8.28) is given in Fig. 17.
Unlike the above U(f) model defined by Eqn (8.7), the
solution of Eqn (8.15) describes a simpler dependence U(r)
similar to the model (2.11):

t st
Ur) = 1+22 4 2 (8.29)
h 5

Here, ¢, and , are the characteristic relaxation times; the
quantity p? (8.15), #; and 7, are related as follows

2
2_%2 05
Py =373

= , s =0,%£1,
13 4t} !

52=0,£1. (8.30)

The function (8.29) can describe both monotonic permittivity
variations and the formation of an extremum U, at some
point in time, depending on the values of the parameters sy, 53,
t1,and t,.

The smooth tangency of the curves (8.29) and the curves
obtained in the solution of Eqn (8.21) makes it possible to
further extend the scope of exactly solvable models of the
propagation of electromagnetic waves in nonstationary
dielectrics.

Problem (iii). To investigate the reflection of a plane wave
incident normally from vacuum onto the surface of a
nonstationary medium, we represent the function ,, which
describes the field in vacuum, as

Yo = Aoexpli(koz — wt)] . (8.31)

This function satisfies the field equations (8.6) and (8.14) for
vacuum (ng = 0, U = 1). The reflectivity is found from the

conditions of continuity for the electric and magnetic field
components at the medium boundary z = 0. In the descrip-
tion of the wave reflection by the medium’s surface (8.7), the
field components in vacuum can be found by substituting
expression (8.31) into expressions (2.4). The field components
in the medium are, in the model considered (see Fig. 17),
defined by relations (8.11). By using the continuity condi-
tions, it is possible to express the reflectivity for this medium
as

i oU,

ny = I/loUl(l)Nl (1 —% F) . (832)

17)11

Ry =
1 1+7l17

For the model (8.29), the reflectivity is calculated in a similar
way:

i oU

1—n -1
= 2 ny = noUz(t)Nz(l +% E) . (8.33)

R, = .
2 1+n27

Formulas (8.32) and (8.33) are the generalization of the
Fresnel formulas to the case of reflection by a nonstationary
medium. These results reveal the dynamic nature of the
reflection: the coefficients R; , depend not only on the
instantaneous values of U(¢), but also on their derivatives.
In the special case where the time dependence disappears
(Ui» =1, N2 = 1), expressions (8.32) and (8.33) pass into
the well-known Fresnel formula for a stationary medium

R=(1—no)(1+n)".

The imaginary parts of the complex reflectivities describe
the spectral changes in the wave reflected from a nonsta-
tionary medium. For instance, in the reflection from the
medium (8.29), the reflectivity R, (8.33) can be written as
R, = |Ry|exp(ip), where ¢ is the time-dependent phase:

. U
sing = mNoUrUswd 2, U3 =2,
moUsUN (noNyUs U2 2
A= N22 — (n0U2)2 — ( 0>2 2) + (70 272 2) .
20 w

(8.34)

We determine the frequency perturbation of the reflected
wave Aw, which is caused by the time dependence of the phase
¢ (8.34), by the formula

Aw 1 0¢p
o o (8.39)

and differentiate the expression (8.34) for ¢ to obtain the
frequency perturbation in the reflection from a medium with
e(t) = ndU(¢)

Aw o I’l()Nz

o /A
<n0N2 UU/>2
x |1 -
o A

The application of the results obtained can be exemplified
by the problem of spectrum broadening in the wave reflection
from a semiconductor in which the carrier density rises steeply
owing to the ionization induced by a high-power laser beam.

{UZUQ’ + (U =
—-1/2

A'vU"
24 }

(8.36)
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We represent the time-dependent dielectric permittivity as

[24]
e(t) = e {1 - @} =¢ <1 - Z—‘j) U(1).

Here, ¢, is the lattice contribution to the permittivity and the
dimensionless quantity K(¢) satisfies the condition K ‘ o= 1
The function U(¢) is assumed to be of the form (8.29); in this
case, the ionization build-up corresponds to a decrease of
U(t). We consider the mode whereby the ionization peaks
within a time 7 and thereafter retains a constant magnitude
Nm = NoKp; in this case, the function U reaches a minimum
Un < 1. To find the values of the parameters ¢, and ¢, in the
model (8.29), we take into account that the following
conditions are fulfilled at the moment of time ¢t = T

(8.37)

ou

ol

=T

(1Y (2K (Y (g5
- 4t2 - 2 2 : ( : )
=T i @ @

We obtain the values of ¢, t,, and p22 from Eqns (8.38):
Un(1 — Un)
T2 '
(8.39)

Un

T T

- . = — - 2 _
2(1_Um)7 2 3 p2

Hh =
1 — Un

The relative broadening of the spectrum of the reflected waves
is shown in Fig. 18. The red frequency shift of the reflected
wave is related to a decrease of the semiconductor index of
refraction due to the rise in the carrier density.

0 20 50 100
1,107 5 s

Figure 18. Nonstationary spectrum broadening of the 4 = 30 pm wave
(Aww ™" =u x 10%), which is reflected from the InSb plasma surface
(e = 12.25; Ny = 107 cm™3), in response to a hundred-fold increase in
the carrier density within the characteristic time 7 = 100 x 10~ s,

In conclusion of this analysis, we draw the reader’s
attention to the wide diversity of exactly solvable models of
time-dependent permittivity composed of different branches
of the functions U; and U,. The flexibility of such a modeling
is ensured by the existence of no less than two free parameters
for each branch of the functions U; and U..

Employing the models considered above permits con-
structing broad classes of exact analytical solutions of the
Maxwell equations for nonstationary dielectrics. These
solutions describe the time evolution of the fields for an

arbitrary ratio between the wave period T and the medium
relaxation time f9. We note some features of this evolution.

1. Dynamic effects (8.32), (8.33) related to the first and
second derivatives of the time dependence &(r) may be
significant in the wave reflection by a nonstationary med-
ium. These effects resemble the effect of the profile gradient
and curvature on the wave reflection from a nonuniform
dielectric, which was already noted in Section 4.

2. Formulas (8.9) and (8.16) are evidence for the
formation of normal and anomalous dispersion in nonsta-
tionary media. These dispersion effects, characterized by the
factors N; and N,, are determined by the finite permittivity
relaxation times.

If the characteristic times ¢ and #, in the U(#) model (8.29)
are related as 7,72 = (42)”", the parameter (8.30), which
determines the medium dispersion, vanishes and the disper-
sion factor is equal to unity in this case. Therefore, in the
special case where the dependence (8.29) is

St 2
Uy=|(14+—]| ,
’ ( 2t 1)

the dispersion arising from the finiteness of the ¢(¢) relaxation
times disappears.

3. The dispersion equations (8.9) and (8.16) for waves in
nonstationary media resemble the dispersion equation for
high-frequency waves in a plasma; in this case, the quantities

p? are similar to the plasma frequency squared. For

p~2w? =1, a total wave reflection from a nonstationary

dielectric occurs.

(8.40)

9. Telegraph equation for media
with time-dependent conductivities

In Section 8, the influence of fast carrier density variations in
a dielectric on the wave dispersion in the optical and near-IR
ranges was considered without taking account of the medium
conduction and the wave absorption. However, the conduc-
tion may play an important role if the contribution of the
unperturbed carrier density N to Ree¢ is not large and the
perturbations of N under consideration do not change this
relation. In this case, Ree ~ ¢;, and the perturbations of the
conductivity ¢ vary in direct proportion with N(z). In this
case, the effect of variable carrier density on both the
dispersion and the wave absorption should be taken into
account.

Let us consider the case where a wave is normally incident
onto the surface of such a nonstationary conductor. We resort
to Eqns (8.3) once again, now assuming that [38]

t
D, =¢rE. + J a(t')E dt’.
0

(9.1)

By representing the variable conductivity () in terms of the
dimensionless function P(¢) as

a(t) =ooP(t), P(1) o 1 (9.2)

and expressing the field components £, and H, in terms of the
function ¥ (2.4), it is possible to reduce the system (8.3) to the
equation

1Y Py

0z2 2 0r?

=T (9.3)
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In Eqn (9.3), v and T are the wave velocity and the
characteristic field settling time in the unperturbed medium:
; i

Vi

(9.4)

70_0_

Unlike the conventional telegraph equation, the coeffi-
cient in the right-hand side of Eqn (9.3) is an unknown
function of time [39]. To determine the form of this
function, allowing an exact analytical solution of Eqn (9.3),
we will seek a solution of Eqn (9.3) in the form

t

V= F(z,1) exp(—J 9.5)

0

oc(t')dt’) .

We substitute expression (9.5) into Eqn (9.3) to obtain an
equation for the function F:

OF o 1 oF
o alU P(1)
A=o> —— 2= B=—+-2 .
Y Ta T T ©.7)
We impose additional conditions
1
A=0, B=const=—. (9.8)

to

Then, Eqn (9.6) reduces to the conventional form of the
telegraph equation with constant coefficients:

2 2
F_1EF_ 1o 010)
0z2 w2 012 w2ty ot
The meaning of the parameter 7y, which has the dimension-
ality of time, will be established below.

We now seek the time dependence of the conductivity P(z)
and the function «(¢) from Eqns (9.7) and (9.8). Representing
the function « in the form (9.7)

1P 1
aile()

and substituting expression (9.11) into the condition (9.8), we
obtain an equation for the function U(¢). The function U(¢) is
represented in either of two forms

(9.11)

-1
_ t to
P = |ytanh( artanhy ' +— p==>1, (9.12
1 {/an <aran/ +2lo>] o r=gp> 1 (912)
P, =y 'tanh artanh«—i—L —t—0<1 (9.13)
2=7 YV ) V—T .

depending on the ratio between the times 7y and 7 (9.4). One
can see from expressions (9.12) and (9.13) that the parameter
ty characterizes the conductivity relaxation time. Figure 19
represents the models (9.12) and (9.13); these describe the
‘saturation’ of conductivity, which increases or decreases with
time. Curve /, in particular, illustrates the conductivity build-
up mode related to the rise of carrier density o ~ N(7). In a
time ¢ > 2t, the conductivity reaches the value P =y,

We now construct the function y (9.5), which describes
the field in a nonstationary medium. The solution of the

P
W———— - - — - —————
2

1.0
1
oS—_————

| | |
0 0.5 1.0 20w

Figure 19. Normalized conductivity P as a function of time v =1t .
Curves / and 2 correspond to the values y = 0.5 (9.12) and y = 2 (9.13).
The dashed lines correspond to the asymptotic values P =y ~! for v > 1.

telegraph equation (9.10) for the function Fis of the form
F=expli(gz — w1)]
ng = \/‘z

w

q=—ng, 1 +i(wr) ™" . (9.14)
¢

Substituting the values of P(z) from expressions (9.12) and
(9.13) and then calculating the exponential factor in expres-
sion (9.5), we obtain, for instance, for a fast relaxation (y < 1)

! 1 exp(t/2ty)
7 / o
exp[ Jo a(t’) di } /1 =72 cosh(artanhy 4-¢/2¢) -

(9.15)

By combining the results (9.14) and (9.15), after algebraic
rearrangements we arrive at a simple solution of the
nonstationary telegraph equation (9.3) corresponding to the
model P (¢) (9.12):

¥ =2A""expli(gz — w1)],

A:1+“/+(1—y)exp<—%). 9.16)

The substitution of the solution (9.16) into relationships (2.4)
gives the electric and magnetic components of the wave field
in the conductor (9.12):

: (1
Ele%)[lf%exp(fé)}p, (9.17)
H, :%‘”nu@ 1 +i(wr) " . (9.18)

Using the boundary conditions at the conductor boundary,
we obtain the complex reflectivity R:

i(1—1y) t
R=|1 N
{ * oty eXp( fo) q}

. -1
X {lJruexp(fi)Jrq} , lmR 1-4q
wtoA to t> 10 1+g¢

(9.19)
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The amplitude and phase of the reflected wave change with
time, these changes developing in a characteristic time #. For
times ¢ > ty, the amplitude and phase of the coefficient R tend
to constant values determined by formula (9.19).

[t is interesting to note the special case of the model under
discussion which corresponds to the value B = 0 in the system
of equations (9.8). In this case, Eqn (9.10) for the function F
assumes the form of a wave equation in free space:

Fr_ 1o
0z2 w2 02

The solution of this equation is an arbitrary doubly differ-
entiable function F(¢ — zv~!). The function P(¢), which can
be determined from the conditions 4 =0 and B=0,
decreases according to the formula

PR
P=(1+—| .
Upon calculating the exponential factor in the function

(9.5) for the model (9.21), we obtain the solution of the
telegraph equation in the form

r\ ! z

Y= (1+2T) F(t U).
The solution (9.22) resembles a wave which traverses a
communication line free of dispersion distortions [23]. The
substitution of expression (9.22) into Eqns (2.4) shows that
the envelope of the magnetic component of the wave field
retains its shape as it propagates through a nonstationary
conductor (9.21).

The time-dependent conductivity o(z) = aoP(z) (9.12),
(9.13) and the electromagnetic field (9.17), (9.18) are an
example of an exactly solvable model of a nonstationary
conductor. The dispersion field distortions in this medium are
determined by the ratio between the characteristic relaxation
times 7" and fy. A search for solutions of the nonstationary
telegraph equation (9.3) is of interest for the analysis of
transmission lines with a time-dependent impedance.

=0. (9.20)

(9.21)

(9.22)

10. Conclusions. Phase coordinates
in problems of the radiophysics

of guidance systems, nonlinear optics,
and quantum mechanics

The exact solutions of the Maxwell equations for nonuniform
and nonstationary media were constructed above with the aid
of new variables — the phase coordinates 7 (2.6) and 1 (8.2).
These variables allowed the complex structure of the electro-
magnetic fields in the media under consideration to be
represented as harmonic waves in the spaces (1, 7) and (z, 7).
This approach is also possible in the solution of wave
problems in other branches of physics. Several examples of
such applications are discussed below.

I. Long line with nonuniformly distributed parameters. Asis
well known, the distribution of the current / and the voltage
in a loss-free distributed-parameter line is described by the
pair of equations [23]

ov ol
T 10.1
az T La=Y (10.1)
of  _ov

APy, 10.2
RN (10.2)

Here, L and C are the line inductance and capacitance per unit
length; the resistance and the leakage current are neglected for
simplicity.

Within the framework of the system (10.1), (10.2) we
consider the case where L and C are nonuniformly distrib-
uted. For instance, let the inductance vary lengthwise along
the line according to the low

L=LU*z), U =1. (10.3)

The solution of the system (10.1), (10.2) can be sought in two
ways.

1. By introducing an auxiliary function ¥ through the
relationships

oy el
I=-C— = 104
C5 0 V=% (10.4)
we obtain the following wave equation for :
2 2 2
v Uy, (10.5)

0z2 V2 012
Eqn (10.5) coincides in form with Eqn (2.5), and both are
subsequently analyzed in the same way: we introduce the
phase coordinate # (2.6), find the function ¥ (2.10) for the
inductance distribution (2.11), and lastly calculate the current
and voltage envelopes (10.4).

2. By expressing, unlike relationships (10.4), the current
and voltage in terms of an auxiliary function © through the
relationships

1 006 00

- = | 10.6
L()U2 oz’ ot ’ ( )

we reduce the system (10.1), (10.2) to an equation which
coincides, upon the change V> — ¢?n;2, with Eqn (2.20). We
next construct the function © as a traveling wave in the
variables (1, 1) (2.26), employ the distribution U(z) shown in
Fig. 2, etc. The derivation of the reflectivities and the
matching of line segments are performed by analogy with
the calculations in Section 4.

A wave equation with a time-dependent velocity of the
type (10.5) arises in the description of a number of processes
in a nonuniform continuous medium. In particular, this
equation describes the Alfvén waves propagating along the
magnetic field in a variable-density plasma [40].The cutoff
frequency for the Alfvén waves was found in Ref. [41] for
several plasma density profiles.

II. Nonlinear Schridinger equation for a medium with a
parabolic profile of the refractive index. As is well known, the
self-action of waves in Kerr media is described by the
nonlinear Schrédinger equation (NSE). If such a self-action
develops in a medium with a nonuniform refractive index, the
solution of the NSE is hampered owing to the coordinate
dependence of the coefficients. However, in this case the
coordinate dependence can also be eliminated by a special
transformation of the variables and the function in this
equation.

We consider this approach for a Kerr medium wherein the
refractive index obeys the parabolic distribution

n(p) =ny - (10.7)
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The nonlinear Schrodinger equation that describes the
evolution of the envelope E of a pulse traveling in the z-
direction in the medium (10.11) is of the form

Yor T Tk

a2 o

xg’p? P n2K|E|2E _

0E 1<62E 62E> 0

2 o
(10.8)

Here, n, is the Kerr coefficient and x = wnyc ~'. We go over to
the normalized variables

x]:\/gxa(;l7

2

E = Ey, yi=syay",

s = anozlcza(Z)n(;l

(10.9)

1 _
o =sz(ka))”, v =rkalgs™",

(ag is the effective radius of the wave beam and E| is the field
amplitude) and substitute expressions (10.9) in Eqn (10.8) to
rewrite the NSE in the dimensionless form

.oy 1 62‘// azl// Voo 2 2
=5 (S ) + S0 b - W 1010
Eqn (10.10) describes, in particular, the nonlinear field
dynamics in a light guide with a parabolic profile of n(p).

Extending the approach employed in Section 2, we
introduce a new function f to be found (2.21) and the y-
variable (2.6) using an auxiliary function U:

Y =AU; U=cos2(vz));
1

n =-tan(vz). (10.11)
v

This transformation brings Eqn (10.10) to the form
[ of 1 .
[& ot () vf tan(vzl)}

L 0N Yo Niva

=— ==+ — ——=—— (10.12
2 (ax§+ay/§> o - gy - 1012)

We introduce a new function ¢ [42] to eliminate from
Eqn (10.10) the term which contains the sum of squares:

Pt s oo - S 0d)] 00y

cos(vzy) ' cos(vz;
We substitute expression (10.13) into Eqn (10.12) to obtain
the nonlinear Schrédinger equation in the form

i@qo_ 1 62¢+62q0 | |2
o~ 2\axd Topr) 1Y

(10.14)

Therefore, the transformations (10.11)—(10.13) convert
the nonuniform NSE (10.10) into an equation with constant
coefficients (10.14), which significantly alleviates the study of
the nonlinear modes of wave beam propagation.

III. Energy levels of a particle in a potential well. The
discrete energy levels ¢, of a particle in the simple model of a
square potential well of width a are determined by the well-
known formula

nh?

In this model, however, the derivatives of the potential U(z)
exhibit jumps at the bottom of the well (U = 0), at the points

z=0 and z =a. To find the energy levels for a potential
profile of finite width, as in the case of formula (10.15), which,
however, has no corners, we can use the function Uy = U 2(z),
where the dependence U(z) is defined by expression (6.22)
with M = 0.

The Schrédinger equation with a potential of this kind is
of the form

oy Lm[ Yo (10.16)

2 T2 8*cosz(z/L)}‘/’ =0

The potential is defined in the interval z; < z < z;, where

T
Z1 :——L;

3 ZQZEL.

5 (10.17)

The U, function is shown in Fig. 20. This function has a
minimum at the point z,, = 0:

(10.18)

For high values of the potential Uy, at which the well walls are
nearly vertical, the profile U;(z) approximates a square
potential well, being close to the parabola U; =1 4 z2L2
near the minimum z = 0.

To solve the Schrodinger equation (10.16), we introduce a
new function f and a new dimensionless variable x:

. v ‘ 1 de
a 7J0 cos(z'/L) -

V/cos(z/L)’ UL

We substitute expressions (10.19) into Eqn (10.16) to obtain

(10.19)

S B —0, 10.20
Ox? A cosh’x ( )
1 2mUyL? 2ml% 1
2 1 . _ _Z
=gt g (10.21)

Eqn (10.20) bears a formal resemblance to the Schrodin-
ger equation for the potential cosh™2x [26]. However, unlike
the traditional problem of level determination, the unknown
energy levels ¢ appear, in the case of this potential, in the
coefficient ¢ rather than in the constant T. By introducing

U,
4

-1 0 I x

Figure 20. Potential well (2.16); x = 2z(nL)™", Uy = 0.5.




1226

A B Shvartsburg

Physics— Uspekhi 43 (12)

once again a new function W and a new variable u,

f=(coshx)™ "W, u :%(l — tanhx), (10.22)

we obtain a hypergeometric equation for the W function:

*w

u(l —u) o

+ [y —u(1 +a+ﬁ)]aa—z/—aﬁwzo, (10.23)

1
y=1+q, a,ﬁ:7(1+2qi\/1+4T). (10.24)

2

To determine the range of values of the u-variable (10.22),
we should calculate the values of the x-variable (10.19) which
correspond to the points z; and z, (10.17) bounding the
domain of definition of the potential cos™2(zL~") (10.16).
The equalities

) Z2
sin—=1, tan—=1

10.25
L 2L (1025)

are fulfilled at the point z,. By substituting the value z, into
formula (6.35), we obtain x; — oo and up; = 0. Similar
calculations for the point z; give x; — —oo, u; = 1.

The solution of Eqn (10.2), finite for u =0, is the
hypergeometric function W(a, f3,y,u). For this solution to
remain finite at ¥ = 1, the following conditions should be
fulfilled:

ss+1)=T, q—-s=-n, n=0,1,2... (10.26)

By uncovering the values of the parameters ¢ and 7 (10.21),
we obtain the following formula which determines the energy
level spectrum ¢, of a particle in the potential well depicted in
Fig. 20:

2

on = (10.27)

8mL

2
8mL2 U()
n? '

2(1+2n+ 1+

We note several features of this spectrum:

(1) the value of the parameter Uy, which characterizes the
minimum of the potential Uy, is arbitrary in the range U, > 0;

(2) unlike the square potential well (10.15), where the
lowest energy level corresponds to the value n = 1, the lowest
level in the spectrum (10.27) corresponds to n = 0;

(3) by introducing the quantity @, which determines the
well width (10.17), into formula (10.27) and neglecting the
rooted terms, it is possible to obtain the spectrum for high »
values:

252 2,242
g = 1 Tt (10.28)
2ml?  2ma?

As one could expect, in the limit of high quantum numbers
expression (10.27) coincides with the spectrum of an infinitely
deep square potential well (10.15).

In the opposite limiting case [Uy > #*(8mL?)™'], the
spectrum (10.27) gives for low-lying energy levels

1 12U,
8,1—U0+hw0<n+5>, wy = ik

As is well known, formula (10.29) describes the spectrum of a
harmonic oscillator. Therefore, two model problems fre-
quently used in quantum mechanics — the energy spectrum
of a particle in a square potential well (10.28) and the energy

(10.29)

spectrum of a harmonic oscillator (10.29) — are special cases
of the spectrum (10.27).

In summary, it should be noted that the problems of
electromagnetic wave dispersion caused by the nonunifor-
mity or the nonstationary state of the medium have been
considered here for simple one-dimensional problems. The
unified approach to such problems based on the use of new
variables — phase coordinates — allowed the construction of
exact analytical solutions of the Maxwell equations for broad
classes of coordinate- or time-dependent continuous permit-
tivity distributions. The flexibility of these models stems from
the existence of several free parameters characterizing the
nonuniformity scale lengths or the material relaxation times.
In the new variables, the spatiotemporal structure of electro-
magnetic fields is described in some cases by sinusoidal waves
and elementary functions while the dispersion is determined
by waveguide-type formulas.

In the consideration of more complex two- and three-
dimensional problems of wave reflection and diffraction, the
approach proposed here is beneficial to the physical inter-
pretation of the results obtained through computer simula-
tions. Also of interest are the results of combined (analytical
and numerical) research into such problems and their
applications, for instance:

— the influence of a permittivity gradient on the reflection
of waves incident obliquely on a plane dielectric surface [43];
this effect is employed to monitor the ¢(z) distribution in thin
films;

— the effect of a double curvature of the reflecting
surface, which is responsible for the effective nonuniformity
of the near-surface layers, on wave reflection [44]. This effect
determines corrections to the Fresnel formulas related to the
finite wavelength;

— the localization of the near-surface light waves near the
equator of a glass microsphere due to the variation of the
phase path deep in the sphere [45]; this effect is of interest in
the formation of high-Q microcavities.

In view of the flexibility of the exactly solvable models of
¢(z) and &(¢) considered here and the ease of the correspond-
ing solutions, the following steps can be contemplated to
advance this approach:

1. The generalization of the analytical methods developed
for isotropic nonuniform media to the problems of aniso-
tropic and gyrotropic media, to the problems of magnetoop-
tics in particular. Particularly, in the analysis of the Faraday
effect in the simple case of inward wave propagation along the
magnetic field (the z-axis) in a variable-density plasma (z > 0)
described by model (6.1), the fields of ordinary and extra-
ordinary waves can be expressed in terms of the function v :

10y L
=

Ey=E ik, ==&,
(10.30)

H.=H,+iH, =

Following the treatment of the similar problem for an
isotropic medium (see Section 6), we introduce the phase
path n and the functions fi =, U~'"/; in this case, the
Maxwell equations for the ordinary f, and extraordinary f_
waves can be written as

o | p2 QF 1 °U 1 (oU
ey |0i_ 00f w1 QU1 UV
on? U2 wxoyb? 2U m? 4U2\ 0y
2 2
2 _ WL 2 -1
= 1— b . 10.31
P c2 [ w(w:l:wH)( )} ( )
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Here, wy is the electron gyrofrequency and ¢, the part of
the material permittivity independent of the electron
density.

Consider, for instance, the wave propagation in the
direction of density increase (b < 0, b = —|b|). We use the
simple model U(z) = 1 +za~' (6.10) to obtain equations of
the type (6.11) for the functions f.., where the parameters ¢
(6.12) are

202
1 eraQyo

20 10.32
= =47 2| (0 + on) (10.32)

The structure of the wave field in the medium depends on the
parameters pi and qi, which in turn depend on the spatial
nonuniformity scale length a and the plasma density deep in
the medium W = 1 + |b|' (6.1). In particular, for p2 > 0 and
g2 > 0, the medium is transparent for both the ordinary and
extraordinary waves, and these wave fields can be expressed
with the aid of expressions (10.30) in terms of the Hankel
functions H," (6.13):

Yo=4/1 +§H§i) [px(a+z)] exp(—iwr).

The interference of the waves E, and E_ in the medium is,
as is well known, responsible for the rotation of the
polarization plane (the Faraday effect). However, unlike the
even rotation of this plane in a uniform plasma, the Faraday
effect in the problem under consideration is characterized by
an uneven rotation of the vectors E and H.

2. The selection of the transformations of coordinates
which correspond to the given model of the medium’s
nonuniformity. Problems of the optics of nonuniform media
were considered here with recourse to the transformations of
the Maxwell equations involving the introduction of the #-
variable and the function F (2.6). In this case, the y#-variable
has the meaning of the phase path in the medium. However,
for some distributions of the nonuniform permittivity, it is
advantageous to resort to more complex representations for
the n-variable and the related function F. Thus, when
considering the wave equation with a coordinate-dependent
refractive index n = nyU(z),

(10.33)

oM U(z) 0%

0z2 V3

—0, Vo=—

— 10.34
al2 ) no ) ( )

one can introduce a new function F and a new 5-variable:

z

Y =FU?, n:‘[O[U(Zl)}qdzl.

(10.35)

By representing the function U as U = S” and choosing the

values p = —m~! and ¢ = 2m~!, it is possible to rewrite the
wave equation (10.34) as
o’F 1S o’
— —— =t 10.36
an2 |: S 6"2 + V§S42m:| ( )

We denote the characteristic nonuniformity scale length by L,
introduce a new variable u, and prescribe the function S as

(10.37)

to rewrite Eqn (10.36) in the form of the Bessel equation:
*F 10F L\’ 1
bl FKCL) —72} =0.  (10.38)
Vo (2 —m)"u?

Ou? + u Ou
Here, the parameter m assumes any values with the exception
of m = 2. The case m = 2 corresponds to the transformation
(2.6) considered earlier.

The solutions of Eqn (10.38) are Bessel functions. The
relationship between the u-variable and the z-coordinate can
be found from expressions (10.35) and (10.37):

(10.39)

The permittivity profile &(z) = n3 U?(z) is determined by
substituting expression (10.39) into expression (10.37):

2 zZ\"

The solution of the wave equation (10.34) for the nonuni-
form dielectric (10.40) is of the form

—m/2
e
m—21L
X {Iv (w—L u) +KI_, (w—L u)} exp(—iw?). (10.41)
Vo Vo

Here, K is a constant.

The family of solutions (10.41) is continuously dependent
on the parameter m (with the exception of the value m = 2). In
the special case where m = 1, the ¢(z) distribution (10.40)
passes into the profile (1.2); the linear &(z) profile and the
corresponding field structure determined by the Airy func-
tions is described by expressions (10.40) and (10.41) for
m = —1. Therefore, the transformation (10.35) defines the
family of exact analytical solutions of the Maxwell equations
for the ¢(z) profiles (10.40) containing the free parameters m
and L. The subsequent extension of the classes of such
coupled transformations is a burning problem of the optics
of stratified and nonstationary media.

3. The construction of exactly solvable models of nonuni-
form and nonstationary media, simultaneously taking into
account the dependences ¢(z) and o(z) or &(¢) and o(¢). The
simultaneous inclusion of the dispersion effects caused by the
nonuniformity and the nonstationary state of the medium, for
instance, the effects of a nonuniformity in the form of a
traveling wave of variations &(z, 7).

(10.40)
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