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An alternative approach to the investigation of the space-time evolution of an electromagnetic field in
a nonlinear medium is presented. An adiabatic theory to obtain the dynamic picture of reflection and
penetration of electromagnetic radiation into a nonlinear medium is devised. It is based upon the energy
balance equation and uses the nonlinear modes of the stationary problem like trial functions. Filamenta-
tion and soliton generation are analyzed and the model easily predicts the giant nonlinear Goos-
Haénchen beam shifts that emerge from previously numerically intensive investigations. The method is
nonperturbative and is straightforward to apply to linear-nonlinear interfaces.
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I. INTRODUCTION

The problems associated with the interaction of elec-
tromagnetic waves with nonlinear interfaces continue to
be of very great interest. This interest is driven by the
desire to understand bistability in reflection (transmis-
sion) and, in particular, to understand how electromag-
netic beams behave at linear-nonlinear or nonlinear-linear
interfaces. There is, for example, the possibility of soli-
ton generation or substantial nonlinear changes to the
magnitudes of the Goos-Hanchen shifts.

This whole field was stimulated by the classic pioneer-
ing work of Kaplan [1-7], who in a series of elegant pa-
pers laid the foundations of bistability (multistability)
theory. The work of Kaplan, reviewed extensively by
Gibbs [8], created the first theory of plane-wave scatter-
ing at the interface between a semi-infinite linear medium
and a semi-infinite nonlinear medium. Both plane homo-
geneous and inhomogeneous surface results were con-
sidered and both positive and negative nonlinearities were
investigated. Kaplan was able to calculate [2] amplitude
profiles of nonlinear surface waves under conditions of to-
tal internal reflection and the total relative power carried
by the surface waves, as a function of the input intensity.
The question of how a two-dimensional Gaussian beam,
incident on a nonlinear medium through a linear dielec-
tric, behaves was addressed subsequently using a numeri-
cal simulation [6]. It was concluded that a nonlinear in-
terface cannot exhibit bistable reflectivity for an incident
Gaussian beam but that sharp changes occur in the
reflectivity at well-defined intensity thresholds. It was
also shown, numerically, that giant Goos-Hanchen shifts
are possible [6] and that the output beam amplitude
varies very rapidly with small intensity changes. This
feature led to speculations concerning applications as
light-controlled scanning elements. The first detailed ex-
perimental investigations of the Kaplan concepts were
performed by Smith and co-workers [9-11].

Such applications are also suggested by very recent
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work that uses a well-known particle model [12] to ana-
lyze the problem of the oblique incidence of a self-focused
channel on an interface separating two or more self-
focusing media [13-15]. This method represents the
self-focused channel as an equivalent particle and deals
with a “matched” interface. In other words, the interface
is between nonlinear media which have almost identical
linear refractive indices and nonlinear properties. Solitons
approaching such an interface are only weakly perturbed,
and it is then possible to represent the physical problem
as being that of a “particle” in a potential well and to
make stability predictions. The model we present here
will address a nonperturbative interface and is not the
same as the equivalent particle. It is an adiabatic theory
based on an energy balance equation using the known
nonlinear stationary states like trial functions. It is worth
emphasizing again that it is nonperturbative, unlike the
recent single-particle theory. It applies to a quite
different type of interface. The self-consistent waveguide
that constitutes a nonlinear channel is a one-parameter
system that can be described by the position of the max-
imum intensity.

Finally, it is interesting that the way in which non-
linearity, induced by strong fields in the dielectric func-
tion of media, changes a reflected field and also any
penetration was investigated many years ago, in connec-
tion with the generation of electro-acoustic solitons in a
plasma whose boundary was exposed to electromagnetic
waves [16]. Under certain conditions, electro-acoustic
waves escape from a skin layer and, during propagation
into the plasma, transform into solitons. The physical
picture of such penetration by the incoming radiation is
quite simple. The radiation pressure reduces the density
of the plasma and, in any region where this occurs, radia-
tion tends to concentrate. It eventually propagates deep
into the plasma as an electro-acoustic wave. A similar
thing takes place during nonstationary reflection from a
weakly inhomogeneous plasma. For instance, if a plasma
interacts with p-polarized radiation then radiation cap-
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ture in “cavitons” occurs. These form in the plasma-
resonance region [17,18].

II. PLANE WAVES INCIDENT UPON
A NONLINEAR PLANE-WAVE DIELECTRIC

It should be recognized that first plane-wave theoreti-
cal results were produced by Kaplan [1-5]. Neverthe-
less, it is more informative, for the later development in
this paper, to generate afresh some of plane-wave results
and to present a few illustrative numerical examples in
the language we intend to use here. This is not to say
that these results are truly original, however, because
after some transformation they could be obtained from
Kaplan’s papers [1-2].

Suppose that a strong, constant-amplitude, s-polarized,
plane electromagnetic wave E=(0,E,0) and is incident
at an angle 6 upon an interface between a linear (dielec-
tric permittivity €é=¢,) and a nonlinear (dielectric permit-
tivity e=62+alE|2, a > 0), nondissipative medium, where
a is the nonlinear coefficient. Let the incident angle 6 be
greater than the critical angle of total internal reflection
so that 8> 60, =sin"'V¢,/€,;, €,>¢€,. As shown in Fig.
1, the z axis of the Cartesian coordinate system is perpen-
dicular to the interface, and the x,y axes lie in the plane
of interface. Assume that the nonlinear medium occupies
the z>0 half space and that a stationary nonlinear TE
wave has an electric field of the form

E =— —4—-—exp(—iwt+ikxx)+c.c. , (2.1

Y 2 1 Va

where A is dimensionless, 1/V'a has dimensions of the
electric field, k, is a wave number, o is the angular fre-
quency, c.c. means complex conjugate, and the amplitude
A is a solution of the equation
2
S k=t AP a=0.
0z
The quantities ¥ and k, are defined as y =k, /k,
=1/¢;sind and ky=w/c, where c is the vacuum velocity
of light. The amplitude A decreases as z— o and
satisfies the usual boundary conditions that the tangential
components of the electric and magnetic fields are con-
tinuous. Hence, in a nonlinear medium, A has the
stationary-state waveguide channel [19] form

(2.2)

A (z)=1/—2K0ei¢°sech[xok0(zizo)] , (2.3)

where ko=1"y2—¢, and z =z, is the location of the

linear
0| €, x
nonlinear l €+0|E[
z

FIG. 1. Coordinate system at a linear-nonlinear interface.
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peak amplitude (the channel position). ¢, is a constant
shift which can be determined from the constant ampli-
tude, A;= A, of an incident stimulant (pump) wave, by
the application of the continuity conditions. If
K=V €,—v% E,=tanh(kyk.z,) and the phase of the in-
coming pump wave is zero, then, under the total internal
reflection conditions,

2 1/2
1 Ko
Ao="/5%0 (1—£&5) 1+K—%§3] , 2.4)
—1 | %o
$po=tan" " |—&, (2.5)
Ky
These are the stationary-state conditions. Note that,

since z, is the position of the peak intensity of the
waveguide channel (2.3), &, will now be called the channel
parameter.

A typical dependence of the channel parameter &,
upon the amplitude A, of the pump wave is plotted in
Fig. 2, where Fig. 2(a) corresponds to angles of incidence
that satisfy the condition x> kg€, <y2< 1(e,+€;) and
Fig. 2(b) corresponds to k; <kg:i(€,+€) <y?< €;. Fig-
ure 2 shows that threshold amplitudes 43 =k,/V'2 and
Al = A} [(k3+K?) /2] exist. If the pump-wave am-
plitude exceeds these values then stationary solutions that
vanish as z— o cannot be created. As stated earlier, it is
more appropriate to show how to generate Fig. 2 from
the present model than to try and quote it directly. It
should be emphasized, however, that Fig. 2 could be ob-
tained from the Fig. 6 contained in the fundamental Ka-
plan paper [2]. The energy density of the electromagnetic
field, calculated per unit area of the (x,y) plane in the
nonlinear nonmagnetic medium, is

w=1[ “(E-D+H-B)dz
=ﬁfw<e E2+c2udH?+c*uiH?)dz (2.6)
2 0 2™~y [ x |2 z ’ .

where ( ) means the time average, u, is the permeability
of free space, D is the displacement vector, H is the

(a)

FIG. 2. The stationary dependence of the channel axis coor-
dinate on the incident wave amplitude. Nondissipative non-
linear medium. (a) k;=0.146, k,=0.196; (b) k;=0.235,
x,=0.065.



1626 YU. M. ALIEV, A. D. BOARDMAN, K. XIE, AND A. A. ZHAROV 49

magnetic-field vector, and B is the magnetic-flux density
vector.

Hence
2
Ko€p 5 Ko
W= 2k0a(1+§° €ty +§K(2)+"3_§0(1—§0)
Koo
= o (et (1+&y) , 2.7)

because the terms 3«3, and (k3/3)Ey(1—§) are always
much smaller than the first two terms. The dependence
of the energy density W on A, the amplitude of the in-
cident pump wave, is determined by Egs. (2.4) and (2.7).
The maximum value of W is W™ =¢x(€,+7?%)/koa)
and occurs for £§5=1 when the nonlinear channel axis
moves out to infinity (i.e., zy— o ). Hence

W =1Wm1+&,) (2.8)
and the energy flux density along the x direction is
P = fo S dz = —%Refo E,H}dz =1PM™(1+§)
(2.9)

where P"™* =2y eqc /(aky).

III. BASIC DYNAMICAL EQUATION

The investigation of the space-time evolution of the
electromagnetic field in a nonlinear medium can proceed
from the energy conservation law

Jw dw , 95, 95,
L pdivS ="+ —+

a ST T T e
where w is the energy per unit volume (W = fg’wdz) and

S is the Poynting vector. The integration of Eq. (3.1)
over the range 0 =z =< oo yields

=0, (3.1

ow  oP,
—_ _+_ —_
at dx

where S;,S, are the z components of the flux of the in-
cident and reflected energy at the interface, respectively,
S,(z=c0,t,x)=0 and S,(z =0,t,x) =S;(z=0,t,x)—S,(z
=0,t,x).

If the characteristic scale of the incident wave is much
larger than (1/kgk,), the characteristic scale of the elec-
tromagnetic field in the nonlinear medium, then the rate
of change of the electromagnetic field structure is adia-
batically slow. This physical property permits the dy-
namics of space-time distribution to be determined in
terms of the stationary states. The basic step is to use the
quantities P, and W, in Eq. (3.2), to form the evolution
equation of the channel parameter. This is done by intro-
ducing §,=§&(x,¢) as a slowly varying function of x and .
The substitution of W and P, from Egs. (2.8) and (2.9),

=8,(z=0,t,x)—S,(z=0,t,x) , (3.2)

using §0=§(x t), gives
at Vg ax me ——{8,(z=0,t,x)—S,(z=0,t,x)} ,

where v, =P /Wm*=2yc /( €,+7v?) is a group veloci-
ty. The latter quantifies the transport of the electromag-
netic energy along the axis of the solitary self-consistent
waveguides that are formed. The left-hand side of Eq.
(3.3), therefore, describes the space-time evolution of the
channel axis parameter £, while the right-hand side of Eq.
(3.3) is the net energy flow determined by the value of the
incident-field amplitude at the interface. The energy-
transfer method is similar to that used in astrophysics or
space physics, where we imagine a source pumping ener-
gy down a “light tube.” In the nonstationary state, the
pump wave has an amplitude 4;(x,?) which is not now a
constant, as it was in the derivation of Eq. (2.4). The in-
cident energy flow is

, €
S,.=§K1|Ai(t,x>|2—

and, for a field distribution close to the stationary state in
the nonlinear medium, the interface radiates

c €o
Sr:EKllA()lz— ’

where A, is given by Eq. (2.4).
and S, into Eq. (3.3) yields

The substitution of S;

K
_5 __é ~1A,-2(t,x)
s3x e +y
2
KOKI 2 Ko 2
- 1+— ,
2 —¢) K%g H

(3.4

which will now be used as the basic evolution equation.
The validity of this approach depends upon whether any
background radiation, which is ignored here, is
significant. The theory will be applied to soliton genera-
tion, with energy provided by the arrival of a pump wave,
or beam, at an interface between a linear medium and a
nonlinear medium. In the framework of the theory, the
generated solitons must be sufficiently far apart for the
soliton interaction not to involve any significant back-
ground energy. In the ideal theory developed here the
solitons move far away from the interface before the next
soliton is generated, which is why the background is ab-
sent. In a real situation the solitons do not, of course,
reach infinity before the next soliton is generated. Hence
the theory here is only valid for a sparse lattice of soli-
tons. In any case, for this problem, “infinity”’ is only the
order of the skin depth. As will be made clear, later on,
the period of soliton generation is restricted here to be
large enough for them to be far from each other, and the
calculation assumes the form of the channels without any
background. The conditions we derive will show that the
input energy is consistent with the original assumption of
a sech channel. The numerical simulations will also show
that most of the radiation is in the reflected field (because
of the total reflection condition in the linear limit), which
is also consistent with ignoring the background.

The introduction of the dimensionless
n=3Hw/c)x and 7=1icot/yv;, where v, =

variables
(e,+y e/
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(2y) is the phase velocity along the interface and
U =c?, transforms Eq. (3.4) into

9 _§___

2 —%1—g?
aT Ai(r,7m) (1 &%)

2
1+f%§21 ‘ .
Ki
(3.5)

IV. INTERACTION OF PLANE HOMOGENEOUS
WAVES OR BEAMS WITH A NONLINEAR INTERFACE

A. Plane waves

This case is included here as the first illustration of the
use of the new method. A plane wave, of constant ampli-
tude, is represented here by A4;(7,1)= A4,=const. First,
the stability of the stationary solution, with respect to
small perturbations 6& to the steady-state nonlinear chan-
nel axis, is investigated. The basic equation is, from Eq.
(3.5),

d d
aT(5§)+yan(5§)
NE
or an
Kl 2 K(z) 2
=5 | |- R 14
KO Kl
=p(8¢) , 4.1)
where
K2 e
P =Kok 160 [1_‘% +2‘%§(2) ’
Ky K

and £,( A3) determines the dependence of the steady-
state channel axis coordinate position upon the amplitude
of the incident pump field. For a given 8£>0 (or <O0),
p >0 leads to 8/97(8£)+v(3/31)(8&)>0 (or <0), which
means that |8&| will increase exponentially. Such a sys-
tem is unstable and the state, for which p <0, is stable.
From Eq. (4.1) it can be appreciated that the b-c part of
the curve shown in Fig. 2(a), and the b-c, d-e parts of the
curve shown in Fig. 2(b), cover the convective unstable
state regime [20]. Indeed, these parts are characterized
by 0W /3 A4, <0. The equilibrium states in Fig. 2(a) cor-
respond, physically, to a nonlinear skin effect and are la-
beled (a-b). If the physical conditions correspond to Fig.
2(b), then a stable channel-like state (c-d) occurs in the
nonlinear medium. It is important to note that transi-
tions from unstable to stable states are accompanied by
radiation or absorption of electromagnetic energy, equal
in magnitude to the energy difference between the corre-
sponding steady states. These energies are monotonically
increasing functions of £. The stable steady state of the
waveguide channel type (c-d) can be achieved by first in-
creasing the amplitude of the incident pump field to a
value 4§, thus leading to a displacement of the nonlinear
channel to the region £> 0 [in accordance with Eq. (3.5)].
The amplitude is then decreased to a value that lies in the
interval 4§ < 4, < AJ.
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Consider now solutions spatially homogeneous in the x
direction (8/07%=0), for the case in which the amplitude
of the pump wave A;(7,7)= A;=const is greater than
the steady-state threshold amplitudes (A5, A7). Equa-
tion (3.5) then becomes

s _ %

dt Ky

2

2
K K

AP —-2(1-8) [1+ 58
2 e

l . (4.2)

In this case the interaction results in the periodic genera-
tion of solitons (waveguides) that penetrate deeply into
the nonlinear medium. According to Eq. (4.2), the right-
hand part of which is always positive (4; > 4§, A7), the
displacement of the channel or waveguide is §(7), and
this tends to infinity, as time increases. It should be re-
called, however, that |£ | <1, so that, when £=1, the pro-
cess of soliton radiation ceases and the field in the medi-
um returns to its initial state where £=—1. In practice,
the connection of the nonlinear channel to the pump
wave is effectively cutoff when the coordinate value of the
channel axis reaches the skin-layer thickness
(Lgy ~1/kgky). After leaving the skin-layer region, the
soliton speed remains approximately constant and equal
to Ly /T,, where Ty, is the period of soliton generation,
i.e., the time interval between two successively radiated
solitons. T can be calculated from Eq. (4.2). For angles
of incidence close to the angle of total internal reflection
(kg <<k,), Eq. (4.2) reduces to

K K,
Equation (4.3) integrates to
— K, —
&r)=Vp’—1tan —021(1\/#2—17
- 1
—tan"! | —=== ||, (4.42)
\/yz—l
T= 2 L tan ! -
KoKy Vipl—1 V-1
+tan~! L (4.4b)
\/,u,z—_l ’ .

where p=V'2( A4, /x,)= A;/ A} is going to be called the
superthreshold, since > 1 corresponds to energy above
the threshold needed for soliton generation.

The dimensionless soliton generation period, T, the
time during which & goes from —1 to +1, is obtained by
substituting £=1 into Eq. (4.4), i.e.,

VR U B
Kok1 Vp?—1 Vii—1

T,= 4.5)

The dependence of T,(u?) upon u? is shown in Fig. 3. As
the angle of incidence of the wave increases, the soliton
generation threshold increases from 4§, when k; <k, to
A7 for which x> k.
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FIG. 3. Dependence of the soliton generation period on the
superthreshold rate (u?).

The nonstationary reflection coefficient, R (1), is
defined as the ratio of the instantaneous energy flux leak-
ing from the medium,

c €o
Sr=‘2'K1|A0(T)|2; ,

to the incident energy flux
c €0
Si = 5K11 Allzz
and is given by

2

[1—£(n)] |1+ &)
K1

R(7)=

, (4.6)
2

where &(7) is given by Eq. (4.4a) and R (7)=1/u? at its
maximum. Maximum values of 1/u}, 1/u3 are shown in
Fig. 4(a). For angles of incidence close to the critical an-
gle (ko <<k;), R (7) reduces to (1—&%)/u’.

As pu?, the superthreshold, increases, T, and the peak
value of R (7) decrease. The dependence of R (7) on the
time 7 is illustrated in Fig. 4(a), where p; > u,. The mini-
ma in the reflection coefficient correspond to the mo-
ments when solitons are emitted. The average of the

reflection coefficient R (1), over the period T, is
\/‘u,z —1

1
\/IJ,Z —1

(R)=1— 4.7

witan” !

Its dependence upon u? is shown in Fig. 4(b). For u’<1,
no soliton will be generated.

Stationary solutions also exist in the form of nonlinear
plane waves that can penetrate deeply into the nonlinear
medium. Such waves, as is well known, are unstable and
break down into self-consistent waveguide channels (fila-
ments) in which the energy of the electromagnetic field is
concentrated. The steady nonlinear state, as a result of
the development of this instability, may also be investi-
gated with Eq. (3.5) after setting 0/97=0, i.e.,

as_ 5

7/61'17—:(0

I

K2 K2
2 Y 2 02
A 2(1 &) |1 K%g

] . (4.8)

The solutions of Eq. (4.8) are similar to the solutions of
Eq. (4.2) but with the substitution 7—7/y. Hence, by
analogy with Eq. (4.5), the spatial period of the filament
“lattice” formed 1is, in dimensionless form,

1

Zﬂ‘—l—tan_l
\/'uz—-l

. (4.9)
KoKy Viu2—1

N

The general (space-time) solution of Eq. (3.5), for the case
when the angles of incidence are close to the angle of to-
tal internal reflection, is

KoK Fo(n—vyT)
tan | — 1\/;12—11' +—~——3/n2 4
g(‘r,T]):\/,uz—l pw—1 ,
l_Fo("?"YT) KoKy \/;t—iT
\/#2_1 2
(4.10)
08
f----2
M ..................................
M ..................................
R otk
0 g0 200 300 400
T
(@)
12

<R>

(®)

FIG. 4. (a) Time dependence of the reflection coefficient
when the incident field is a monochromatic plane wave. (b)
Time-averaged dependence of the reflection coefficient on the

2

superthreshold rate (u*).
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where Fy(n)=£(0,n), the initial displacement of the
channel, is determined by the pump wave. In this case a
two-dimensional and nonstationary “lattice” of solitons
makes up the spatial structure of the wave field. Equa-
tion (4.10) returns to Eq. (4.4) if Fy(np—y7r)=—1.

The character of this solution of the nonlinear problem
is corroborated qualitatively by numerical calculations of
interaction of a plane wave with an interface [20]. These
calculations demonstrate the penetration of an incoming
electromagnetic field into a nonlinear medium in the form
of generated stationary channels. As previously dis-
cussed, the theory developed above does not take into ac-
count the interaction between the modes and, therefore,
the distance between the channels (L,) must exceed the
characteristic scale (1/kyk,). Also the period of the soli-
ton excitation (7;) must be much greater than the
steady-state relaxation time (¥ /wk,). These require-
ments lead to an upper limit on value of the superthresh-
old rate, i.e.,

8§ v’t+e

lecpyt =—
124 2231 K 27/

(in the case of soliton generation) and
8
2 2
B <<po=—"Y
Ky

(in the case of filamentation) [21]. In the limit of total
reflection, y ~¢€1’?, the values of u,; and u,, are close to
each other.

B. Electromagnetic beams

In this section we consider the interaction of time-
continuous but space-limited waves (beams) with a non-
linear medium. The analysis is based on Eq. (3.5), and
uses an assumption that 3§ /97=0. Of particular interest
here are the changes in the form of beam after reflection,
any space shift that occurs, and, finally, soliton genera-
tion.

Equation (3.5) becomes, in this case,

a¢_n

= 4.11
‘ydn Ko ’ @10

2
K
A= (1-8)

2

Ko
1+—2—§2‘

K

where A4;(7) is a slowly space-varying function.

Beams are localized in space and have two possible
ways of interacting with a nonlinear medium, as can be
seen from the constant wave amplitude case already con-
sidered. First of all, there is the possibility that the peak
intensity of the electromagnetic beam is less than the
threshold values A3, A7. For this condition there is
only a nonlinear modification of the skin layer. This
occurs in a manner similar to a linear interaction of a
beam with the medium. If the peak amplitude of the
beam is above threshold (A4; > A§, if Ko<k, or 4;,> AT
if kg>«,) it is possible to excite a nonlinear channel
which, through its dependence upon value of 4;, can ra-
diate completely back to the linear medium or can break
its connection to the pump wave and penetrate deeply
into the nonlinear medium. For both cases the nonlinear
interaction can be usefully characterized by a reflected-
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beam space shift, the Goos-Hanchen shift, defined as

S a2 — A2(p)dn
A=——2——o ) (4.12)
7 aXnidn

where A4, is the reflected amplitude, and there is a
spreading factor

B f_wwnzA,-z(n)dnf:oA,Z(n)dn
7 aidn [T v admdn

i.e., K is the ratio of the widths of the incident and
reflected beams.

For states close to their linear values, {=—1+a(7)
(a<<1), so that

da 2

(4.13)

dn +2a= 5 AXm,) , (4.14)
b ) 0
K1
where
2
KoKy Ko
=——l1+— |g.
Mo 27 K% n
Equation (4.14) is a first-order, linear, ordinary
differential equation, which, after applying the condition
a(n, = — o )=0, has the solution
-2 n , ’
alm,)=2¢ ™ [ " o2 g2 — 9 4.15)
e K
K3 1+——g\
Ky
Since
2 2
K, K,
Ay~ AF=—(1—§) 1+—2§2]
2 e
2
K|
~x3 1+—g a,
Ki
then
2 —n, T2 KL 2" 42041 '
AXmy)=2¢ " [ 7 X AXt)dr' (4.16)
The various integrations f AZdy, f nA2dy,

Jm*A%dn can now be calculated to give the following
linear (a <<1) results:

M @
Ko KoKy
Koy |1+ F
1
203
L (4.18)

where = [2_n} AXm,)dn,/[2_ AXn,)dn, is the
square of the mean width of the incident beam, and
m=[= . AXn,)dn,/ [ = AXn,)dn, measures the
distortion of the input beam from a symmetrical one. 7,
is zero for a perfectly symmetrical input beam.

In the region where the incident angles are close to the
total internal reflection angle (k3 <<«?), ¢,, the phase
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shift of the field given by Eq. (2.5), is a rapidly varying
function and the Goos-Hanchen shift of the beam can be
obtained from the theory given by Brekhovskikh [22],
ie.,

G _ 2y
—)—= )
Iy KoKy

This agrees with Eq. (4.17).

In the nonlinear regime, there is also a space shift of
the reflected beam. This nonlinear shift occurs for values
of a that are no longer small. In this case, the square of
the reflected field amplitude is, from A2~ 42, Egs. (4.11)
and (2.4),

A= (4.19)

A2 = A} (q)—y—2 42
K dn n
The substitution of this into Eq. (4.12), and integrating by
parts, give the nonlinear shift

n)dn , (4.20)

A= ALf a(ndn/f

where pX(n)=2A43(n) /K3
For the angles of incidence close to the critical angle
(ko <<k ), a satisfies the Riccati equation

d—a[-——,uz—2ot+oz2 , (4.21)
dn,
where 1, =7/A,, and Eq. (4.11) has been used. The Ric-

cati equation has an exact solution [23] for certain depen-
dences of u*(7,) upon 7,. A simple example that illus-
trates the principles of the theory is the square profile
beam

,U(z), Wb' =7

2 — ,
u(ny) 0, Imy!>70, (4.22)

for which the solutions of Eq. (4.21) are the following.
(1) For pj <1,

0, 1y <=
a= {1—V/1—pd/tanh[V 1—d(n, +no)+tanh 'V 1—pd)], —n9<m, <70 4.23)
aoeAZ(m7 WO)a Mo=1
where aoz1—\/1—,u(z)/tanh[ZnO\/l—/,L%-Hanh*'(\/l—,u(z))]
(2) For u3> 1,
0, 1, <—mo
o= 1+\/,u(2)—1tan V ud—1(n, +ny) —tan " = | —1e=1, <1 (4.24)
\/#0—1
=201, =7
age e Mo <1
where
a0=1+\/p(2)—1tan 217()\/,u(2)—1—tan—1 12
po—1
The shifts are the following.
(1) For u3 <1,
A VI pd{1 —tanh’00) Je (4.25)
A s |/ T—2[1+tanh?(y)]+(2—pd)tanh(y) |
where )(=770\/1—,u8.
(2) For u3>1,
A L VIE—1[1+tan¥(¥)]e " w26
_— n —— .
Ap mowy |V pEE—1[1—tan¥(y)]+(2—pdtan(y)
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where Y=nyV/ p3—1. Note that A—A; =2y /k, as
1o—0, which corresponds to the linear limit of the
theory. Equation (4.26) shows that the value of the shift
goes logarithmically to infinity at the threshold of soliton
generation. The logarithmic breakup of Eq. (4.26) can be
understood from simple physical considerations. At the
threshold for soliton formation the field forms a solitary
channel which travels to infinity. This solitary channel
will not return to the linear medium again. The depen-
dences A/A; for different values of the parameter 7, are
shown in Fig. 5.

If the peak intensity is large enough, it is possible to
generate more than one waveguide (soliton) channel. In
order to calculate the number of solitons to be formed, it
is necessary to find a general solution of Eq. (4.11) for a
range of angles of incidence. This is possible when the
condition k,<<k; holds. Equation (4.21), which is de-
rived from Eq. (4.11) under this condition, reduces to the
linear stationary Schrodinger equation after the substitu-
tiona=1—dU/d7n, /U, ..,

d*U
dn

+[uXn,)—11U=0. (4.27)

This equation describes the motion of a “particle” in a
potential field [24]. The number of coupled states that
are solutions of Eq. (4.27) determines the number of radi-
ated solitons. The limiting values §=*1, O correspond to
the states of p=0, 1, which further correspond to the
asymptotic values of the eigenfunctions, which are
Ul(n,)~exp(F17,) or U(yn,)=C, where C is a constant.
As a further example, we can find the number of the soli-
tons, generated by beam with the form

2
2 Mo

(p)=———"", (4.28)
L cosh?(1, /1)

for which Eq. (4.27) has an exact solution. The number
of solitons, generated by the beam (4.28), with width 7,

A/A,

FIG. 5. Dependences of the nonlinear Goos-Hanchen shift
A/A; on the superthreshold rate ud for (1) 7,=0.04, (2)
170=0.2, (3) 1,=2.0.

Mo

FIG. 6. Number of solitons generated shown on the (u2, 1,)
parameter plane.

and superthreshold rate p,, is equal to
172

'1_ + Mo ’ (4.29)

2

N= |1+

1
Py +ngud

where the square brackets denote the integral part. The
dependence of the number of radiated solitons on the
values u? and 7, is shown in Fig. 6.

The electromagnetic energy that is transmitted into the
nonlinear medium is a discrete value, determined by the
number of radiated solitons. This is illustrated in Fig. 7,
where the dependence of the (total) reflection coefficient
upon u2, namely,

Ry=[" a¥man/ [ a¥dn,

is shown. The same discrete characteristic is exhibited by
the coefficient K (u?) and the shift A(u?) of the reflected
beam. The minima in the functions Ry(u?), K (u?), and
A(u?) correspond to values of the superthreshold rate
when a coupled state is formed. The behavior of Ry, as
shown in Fig. 7, is already established in the literature.

0.8
RT 06
0.4 A

0.2

FIG. 7. The dependence of the total reflection coefficient R -
upon u? for y2=2.67.
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FIG. 8. Positions of peak intensity of beams in a nonlinear
medium for y2=2.65 and (1) u*=2.8, (2) u*=3.0, (3) u>*=3.5, 4)
pr=3.77, (5 u>=3.78.

The interesting thing here is that we have obtained it
from quite a simple and elegant formalism. We have also
been able to compute the positions of the peak intensity
in the nonlinear medium for various values of power,
from Eq. (4.11) directly. These are shown in Fig. 8 and
are precisely of the form obtained from purely numerical
simulations [7].

V. INFLUENCE OF WEAK DISSIPATION
IN THE NONLINEAR MEDIUM

In the previous sections, dissipation in the nonlinear
medium has been neglected, but the influence of weak
dissipation can be calculated readily, however, within the
framework of the energy method. The equation for the
energy balance (3.1), when the dissipation is taken into
account, is

w

a[ +diVS:—qdiss Py (51)

where ¢4 =2€;w is the time-averaged energy dissipating
per unit volume of the nonlinear medium, and ¢; is the
imaginary part of its dielectric permittivity. Under con-
ditions when the imaginary part of the dielectric permit-
tivity is small enough in comparison with its real part,
the calculation of the energy loss can obviously be made
using a field structure that is close to that of the solution
of the nondissipative problem. As an example, we inves-
tigate the influence of energy dissipation in a spatially
homogeneous medium such as the one discussed in Sec.
IV. In this case,

Ko€p€;

kya

[ qundz =26 W =" e ty)1+8) . (52)

Equation (5.1) then becomes

12

0.6

E 0.0

0.0 0.1 02

0

FIG. 9. Stationary dependence of the channel axis coordinate
upon the incident wave amplitude in a dissipative medium.
Ko <k;.€;=0.001.

2
B L A _ kil o K
aT +y an KO {AI(T"TI) 2 (1 § )

2
Ki
—2¢,(1+8&), (5.3)

which has an extra dissipative term on the right-hand
side, compared with Eq. (3.5). If an incident wave with
constant amplitude A4,;(7, )= A4, is used, then, for the
stationary case, 3§ /97=0, 3£ /97 =0, and Eq. (5.3) gives

K2 K2

+2 |+ 28(14¢) (5.4)

1+-3¢ , , .
1

on

K

Aj=—(1—¢)

o |

where 8 =4¢, /kgk,. For simplicity, attention is restricted

1.2
0.9:

0.6

FIG. 10. Absorption coefficient Q dependence upon su-
perthreshold p°.
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here to the case of k,<k,;. The dependence of &( 43) for 5 s 5 2 172
weak dissipation (8 < 1) is shown in Fig. 9. The (ab) part Q1,=— 1+ —z—i‘ 2 +1| —p? } , (5.6)
of the curve covers the stable regime and (bc) covers the K

unstable regime. The absorption coefficient Q is defined
as the ratio of the dissipated power to the energy density
flux of the incident radiation, i.e.,

where u>=2 43 /k3. Q, with its branches 1 and 2, is illus-
trated in Fig. 10. The sign (—) in Eq. (5.6) gives the ab-
sorption along the stable branch of the solution (part ab
in Fig. 10) and the sign (+) gives the absorption along the
f Gy dz unstable branch (part bc in Fig. 10). Thus it is seen that,
=_@ dis™" _8(1+8) (5.5)  in the stationary problem, strong absorption takes place
€, +y? S; u? ' only along the unstable branch, which is characterized by

a higher field intensity in the nonlinear medium.
As in the nondissipative case, if the amplitude of the
For the case when the incident angle is close to the angle =~ pump wave is greater than threshold value 4§, periodic
of total internal reflection (ky<<k,), the coefficient Q has generation of solitons is possible. The period, in this

the form, on the basis of Eq. (5.4), case, is
|
2
" 3 A
I,= 5 77 Jtan”! 5 77177 | +Htan ! 5 27172 )
2 1+2 - 1+2 2 1+2
p (1t p— |+ © > l

which shows that T increases with increasing dissipation.
ACKNOWLEDGMENTS

We should like to thank M. D. Chernobrovtseva for providing the numerical calculations. A. D. Boardman and K.
Xie acknowledge support from the Nonlinear Waveguide project within the UK SERC Nonlinear Optics Initiative.

[1] A. E. Kaplan, P. W. Smith, and W. J. Tomlinson, in Non- [13] A. B. Aceves, J. V. Moloney, and A. C. Newell, Phys. Rev.

linear Waves in Solid State Physics, Vol. 247 of NATO Ad- A 39, 1809 (1989).
vanced Study Institute, Series B: Physics, edited by A. D. [14] A. B..Aceves, P. Varatharajah, A. C. Newell, E. M.
Boardman et al. (Plenum, New York, 1990), p. 93. Wright, G. L. Stegeman, D. R. Heatley, J. V. Moloney,
[2] A. E. Kaplan, Pis’ma Zh. Eksp. Teor. Fiz. 24, 132 (1976) and H. Adachihara, J. Opt. Soc. Am. B 7, 963 (1990).
[JETP Lett. 24, 114 (1976)]. [15] Y. S. Kivshar, A. M. Kosevich, and O. A. Chubykalo,
[3] A. E. Kaplan, Zh. Eksp. Teor. Fiz. 72, 1710 (1977) [Sov. Phys. Rev. A 41, 1677 (1990).
Phys. JETP 45, 896 (1977)]. [16] V. I. Karpman, Plasma Phys. 13, 477 (1971).
[4] A. E. Kaplan, Kvant Elektron. (Moscow) 5, 166 (1978) [17] G. J. Morales and Y. C. Lee, Phys. Rev. Lett. 33, 1016
[Sov. J. Quantum Electron. 8, 95 (1978)]. (1974).
[S]A. E. Kaplan, Radiophys. Quantum Electron. 22, 229 [18] P. K. Shukla and K. H. Spatschek, J. Plasma Phys. 19, 387
(1979). (1978).
[6] A. E. Kaplan, IEEE J. Quantum Electron. QE-17, 336 [19] V. E. Zakharov and A. B. Shabat, Zh. Eksp. Teor. Fiz. 61,
(1981). 118 (1971) [Sov. Phys. JETP 34, 62 (1972)].
[71 W. J. Tomlinson, J. P. Gordon, P. W. Smith, and A. E. [20] A. A. Kolokolov and A. I. Sukov, Sov. Radiophys. 21,
Kaplan, Appl. Opt. 21, 2041 (1982). 1013 (1978).
(8] H. Gibbs, Optical Bistability: Controlling Light with Light [21] V. L Bespalov and V. L. Talanov, Pis’'ma Zh. Eksp. Teor.
(Academic, Orlando, 1985). Fiz. 3, 471 (1966) [JETP Lett. 3, 307 (1966)].
[9] P. W. Smith and J. P. Hermann, Appl. Phys. Lett. 35, 846 [22] L. M. Brekhovskikh, Waves in Layered Media (Academic,
(1979). New York, 1980).
[10] P. W. Smith, W. J. Tomlinson, P. J. Maloney, and J.-P. [23] B. Richard and L. C. Kenneth, Modern Elementary
Hermann, IEEE J. Quantum. Electron. QE-17, 340 (1981). Differential Equations (Addison-Wesley, Reading, MA,
[11] P. W. Smith and W. J. Tomlinson, IEEE J. Quantum Elec- 1971).
tron. QE-20, 30 (1984). [24] C. W. Sherwin, Introduction to Quantum Mechanics (Holt,
[12] S. N. Vlasov, V. A. Petrishchev, and V. 1. Talanov, Sov. Rinehart and Winston, New York, 1959).

Radiophys. 14, 1353 (1971).



