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Abstract. Theoret ical and exper imental fundamenta ls of 
the p h e n o m e n o n of opt ical self-switching of unidi rect ional 
distributively coupled waves are presented. These waves 
represent a whole class of waves in optics: waves in tunne l -
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coupled opt ical waveguides, waves undergo ing the Bragg 
diffraction, waves with different polar i sa t ions in an 
anisot ropic (birefringent) waveguide or crystal, waves 
with different frequencies in a quadra t ica l ly nonl inear 
med ium, etc. 

1. Introduction 
In the last 20 years we have seen increasing and cont inuing 
interest in ultrafast all-optical light switches. This is due to 
a number of reasons . Firs t , there is the ever-increasing 
demand for ul trafast processing of large volumes of 
informat ion in combina t ion with the need to t ransmi t 
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informat ion a long opt ical communica t ion lines, and also 
the drive to develop supercomputers . Second, the rapid 
growth of integrated [ 1 - 7 ] , fibre [ 8 - 1 0 , 3] and n o n 
linear [11 - 1 4 , 6] optics is creat ing a demand for 
fundamental ly new ultrafast all-optical ins t ruments and 
devices (in par t icular , opt ical t ransis tors) ; this g rowth also 
is p rovid ing a technological base needed for such devices. 
Third , the interest in optical switches arises from the 
fundamenta l limits on the response t ime of electric and 
electro-optical switches: the m i n i m u m switching t ime in 
these switches is limited by the c h a r g e - d i s c h a r g e processes 
in the electric circuit of a device (i.e. by the values of the 
circuit capaci tance, resistance, and inductance) , which is 
usual ly at least 0 . 1 - 1 ns [3]. 

The earliest work on optical switches by V N Lugovo i 
[15], H Seidel [16], and A Szoke et al. [17] was all publ ished 
in 1969 and dealt with bis table F a b r y - P e r o t cavities. 
M A D u g u a y and J W H a n s e n also publ ished work in 
1969 on Ker r switches [18]; there were also other c o m m u 
nicat ions [ 1 9 - 2 1 ] . I would like to ment ion here the paper of 
G A Aska r ' yan of 1968 [22] on self-reflection of light and 
self-isolation of objects. A l though Aska r ' yan considered a 
slow nonl inear i ty , the analogy with the work of K a p l a n [21] 
is readily apparen t : Aska r ' yan speaks of induced to ta l 
in ternal reflection [22] whereas later [21] K a p l a n discusses 
frustrated to ta l in ternal reflection. 

By 1982 the publ ished work on optical switches became 
vo luminous and the optical bis table switches based on the 
F a b r y - P e r o t cavity [23, 24] and other systems with o p p o 
sitely directed coupled waves [ 2 5 - 3 1 ] have become the best 
k n o w n and popu la r . However , such switches suffer from a 
number of shor tcomings . Firs t , their response t ime is 
limited by the t ime needed to establish the field in a 
cavity. Second, a powerful reflected wave forms at the 
input to the system. Third , such switches are unsui table for 
inclusion in integrated optical circuits. In format ion on these 
and other optical switches can be found in reviews [30, 31]. 

N e w extensive oppor tun i t ies for the development of 
p romis ing optical switching devices and opt ical t rans is tors 
are provided, as I demons t ra ted for the first t ime in 
Refs [ 3 2 - 3 4 ] , | by a different class of systems with unid i r 
ect ional distributively coupled waves. These devices were 
investigated by our t eam [ 3 2 - 3 4 , 3 6 - 7 2 ] and by other 
au tho r s [35, 7 3 - 1 0 7 ] . The main flow of work in the West 
on the same subject began in 1986 and in the last 5 - 6 years 
the number of publ ica t ions increased explosively and n o w 
there are hund reds of them. Therefore, wi thout a iming to 
cover all the latest pape r s on this new topic, I shall t ry to 
present the theoret ical and exper imental fundamenta ls from 
a unified poin t of view. 

Unid i rec t iona l distributively coupled waves ( U D C W ' s ) 
p lay an impor t an t role par t icular ly in integrated [ 1 - 7 , 108], 
fibre [ 8 - 1 0 , 109], and nonl inear optics [ 1 1 - 1 4 , 6], a l though 
their linear theory was first developed for x rays [110, 111] 
and microwaves [112]. W e can divide U D C W s into two 
groups: with the coupling coefficient independent of and 
dependent on the wave amplitudes.% 

f Also in 1982 Jensen [35] put forward a similar switch based on one of 
the forms of unidirectional distributively coupled waves, namely the 
waves in tunnel-coupled optical waveguides (see below) in the special 
case when light is coupled into one of the identical waveguides. 

j T h e coupling coefficient is the quantity defined by the set of 
equations (2.5.1). 

The first (larger) group of UDCWs with the coupling 
coefficient independent of the wave amplitudes includes: 
waves in tunnel-coupled optical waveguides (TCOWs) , 
i.e. in two paral lel closely spaced (separated by a distance 
~ l - 1 0 u n i ) optical waveguides; waves with different 
polar i sa t ions in the same birefringent waveguide or in a 
birefringent crystal; t ransmi t ted and diffracted waves in a 
per iodic s t ructure; two modes in an inhomogeneous optical 
waveguide, etc. [ 1 - 7 ] . 

In the linear regime when the wave intensities are low 
and the nonl inear i ty of the med ium in which they are 
travell ing can be ignored, per iodic (sinusoidal) exchange 
of energy takes place between these waves as they p r o p a g a t e 
(Fig. 1). F o r example, if one of the waves (we shall call it the 
zeroth wave) is applied to the input of the system, then — at 
some distance from the input — energy is t ransferred to 
ano ther wave (we shall call it the first wave); next, energy 
re turns to the zeroth wave, goes back to the first wave, etc. 

0 1 2 3 4 L/n 

Figure 1. Dependence of the power (normalised to its initial value 
Tj = IJL/I00, where j = 0 or 1) of two U D C W s (0 and 1) on the 
normalised coupling length L = InKl/Xp in the linear regime; K is the 
wave coupling coefficient, / is the length of the system, ft — ( f t + ft)/2, 
Pj is the effective refractive index of the j'th wave; £ = 0 (a), 
£ = OLP/K = 1 (b), £ = 2 (c); a = ft - ft. One of the waves (zeroth) is 
coupled into the system: 7 0 0 ^ 0, 7 1 0 = 0. 

If the waves are identical, i.e. if their effective refractive 
indices are the same, the transfer is complete; if the waves are 
no t identical, i.e. if they have different effective refractive 
indices, the transfer is incomplete (see Fig. 1). Therefore, the 
power transfer coefficient of each wave depends on the 
difference between the effective refractive indices of the 
waves [ 1 - 7 ] . 

This suggests tha t in the nonl inear regime, when the 
refractive index depends on the wave intensity, the power 
transfer coefficient of each wave should depend on the 
initial intensity, i.e. nonlinear power transfer or pumping over 
is possible. These considera t ions st imulated my interest in 
the s tudy of the nonl inear interact ion between such waves. 
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W e were able to detect a very interesting, h i ther to 
u n k n o w n , p h e n o m e n o n which we called self-switching of 
U D C W s . U n d e r certain condi t ions a small change in the 
input intensity of one of the U D C W s causes a major change 
in the rat io of these waves at the ou tpu t of the system. The 
change in the power of each wave at the ou tpu t could be 
tens, hundreds , t housands , mill ions (!) or m o r e t imes 
greater t han the change in the input power . On the basis 
of this p h e n o m e n o n , we p roposed a novel class of optical 
t rans is tors [32, 33]. 

At the t ime we started our work , the nonl inear inter
action between the U D C W s belonging to the first g roup 
had been ignored almost completely. The exceptions were 
the few investigations of the 'nonl inear g i ro t ropy ' ( A k h -
m a n o v and Zhar ikov , repor ted in 1967 [113]), and some 
earlier work of M a k e r , Terhune , and Savage publ ished in 
1964 and 1965 [114, 115], who no ted the influence of the 
cubic nonl inear i ty on the polar isa t ion of the ou tpu t waves. 
Almost s imultaneously with our work [33], Stolen, Bot i -
neau, and Ashkin repor ted [116] nonl inear transfer between 
waves with different polar i sa t ions in a birefringent fibre 
waveguide and nonl inear power transfer in such a system; 
however , ab rup t switching of light between waves with 
different polar i sa t ions and an optical t ransis tor based on 
this were no t ment ioned in Ref. [116], in contras t to our 
work [32, 33]. 

Self-switching in the first g roup of U D C W s is dealt with 
in the present review. 

The second group of UDCWs includes waves with the 
coupling coefficient dependent on the wave amplitudes. These 
are pr imari ly the waves with two or three different 
frequencies in a med ium with the quadra t i c nonl inear i ty; 
in par t icular , these are the waves with frequencies co and 
2co. This g roup includes also waves par t ic ipa t ing in 
concurrent (parallel) s t imulated R a m a n scattering. The 
interact ion of such waves is fundamental ly nonl inear . 
Invest igat ions of such waves, which began over 25 years 
ago, represent the b i r th of m o d e r n nonl inear 
optics [11, 12]. However , even in this field of optics there 
were some 'b lank spo t s ' at the t ime we began our work . 
N u m e r o u s investigations have been repor ted of the depend
ences of the wave intensities or of the frequency conversion 
coefficient on the longi tudinal coord ina te or on the length 
of a crystal. The aim of these invest igations has been to 
ensure the m a x i m u m conversion within the length of a 
crystal. However , the changes in the rat io of the intensities 
of the waves of different frequencies (for example, co and 
2co) at the ou tpu t of a quadra t ica l ly nonl inear med ium, due 
to a change in the input intensity of one of the waves, have 
no t been studied. The exception was the work of Jain and 
Pra t t [117] who p roposed to construct an optical t ransis tor 
based on second-harmonic generat ion in a tel lurium 
crystal, bu t on the basis of a principle different t han 
tha t p roposed in our paper s relat ing to these t o p 
ics [49, 50, 52, 53]. A l though the solut ions of the 
equa t ions describing the interact ion of waves at the fre
quencies co and 2co in a quadrat ica l ly nonl inear med ium 
(plane waves in a field which could vary) were given in 
Bloembergen ' s b o o k [12], publ ished back in 1965, these 
solut ions had not been investigated analytically for a 
noncons t an t field in the presence of bo th waves (co and 
2co) at the entry to the med ium under the condi t ions of a 
phase mismatch and an arb i t ra ry relat ionship between the 
wave phases at the input . 

Our invest igations m a d e it possible to predict and 
describe theoretical ly [49, 50, 52, 53] the hi ther to u n k n o w n 
p h e n o m e n o n of self-switching of such U D C W s , similar to 
self-switching of the waves belonging to the first g roup . On 
this basis we were the first to p ropose [49, 50, 52] a class of 
optical t rans is tors and of all-optical light switches. 

The p h e n o m e n o n of self-switching of U D C W s is very 
complex and it has a large number of facets. There are 
var ious modes of this p h e n o m e n o n , it can occur in a variety 
of ways, it can have a range of depths and directions, and its 
slope m a y vary by a factor of h u n d r e d s or t h o u s a n d s (for 
the same length of a system), depending on the initial 
condi t ions and on the pa rame te r s of the system. F o r 
example, complete self-switching of nonident ica l waves is 
possible (a l though in the linear regime such complete 
switching of these waves is, in principle, impossible! — 
see Fig. 1); on the other hand , self-switching of identical 
waves m a y be incomplete (see Sections 3.6 and 3.11 below); 
var ious opera t iona l modes are possible: optical t ransis tor , 
giant amplifier, double self-switch (Sections 2.3 and 3.4), 
and so on. W e found simple analytic formulas for the 
descript ion of self-switching: the condi t ions for the appea r 
ance of this p h e n o m e n o n , its slope, depth , characteris t ic 
poin ts , etc. The const ruct ion of any specific device (optical 
t ransis tor , amplifier, limiter, mul t iv ibra tor , logic element, 
etc.) requires selection of a suitable (for this device) self-
switching mode . Self-switching of the U D C W s is accom
panied by self-phase-matching. These and other topics are 
discussed below. 

The first section provides a brief derivat ion of the 
equa t ions for the three k inds of nonl inear systems involv
ing the first g roup of U D C W s and the general form of 
equa t ions for such waves. The second section demons t ra tes 
tha t self-switching of U D C W s is possible and this p h e n o m 
enon is investigated for the case when one of the waves is 
applied to the input . The third section deals with the self-
switching of U D C W s when b o t h waves are delivered to the 
input . The fourth section provides an account of switching 
of a powerful p u m p by a signal whose frequency or 
polar isa t ion differs from the frequency or polar isa t ion of 
the p u m p . The fifth section describes opt ical mul t iv ibra tors 
based on this p h e n o m e n o n . The sixth section is devoted to 
the self-switching of three U D C W s . 

2. Equations and integrals for the amplitudes of 
single-frequency unidirectional distributively 
coupled waves in a cubically nonlinear medium 
The interact ion of U D C W s in a cubically nonl inear 
med ium is described in Ref. [33] by the me thod of slowly 
varying ampl i tudes , which has proved its wor th in 
nonl inear [ 1 1 - 1 3 ] and integrated optics [ 3 - 6 ] , as well as 
in the dynamic theory of x-ray diffraction [110, 111]. Let us 
begin with the familiar equat ion 

where the cubically nonl inear polar i sa t ion is Pni = O'.EEE 
and 9(x, y) is the dis t r ibut ion of the cubic susceptibility 
t e n s o r | over a t ransverse cross section of the system. 

fThe factor 4n, missing from the right-hand side of Eqn (2.1), is 
included in the components of the tensor 0. 
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U n d e r steady-state condi t ions , the field with a given 
frequency is 

E(x9y9 z9t) = EC0(x9y9z) exp(icot) + E*w(x9y9z) Qxp(-icot) 
(2.2) 

and, therefore, under s teady-state condi t ions the equat ion 
for the field at this frequency co is 

+ { e x e ^ + e ^ e ^ + ^ 1 ) ^ 0 ^ 1 e x P 

2 2 
(2.3) 

and its nonl inear polar isa t ion is 

Pnl,co = & : (E*coEcoEco + EcoE*coEco + EcoEcoE*co) • (2-4) 

2.1 Equations for the amplitudes of waves in tunnel-
coupled optical waveguides 
In tunnel-coupled opt ical waveguides (Figs 5a and 5d) the 
refractive index at each poin t is a linear function of the 
intensity. The field Ew is in its tu rn a superposi t ion of two 
coupled (zeroth and first) waves p ropaga t ing , respectively, 
in the zeroth and first waveguides: 

Em(x9 y9 z) = e0A0(z)E0(x9 y) exp ^ zfi0 

+ M i (z)Ex (x,y) exp ( i f z A J , (2.1.1) 

where Aj(z) are the slowly varying (complex) wave 
ampl i tudes , e$ are the polar isa t ion uni t vectors of these 
waves, Ej(x9 y) are the dis t r ibut ions of the fields over 
t ransverse cross sections of the waveguides (field profiles), 
Pj are the effective refractive indices of the waveguides, and 
7 = 0 or 1 are the serial n u m b e r s of the waves. 

It will be assumed tha t the ampl i tudes Aj(z) have the 
mean ing and dimensions of electric fields (effectively 
averaged over the cross section of the system with the 
coord ina te z), which leads to normal i sa t ion of the d imen-
sionless field profiles so tha t the quant i t ies cf}j\Aj\2/2n 
cor respond to the wave intensities, i.e. it is assumed tha t 

eft 

2n 
\Aj\2^\Ej(X, y)\2dxdy=Pj (2.1.2) 

where Pj is the optical power carried by the 7th wave. If the 
area of the effective cross section of the 7th waveguide is Sj9 

it follows from our normal i sa t ion tha t 

\Ej\2dxdy = Sj . 

The field profiles satisfy the following system of equat ions : 
2 

VlEj+^(nj-^)Ej = 0, (2.1.3) 

i.e. they are the eigenfunctions of these equat ions . 
Subst i tut ing expression (2.1.1) into expression (2.4) and 

br inging together similar terms, we obta in the general 
expression for the nonl inear polar isa t ion at the frequency 
co: 

Pn\,co = 0:\3e0e0e0\E0\ E0\A0\ A 0 exp ( i - z £ 0 

+ (e0ele0+e0e0el + ele0e0)2\E0\ EX\AQ\ A ^ x p f i — z f t 

+ (e0elel +ele0el + elele0)E2ElA2

lAl exp 
c 

+ (elele0+ele0el + ^ i « i ) 2 | ^ i | £ 0 | ^ i | ^ o e x p ( i - z £ 0 

+ 3elelel\El\2El\Al\2AlexV(i-zPl 
(2.1.4) 

where a = fix — P0. 
Let the dis t r ibut ion of the refractive indices in a 

t ransverse section of each waveguide with a serial number 
7 = 0 or 1, over the t ransverse coord ina te x directed a long 
the shortest distance jo in ing the waveguide centres, be 
described by 

n0 = < 

/ 1 1 = < 

( 2 
nx , x < 0 , 

< nl(x9y)9 0 < * < f 0 > 
x > t 0 , 

x < d + t 0 , 

< n\{x9y)9 d + t 0 ^ X ^ d + t 0 + t 

x > d + t 0 + ti , 

(2.1.5) 

where rij(x9 y) is the refractive index of the l ight-carrying 
core or layer in the 7th waveguide, tj is the size of this core 
or layer a long the x axis, nt and nx are, respectively, the 
refractive indices of the mater ia l filling the space to the left 
and right of the edges of the l ight-carrying cores of layers 
in the zeroth and first waveguides, n is the refractive index 
of the mater ia l filling the gap between the l ight-carrying 
cores, and d is the size of this gap (along the x axis). 

The square of the refractive index n2(x9 y) of a system of 
two tunnel-coupled optical waveguides can be represented 
in the form [8] 

n2{x9 y) = (JIQ — n2 — nj) + (n\ — n — n2) 

+ [n] +n2+ n2) = (n2

0 - n2) + (n\ - n2) + n2 . (2.1.6) 

Let us subst i tute expression (2.1.1) into expression (2.3), 
d rop the second derivatives of the ampl i tudes with respect 
to z, and take into account the set of equa t ions ( 2 . 1 . 3 ) -
(2.1.6). Let us mult iply bo th sides of the resul tant equat ion 
by EQ(X9 y) and E*(x9 y) in tu rn , and integrate once over 
the t ransverse cross section. If the quant i t ies of the second 
order of smallness are ignored, the result is [32, 33] 

c d A 0 „ t (. co 
2ip - —± + K0lA 1 exp ia - z 

co az V c 
•e0\A0\'A0 

-e,\Ai\2A,, 

where = (/?0 + Pi)/2; the coupl ing coefficients are 

2 i £ - - ^ + ^ 1 0 A 0 e x p 
co az 

. co 
-ia — z 

c 

(2.1.7) 

Km — • 
( * 0 * l ) J («o - n2)Ex(x9 y)E*0(x9 y) dx dy 

\\E0(x9 y)\2dx dy 

( * 0 * l ) J (n\ - n2)E0(x9 y)E*(x, y) dx dy 

\\Ex{x9y)\2dx dy 
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which is the form used in linear integrated optics [3, 4, 8]; t ions of the Four ie r componen t s of the tensors are 

3 [m{x.y)\A dx dy 

dx dy 

are the nonl inear coefficients of the waveguides and the 
convolut ions of the tensor 9 have the form 9j = efi'.ejejej. 
The tensor 9 can usual ly be assumed to have the value of 
9 for an isotropic med ium [118] (see Append ix I); in this 
case we obta in 9j = 9x

j}xx = 9y^yy = 9^zz. 
Equa t ions similar to the system of equa t ions (2.1.7), bu t 

m o r e cumbersome and ignoring a possible nonident i ty of 
the waveguides, were derived by Jensen [35] s imultaneously 
with publ icat ion of our work [33] (as judged by the dates of 
submission of the papers) . Our pr ior i ty in this mat te r was 
confirmed by a U S S R pa ten t [32]. 

X±h = eoK±heh , 9^ = e090 : eQeQeQ , 9^ = eh90 : eheheh , 

(2.1.8) efh) = e09: (ehehe0 + ehe0eh + e0eheh) , 

( M ) 

(2.2.4) 

0 •• eh90 : (e0ehe0 + e0e0eh + ehe0e0) . 

The set of equa t ions (2.2.3) represents a general isat ion of 
the Takag i equa t ions [110, 111] to a nonl inear med ium. 

Let us consider the diffraction of a p lane m o n o c h r o 
mat ic wave in the symmetr ic L a u e case: dA0 h/dx = 0 
and $ 0 = flh = Let us also change the variables: 
zco/c/ c o s $ => z L , Ah => Ah exp ( i az L ) . 

A n isotropic med ium is encountered frequently in 
pract ice (Appendix I) and we then have 

= 9[\+C2] , 
(2.2.5) 

X_h — X_hC, Xh — x h c , 

9(0) 0(h) 
J0 

q ( M ) 

2.2 Equations for a periodic structure 
Let us derive equa t ions for the wave ampl i tudes under the 
Bragg diffraction condi t ions in a per iodic s t ructure (Figs 5c 
and 5g). The linear and cubic-nonlinear susceptibilities will 
be expanded as Four ie r series in te rms of the reciprocal 
lattice vectors [110, 111]: 

X = s — 1 = ^^Xmh exp(im/**r) , 

Q = Y1 ®mh Q x v ( i m h ' r ) (2-2.1) 

(here, m = 0, ± 1, ± 2, . . . ) , and the to ta l electric field near 
the Bragg condi t ion will be represented as the sum of the 
t ransmi t ted and diffracted waves, p ropaga t i ng a long the 
direct ions ' 0 ' and 7z': 

Eco(r) = e0A0(r) exp( i£ 0 - r ) + ehAh(r) Qxp(\kh-r) , (2.2.2) 

where A0h(r) are the slowly varying ampl i tudes of the 
waves, k0 = n0co/c, n0 = y/l + X 0 , kh = k0 + h, h = 2K/d, d 
is the s t ructure per iod, and e^h are the polar isa t ion uni t 
vectors. 

Let us n o w subst i tute expressions (2.2.1) and (2.2.2) into 
expressions (2.3) and (2.4), and drop the second derivatives 
of the ampl i tudes . W h e n similar t e rms are collected, the 
result is a general expression for the nonl inear polar isa t ion 
at a frequency co, which is identical with expression (2.1.4). 
However , the profiles of the fields are n o w formally 
assumed to be uni ty, and the subscripts 0 and 1 are 
unde r s tood to mean 0^ and h. If we drop the nonzero 
Four ie r componen t s of 0, because they are quant i t ies of the 
second order of smallness, we obta in a system of reduced 
equa t ions for the ampl i tudes [38]: 

co 

8 A 0 8 A 0 

2 m n — I cos #o - q — + sin # 0 — 

= ^ A , + ( ^ 0 ) | A 0 | 2 + ^ | A , | 2 ) A 0 , 

dAh . n dAh\ (2-2-3) 
2 m 0 — ± cos Vh —- =F sin Vh 

co V oz ox 

= XhA0 - 2oAh + (9^\Ah\2 + 0?°}\A0\2)Ah , 

where the upper signs apply to the Laue case (h J_ n) and 
the lower signs to the Bragg case (h \\ n) [110, 111], n is the 
n o r m a l to the surface of a sample, z = n>r, the pa rame te r 
a — (kh ~ ko)c/co w n 0 ( ^ — ^ b ) s i n ( 2 ^ B ) represents the 
deviat ion from the Bragg condi t ion, $ 0 =& 0 *w, ^ =kh'ti, 
$ B = arcsin(/zc/2co%) is the Bragg angle, and the convolu-

where the factor in the above expression is C = e^eh\ 
C = 1 if the uni t vectors e 0 and eh are perpendicular to the 
p lane of diffraction and C = cos 2$ , if e 0 and eh lie in the 
same p lane ; X±h are the Four ie r componen t s of the 
susceptibility X of the isotropic med ium. Subst i tut ion of 
expression (2.2.5) into expression (2.2.3) gives [38] 

2i/ioAo =X-hCAh exp ( i az L ) + 9(\A0\2 + (1 + C2)\Ah\2)A0 , 

2m,A'h =XhCA o e x p ( - i a z L ) + 0 ( | A , | 2 + (1 + C 2 ) | A 0 | 2 ) A , , 

(2.2.6) 

where the p r ime denotes the derivative with respect to z L . 

2.3 Equations for unidirectional distributively coupled 
waves with different polarisations 
Waves with the o r thogona l polar i sa t ions p ropaga t ing in a 
birefringent crystal or in an optical waveguide (in integrated 
optics, it is usua l to speak of TE and T M waves) represent 
one of the examples of U D C W s (Figs 5b and 5f). 

The coordina tes in the pr incipal system will be x ' and 
y'. As usual , let us start with the wave equat ion which, for 
the field with a given frequency co under s teady-state 
condi t ions , has the form of E q n (2.3) with its nonl inear 
polar isa t ion given by expression (2.4). 

Let us consider this equat ion in a coord ina te system x, y 
ro ta ted relative to the pr incipal system x' and y' by an 
angle cp. The mat r ix s in expression (2.4) is described in the 
ro ta ted coord ina te system by 

8i 0 
0 8 2 

(2.3.1) 

and in the pr incipal system it is represented with the aid of 
the ro ta t ion mat r ix 

cos cp smcp 
— sin cp cos cp 

(2.3.2) 

(with the elements atj) in a familiar way: stj = a f f ,o^,e f ,y,, i.e. 

(2.3.3) 

8 n = Si co s 2 cp + 8 2 s in 2 cp , 

fii2 = \(&2 - f i i ) s in(2<p) = 8 2 1 , 

8 2 2 = £i s in 2 cp + 8 2 co s 2 cp . 

The field in the coord ina te system of interest to us, x and y, 
can be represented by a superposi t ion of two or thogonal ly 
polar ised waves: 
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E(D(X> y> z) = exAx(z)Ex(x, y) exp \^ipx - z ̂  

+ eyAy(z)Ey(x, y) exp (ifiy - z) , (2.3.4) 

where Ax(z) and Ay(z) are the ampl i tudes of the waves 
polar ised a long the x and y axes, and varying slowly a long 
the longi tudinal coord ina te z; ex and ey are the polar isa t ion 
uni t vectors of these waves; Ex(x, y) and Ey(x, y) are the 
field profiles satisfying, like E q n s (2.1) and (2.2), the 
normal i sa t ion condi t ion J J \EX | 2 dx dy = J J \Ey | 2 dx dy = S 
(where S is the area of the waveguide or beam cross section), 
when Ax and Ay have the mean ing and dimensions of 
electric fields. 

If we consider waves with the o r thogona l polar i sa t ions 
in an opt ical waveguide (TE and T M waves), then Ex, Ey, 
and fix, fiy satisfy the following equat ions : 

,3 
V i E , + - 5 - ( e i l -pz

x)Ex=0, 

V\Ey+ — (e22-pl)Ey=0, 
(2.3.5) 

i.e. they are eigenfunctions and the eigenvalues of these 
equat ions . However , if the waves have the o r thogona l 
polar i sa t ions in a bulk anisot ropic crystal, then 
A±EX = A±Ey = 0 can be subst i tuted in the set of 
equa t ions (2.3.5) and then 

\JSi c o s 2 cp + 8 2 s in 2 cp 

: nx c o s 2 q> + ny s in 2 cp , 

Py = ny = yjz^ = Si s in 2 cp + s2 co s 2 cp 

: nx s in 2 cp + ny c o s 2 cp , (2.3.6) 

where nx = y/si, ny = y/s^ are the refractive indices of the 
waves polar ised a long the x ' and y' axes. 

Let us n o w subst i tute expression (2.3.4) into E q n s (2.3) 
and (2.4), and drop the second derivatives of the ampl i 
tudes . In the case of the nonl inear polar isa t ion Pnii(0 we 
obta in an expression which is fully identical with expres
sion (2.1.4), if the subscripts in expression (2.1.4) are 
modified: 0 is replaced with x and 1 with y. 

Let us mult iply b o t h pa r t s of the resul tant equat ion in 
tu rn by exE*(x, y) and eyE*(x, y), in tegrate each t ime over 
the t ransverse cross section, and use the system of equa 
t ions (2.3.5). Moreover , let us bear in mind tha t in the case 
of an isotropic med ium the componen t s of the tensor 9 with 
three identical subscripts and one different subscript (0xyyy, 
Qyxyy ®xxyx-> etc.) all vanish, bu t for a med ium with a weak 
an i so t ropy these componen t s are quant i t ies of the second 
order of smallness (Appendix I). Ignor ing quant i t ies of the 
second order of smallness, we then ob ta in 

c dAx „ t (. co \ 

c\AX\2AX - \Ay\2Ax - 9xyA2A* exp ( 2ia ^ z ) , 

2iP

 C M ? a d z + KyxAx exp ( - i a — z 

xy I J I x wxy y 

. CO 
c 

(2.3.7) 

= -9y \Ay \zAy - 9yx \AX \zAy - 9yxAz

xA; exp ( - 2 i a - z 

where a = Py — Px, bu t if a sample is an anisot ropic crystal, 
then a = C y / e J - y/s^) cos(2cp); P = (Px+Py)/2, and the 
coupl ing coefficients are 

sl2Ey(x, y)E*(x, y)dx dy 

Ex(x, y)\2dx dy 

s21Ex(x, y)E*(x, y)dx dy 

(2.3.8) 

\EJx, y)\ dxdy 

where e 1 2 = s2\ are described by the set of expres
sions (2.3.3); the nonl inear coefficients are [57] 

\EX\ dx dy 

2 I I (fixyyx @xyxy 
+ 0xxyy)\Ex\ \Ey\ dxdy (2.3.9) 

\Ex\zdx dy 

(fixxyy ~l~ ®xyxy ®xyyx ) E

X Ey dx dy 

dx dy 

The quant i t ies 9y, 9yx, 9yx are obta ined from the above 
expressions by the simple subst i tut ion: x => y, y =>x. 

It is usual ly permissible to ignore the dependences of the 
componen t s of the tensor 9 on the t ransverse coordinates . 

The componen t s of the tensor 9 are represented by the 
set of expressions (2.3.9) in the coord ina te system x , y. 
W h e n the pr incipal coord ina te system x ' and y' is adop ted , 
these componen t s are t ransformed in accordance with the 
familiar formulas 

• @mm'@nn'@kk '^ll'^m'n'i 

where m = x , y; n = x , y, and so on. 
Since the an iso t ropy of the med ium is assumed to be 

weak, the cor responding componen t s of the tensor 9 can be 
regarded as the same in b o t h systems; we then have 
(Appendix I) 

ft = ft = ft = ft = ft 
uxx xx ux 'x 'x 'x ' uy 'y 'y 'y' yyyy ' 
@xyyx @xyxy @xxyy @yxxy @yxyx @yyxx ^ • 

Bearing in mind this weak an i so t ropy of the sample, 
( | e 1 2 | <̂  fin « e 2 2 ) , let us assume tha t ro ta t ion of the 
coord ina te axes does no t alter (in the first order of 
pe r tu rba t ion theory) the field profiles, i.e. the eigenfunc
t ions of the system of equa t ions (2.3.5), and changes only 
their eigenvalues. 

In contras t to the case of T C O W s , the system of 
equa t ions (2.3.7) generally conta ins a te rm with 6xy, which 
conta ins the complex-conjugate phase . It should be stressed 
tha t since K oc e 1 2 , it follows tha t K/a oc tan(2cp). 

If the frequencies of the waves Ay and Ax are identical, it 
follows from the set of expressions (2.3.9) tha t 

29 ~ ~ 9 
9X =9y = 9, 6xy = 6yx = — , 9xy = 9yx = - . 

(2.3.10) 
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In this case, if a = 0, it is convenient to adop t the circular 
polar i sa t ions 

A r = 
A + + A _ 

V2 A y ~ V2i ' 
(2.3.11) 

when, subject to the set of expressions (2.3.10), the system 
of equa t ions (2.3.7) becomes [78] 

co dz y 

r dA 
(2.3.12) 

where 

P _ = - 3 0A_(2|A + | 2 + | A _ | 2 ) , 

P+ = -\eA+{2\A-\2 + \A + \2). 

If a ^ 0, we mus t begin with the subst i tut ion [119] 

Ax = ax exp lazco 
2cj8 J ' 

lazco 
Av = O y e x p ( - ^ - J , (2.3.13) 

and consider the ampl i tudes ax and ay9 and then use the 
ampl i tudes ax and ay to find the circular polar i sa t ions 
described by expression (2.3.11). In this case, b o t h A + and 
A_ also cor respond to the system of equa t ions (2.3.12), bu t 
instead of Kxy9 the first of them conta ins the complex 
coupl ing coefficient Kxy + ia, and the second equat ion has 
the Hermi t ian-conjugate coefficient Kxy — ia. 

The term 9xy in the system of equa t ions (2.3.7) can be 
removed by employing fibre waveguides [84] in which the 
opt ic axis undergoes ro ta t iona l per iodic oscillations with 
increase in z. These oscillations occur a long the longi tudinal 
axis of the fibre and their ampl i tude is small. The spatial 
ampl i tude of the oscillations is fi0 K. The coupl ing 
coefficient then depends sinusoidally on z and the inequal 
ity |oc| > K is obeyed. Subst i tu t ion of the variables in 
accordance with Ref. [84] (which means adop t ion of new 
ampl i tudes ax and ay) leads to equat ions for ax and ay which 
are fully identical with the system of equa t ions (2.1.7) where 
a is replaced with a e f f = a — fi0 ( the role of this pa rame te r is 
described in Section 3.3) and the nonl inear coefficients are 
n o w 0 O = 9i = 0 / 3 . Selection of the wavelength [84] ensures 
the exact or at least app rox ima te equali ty a e f f = a(X) — /?0 

(physically this means tha t the difference between the wave 
vectors of the waves is compensa ted by the reciprocal lattice 
vector of the per iodic s tructure) . 

2.4 Equations for coupled modes 
The equa t ions for the ampl i tudes of two unidi rect ional 
coupled optical modes in a cubically nonl inear i n h o m o -
geneous single optical waveguide are also described by the 
system of equa t ions (2.1.7), bu t the coefficients in these 
equa t ions are calculated in accordance with somewhat 
different formulas. The linear coupl ing is due to the 
inhomogenei ty of the waveguide which is the result of, for 
example, cor rugat ions , bending, or thickness var ia t ions . 
The coupl ing coefficient is described by formulas given in 
Refs [3, 4], which we shall no t reproduce here. The 
nonl inear coefficient is given by expression (2.1.8), bu t 
n o w Ej(x, y) is the profile of the jth opt ical m o d e in a 
single waveguide. The cross coefficients 0 O 1

 c a n usual ly be 
ignored, as in the case of T C O W s , since the overlap 
integrals of the profiles of optical modes of different orders 

are small compared with the overlap integrals of the 
profiles of modes of the same order . 

2.5 General form of the equations for the amplitudes and 
their integrals, and the equation for the intensities 
The system of equa t ions for the ampl i tudes of U D C W s in a 
cubically nonl inear med ium when the coupl ing coefficient 
K is cons tant can be represented in their gen-eral form 
quite satisfactorily by the following approx imat ion : 

X d A 0 

7i dz 

/ iaz27i\ 
[Pz-rr + K A i Q X v [ ^ — ) 

X dAl ~ ( iaz27i\ 

= - 0 o | A o | 2 A o - 0 o i | A i | 2 A o , 

(2.5.1) 

= - e 1 | A 1 | 2 A 1 - e 1 0 | A o | 2 A 1 > 

where the nonl inear coefficients are determined by the 
characterist ics of the specific system: in the case of T C O W s 
and coupled opt ical modes of different orders in the same 
waveguide, we can assume tha t 0 O 1 — #io — 0; for U D C W s 
in a per iodic s t ructure and the cor responding waves with 
the circular polar i sa t ions these coefficients are given by 
expressions (2.2.5), (2.3.12), and (2.3.10). 

In either case, the simple subst i tut ion 

a - a a a - a a „ - z 7 ( 0 o i ~ # io) 

: A o exp 
i^ 0 1 /Z7T 

A i = A i exp 

2fi 

i910Izn 
(2.5.2) 

xp J9 1 - L - r y 

where / = | A 0 | 2 + ( A ^ 2 , reduces the system of equa 
t ions (2.5.1) to [33]: 

' .nX d A n (vxz2ii\ n , l 2 

l P * ~ ~ d + 1 e x p = o l o l 0 ' 

. n X dAi / iaz27t\ n , l 2 

(2.5.3) 

which are fully identical with the system of equa 
t ions (2.1.7) for tunnel-coupled optical waveguides. 

It therefore follows tha t the solut ion of the system of 
equa t ions (2.5.1) reduces in fact to the solution of equa t ions 
for T C O W s . In other words , as stressed in Ref. [33] and in 
our subsequent work [36, 38, 41], a slight difference between 
the r igh t -hand sides of E q n s (2.5.1) and (2.5.3) does no t 
affect the dependences of the ou tpu t on the input intensities, 
and the theory of U D C W s in a cubically nonl inear system, 
usually applied in our work to the specific case of tunne l -
coupled waveguides, does in fact apply generally to 
cubically nonl inear systems carrying U D C W s (natural ly, 
if K and 0 are independent of the wave ampli tudes) . W e 
shall therefore consider the systems of equa t ions (2.5.3). 

W e shall in t roduce the modu l i (p-) and phases (cp) of 
the ampl i tudes Aj = Pjexp(i(^), as well as the quant i t ies 
Ij = pj p ropo r t i ona l to the wave intensities. Then , the 
system of equa t ions (2.5.3) becomes [34] 

Pl{ = -Ky/I^ s iniA, 

(2.5.4) 

cosiA + (0 i / i - 0 o / o ) 

where xjj = OLZ2K/X + cpx — cp0; the 
derivative with respect to 2KZ/X. 

pr ime denotes the 
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The systems of equa t ions (2.5.3) and (2.5.4) have two 
integrals [32, 33]. 

and 

I = h+h (2.5.5) 

which represent the law of conservat ion of energy in the 
system; we also have 

G = * V ^ c o s * - a / J / 0 + ^ + ^ (2.5.6) 

W e shall n o w use dimensionless ' intensit ies ' Jj = IJ/IQM 
obta ined by normal i sa t ion of Ij to wha t is k n o w n as the 
critical (full self-switching) value 7 0 M = $K/\00 + 0i\, the 
mean ing of which will be discussed in Section 2. 

W e shall denote the initial (at the input of the system) 
and final (at the ou tpu t ) values of the quant i t ies as follows: 

Ij(z = 0)=Ijo, Jj(z = 0)=Rj = ^ , «A(z = 0) = «A0, 

(2.5.7) 

7,(z = 0 = / , / , 7,(z = / ) = 7,, = ^ , = / ) = * , , 
I0M 

and we shall in t roduce the coefficient represent ing the 
transfer of the opt ical power t h rough the system by the jth 
wave: 

Jji Tj=-
ho + ho ^ o + ^ i 

if we define it as the fraction which is the rat io of the power 
in the jth wave at the ou tpu t of the system to the to ta l 
power in t roduced into the system. In calculat ions it is 
useful to in t roduce the coefficients 

0d = J~Y~^ • (2-5-8) 

The integrals defined by expressions (2.5.5) and (2.5.6) lead 
to [62] 

COS \JJ = sign ( 
V ^ o ^ i sign 9S cosi/^0 

where 
+ 2 ( J l - R 1 ) ( R 0 - - - J l 

A = Z + 2-^(R0+Rl) 

(2.5.9) 

(2.5.10) 

and £ = a/?//Csign 6S. 
In tu rn , it follows from relat ionship (2.5.9) tha t 

\f(J)lV2 

sin \jj = 2m 
J0Ji 

(2.5.11) 

where J = Ju m = ± 1 , and the value of m is governed by 
the sign of sini/f0, 

f{j) = - { j - R l f ( R , - ^ - J 

+ 
R o ^ - R i c o s V q ) (J-RI)J 

( J - R M * o - ± - j ) + ^ ^ ^ 

+ (Ro+R!-J)J = _ j i + a J 3 + b J 2 + - J + d i ( 2 5 1 2 ) 

a = 2R0+2R1- A , 

b = -R2

0 - Ri 4R0R, + 2AR, ~ 

+y/R0R\ s ign9,cos \ j / 0 , 

x y / R i — y/Ro sign9Scosij/Q 

21 Rn 

Rn~- /Ri — y/Ro sign 0, 
cosi/^0 

2J v 1 v - U - O - - * 2 

Subst i tut ion of expression (2.5.11) into the last equa t ion in 
the system (2.5.4) and integrat ion gives [51, 56, 62] 

2L 1 

J/e, 

dJ 
(2.5.13) 

where L = 2nKl/Xfi. 
The p rob lem of integrat ion of E q n (2.5.13) and, con

sequently, of finding the solution of the initial system of 
differential equa t ions (2.5.3) thus reduces to de terminat ion 
of the roo t s of the algebraic equat ion [54, 51, 62]: 

f(J) = 0 • (2.5.14) 

If we k n o w the roo t s of this equat ion , we can use a 
h a n d b o o k of integrals etc. [120] to write down the solution. 
W e shall use Ja, Jb, JC9 Jd to denote the roo t s of 
E q n (2.5.14), where Ja and Jd are the real roo t s satisfying 
Ja > Jd9 and the roo t s Jb and Jc are generally complex-
conjugate. E q n / ( / ) = 0 has at least two real roo ts . One of 
the roo t s lies in the interval from zero to Rx and for 
cos2i/f 0 = 1, this roo t is equal to Rx. 

2.6 Possible deviations of equations from the general form 
The system of equa t ions (2.5.1) can be regarded as general 
subject only to the caut ion which applies to U D C W s with 
the o r thogona l polar i sa t ions when the system of equa 
t ions (2.3.7) m a y conta in te rms 9xyAyA* and 9yxA2

xA*y9 which 
can sometimes be eliminated (Section 2.3). If this is no t 
possible, we can then employ the subst i tut ion described by 
the set of expressions (2.3.13) and rela t ionships (2.3.10) to 
go over to the ampl i tudes with the circular polar i sa t ions 
which can be described by the general system of equa 
t ions (2.5.1). Then, having solved these equat ions , we can go 
back to the ampl i tudes with the o r thogona l polar isa t ions . 
However , this p rocedure , involving the subsequent going to 
the intensities with the o r thogona l polar isa t ions , is not free 
of p rob lems , par t icular ly those result ing from fairly 
cumbersome t rans format ions . A different app roach [71] 
will be pu t forward below: it involves direct solut ion of the 
system of equa t ions (2.3.7), which — on going over to the 
intensities and phases — assume the following general form: 

Pit- • 9IXI sin(2i/0 , 

pi'y = Kx/IxIy sini/j + 9lyIx sin(2i/0 , 

7 r - / 
(2.6.1) 

2P(i//f -a) = K x I cosiA + A(4 - / 3 , ) c o s ( 2 i / 0 

" T " 9y Iy 9X Ix ~\~ 9yx 9^ Iy , 

where 9 = 9xy = 9yx. 
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The integrals of E q n s (2.3.7) and (2.6.1) are [71] 

I = I X + I Y , (2-6.2) 

61x Iy CO S (2\j/) 9xy Ix Iy 
G = KJlxIy cos \j/ — alx + 

4 4 

+ -

(2.6.3) 

Wabni tz , Trillo, et al. [77, 80] describe the nonl inear 
interact ion of U D C W s in te rms of the Stokes parameters . In 
our opinion [71], it is preferable to use two normalised Stokes 
pa ramete r s x = (Ix—Iy)/I9 rj = 2 cos \jj^IxIy/I = 
cosij/Vl — x2. The system of equat ions (2.6.1) then becomes 

' yi = (k + 01rj)y/l - x 2 - \ 

rj = -
(9s + 9)Ix 

+ a ^ \ - x 2 - N \ 

(2.6.4) 

where a = a + / 0 d / 2 , 0S = (9X + 9y - 9xy - 0yx)/2, 9d = 
(9y — 9X + 9yx — 9xy)/2. In te rms of these variables, the 
integral G becomes R = In(x2 + rj2) + 2ax + 2Krj. 

The initial and final values of the var ious quant i t ies will 
be designated as follows: 

Ix(z = 0 ) = I X 0 , 7,(z = 0 ) = 7 y 0 , 

Ix(z = l ) = I x l , Iy(z = t ) = I Y L 9 

(2.6.5) 

x(z = 0) = x0 , x(z = I) =Xi , 

ri(z = 0)=rj0, rj(z = I) = r\i \ 

the normal ised input intensities [see expressions (2.5.7)] are 

R* 
4y y Ay 

and the transfer coefficients are 

T - I x l - 1 + x > 
x ~ I ~ 2 

t =IJL = L 
I y - j -

•Xi 

(2.6.6) 

(2.6.7) 

The systems of equa t ions (2.6.1) and (2.6.4) are analysed 
in Ref. [71] and in Section 3.11 below. Sections 2 and 3 of 
this review deal mainly with an analysis of the system of 
equa t ions (2.5.4), which is equivalent to the system (2.5.3). 

3. Optical self-switching on arrival of one wave 
at the input of a system 
Let us consider a relatively simple case, when only one of 
the waves is applied to the input of a system with single-
frequency U D C W s p ropaga t i ng in a cubically nonl inear 
med ium. Let us assume tha t this is the zeroth wave: 7 0 0 ^ 0, 
R0 ^ 0, 7 1 0 = Ri = 0. Our task is to find the values of 7y 
and Jj in each t ransverse cross section of the system and at 
its ou tpu t (i.e. the values of 7 j 7 and Jjj) and to analyse the 
resul tant formulas. 

3.1 Optical self-switching in a system with identical 
unidirectional distributively coupled waves 
Let us assume tha t the U D C W s are identical: a = 0, 
9Q = 9i = 9. Then the roo t s of E q n (2.5.14) are very simple: 

7 ,7 — 0 , Jn — Ro 

Jh = 
Ro + - 1 - \ J r 1 - 1 

7 r — 

(3.1.1) 

and the critical intensity, described by the set of expressions 
(2.5.7), is 7 O M = 4 7 : / | 0 | [34, 35]. 

The function (2.5.12) can be described in two different 
ways. Depend ing on the way which is adop ted , the integral 
in E q n (2.5.13) reduces to one of the tabula ted integrals. 
However , the resul tant two forms of the solution can be 
reduced to one by identi ty t r ans format ions [62]. F o r 
brevity, we shall consider one solution me thod when 
f(J) = J(R0 - 7)[(7 - R0/2)2 - (Rl - l ) / 4 ] . Calcula t ion of 
the integral in Eqn (2.5.13) by means of tables [120] gives 

L = mF(fi9 r) , (3.1.2) 

where F(fi, r) is an incomplete elliptic integral of the 
first k ind with the m o d u l u s r = Ro, an addi t iona l m o d - ulus 
n = (1 - r 2 ) 1 / 2 = (1 - Rl)1/2, and an ampl i tude 
/* = 2 a r c t a n [(R0 - Ju)/Ju]ll2. 

Rela t ionship (3.1.2) is equivalent to cos / i = cn(L, r). 
Trans fo rma t ions yield [34, 35] 

JJl: [ l + ( - i y ' c n ( L , r ) ] , (3.1.3) 

where j = 0 or 1 is the serial number of the wave. Ano the r 
solut ion me thod is described in Ref. [34]. The solution 
described by formula (3.1.3) is valid b o t h for 7 0 0 ^ 7 0 M 

(r = R0 ^ 1) and for 7 0 0 > 7 0 M (r = R0 > 1). If q = R^1 = 
7 0 M / 7 0 0 ^ 1, this solution can be t ransformed conveniently 
to 

' 2 
l + ( - l ) d n (3.1.4) 

This is the intensity of each wave at the ou tpu t of the 
system expressed in te rms of the intensity of the input 
(zeroth) wave. The intensity of light in an arb i t ra ry cross 
section of the system with a coord ina te z can be found 
simply by replacing / and z in expressions (3.1.3) and 
(3.1.4). 

The solution described by expression (3.1.3) determines 
also the coefficients represent ing the linear transfer of light 
Tj = IJI/IQQ ( r 0 + r 1 = l ) , which are functions of two 
quant i t ies : L and R0. Therefore, if K9 /, A, 9, and 7 0 0 are 
varied and the quant i t ies L and R0 remain unchanged , then 
Tj does no t change either. The functions Tj(R0) are no t 
altered for a given value of L and the functions Tj(L) for a 
given value of R0. W e shall n o w analyse the solution given 
by expression (3.1.3). 

(1) Let us first consider the case when r2 = Rl = 
7qo/7om ^ 1 ( r i ~ ! ) • In this near-l inear case the elliptic 
functions can be expressed in te rms of the t r igonometr ic 
functions [121], accura te apar t from te rms p r o p o r t i o n a l to 
r 2 , which we find from expression (3.1.3) [34] 

7 0 / « / ? 0 c o s 2 | + ^ o ^ o 

J u n R 0 s m 2 ^ - ^ R 0 R 2 

L — - sin(2L) 

L — - sin(2L) 

s inL 

s inL 

(3.1.5) 

In the purely linear case (9 = 0, r = 0), we obta in the 
familiar l inear- theory solut ions [1 - 10]: 

Ioi = I00 c o s - , Iu= 70o sin - , (3.1.6) 

where the pa rame te r L/n = 2lKjXfi shows, roughly speak
ing, h o w m a n y t imes the waves exchange energy. 
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(2) The range of values of the pa rame te r s where 

r = Rn = • ~ 1, = |1 -RQ\ < 1 , e x p L > 1 , (3.1.7) 
# 0 M 

is the mos t interesting. The elliptic functions are approx i 
mated by the hyperbol ic functions [121]. The effect under 
investigation can be described, as repor ted by us in 
Ref. [34, 36, 37], by compact and fairly accura te — up to 
within te rms p ropo r t i ona l to [r\ e x p ( L / 1 6 ) ] 2 — a p p r o x i m a 
t ions for the elliptic functions cn(L, r ) , dn (L , r ) , sn(L, r) 
for this range . These approx ima t ions are given in 
Append ix II . Appl ica t ion of these approx ima t ions m o d i 
fies the solution described by expression (3.1.3) to [34] 

R0 ( - l y ' s e c h L + [1 - ( - i y ' ( r 2 / 1 6 ) e x p L ] 2 

Jji ' 

,Ro 
' 2 

• ( - i y 

1 + ( r 4 / 2 5 6 ) e x p ( 2 L ) 

R0 ( r 2 / 8 ) e x p L 
(3.1.8) 

2 1 + ( r ? /256)exp(2L) ' 

where r\ = 1 — Rl w — q\, i.e. r\ in the above expression is 
unde r s tood to be 1 — RQ. If Ro ^ 1 and if we m a k e the 
subst i tu t ions r\ = 1 — Rl => — q\ = 1 — Rl and L => L/q = 
LR0~L, we can approx ima te expression (3.1.4) by a 
formula obta ined from expression (3.1.8) i.e. the result is 
practical ly identical with tha t given by expression (3.1.8). 
Therefore, the approx ima t ion represented by expres
sion (3.1.8) is valid b o t h for R0 ^ 1 (where r\ ^ 0, 
q\ ^ 0), and for R0 > 1 (where r\ ^ 0, q\ ^ 0). 

W e can rewrite expression (3.1.8) also as follows [34]: 

1 ( - l ) J ' s e c h L + [1 - ( - 1 y ' ( r 2 / 16 ) exp L ] 2 

2 1 + ( r 4 / 2 5 6 ) e x p ( 2 L ) 
(3.1.8a) 

Differentiat ion of expression (3.1.8) with respect to 7 0 0 and 
the assumpt ion tha t e x p L > 1 yield 

dlji _ dJji ^ exp L 1 - ( r t / 256) exp(2L) 

dl^o ~ SR~o ~ ~~8~~ [1 + ( r t /256) exp(2L)] 2 
(-\)jR2o . (3.1.9) 

It follows from expressions (3.1.8) and (3.1.9) tha t if 

16 
e x p L = ( - 1 ) J , (3.1.10) 

i.e. if the input intensity is [34] 

I0O=I^=IOMR^ ~ / o m [ 1 + ( - l ) J 8 e x p ( - L ) ] ,(3.1.11) 

the power of the jth wave at the ou tpu t is max imal and 
almost all the ou tpu t rad ia t ion power is concent ra ted in the 

jth wave: 7j 7 w 7 0 0 , JJT w R0, Tj w 1. The power of the other 
wave is then negligible: 

Ro 1 
sechL 

; 2 e x p ( - L ) <| 1 . (3.1.12 

A n analysis of the solution of the system of equa 
t ions (2.5.3) thus reveals an unexpected and interest ing 
physical p h e n o m e n o n . It is found tha t , irrespective of 
the length of the system, near the 'crit ical ' value (7om) 
of the input intensity a definite relat ionship is observed [34]: 
if the rad ia t ion intensity at the input is slightly less t han the 
critical value, namely if 7 0 0 = 7 ^ w 7 0 M [1 — 8 exp(—L), then 
almost all the rad ia t ion leaves the system in the form of the 
first wave (Fig. 2a, po in t bu t if the input intensity is 
slightly greater t han the critical value, namely if 
A)o = ?M ~ Am[1 + 8exp(—L)], then almost all the rad ia -

( 7 ) exact solution (3.1.3); ( 2 ) approximation (3.1.8). In 
switching region, curves 1 and 2 merge; a = 0, 60 — 01 = 6. 

self-

t ion leaves the system in the form of the zeroth wave 
(Fig. 2a, po in t M 0 ) . The change in the input intensity 
sufficient to switch completely the ou tpu t rad ia t ion from 
one wave to the other , 

A7 t(°) _ A1) 1 6 7 0 M e x p ( - L ) < |7 ( 0M (3.1.13) 

is very small compared to 7 0 0 . 
This ab rup t switching of the rad ia t ion was called by us 

radiation or light self-switching, because it occurs as a result 
of a change in the input rad ia t ion intensity. The p h e n o m 
enon of self-switching can be defined as a major change in 
the rat io of the wave intensities at the ou tpu t of a system 
with U D C W s caused by a small change in the intensity of 
one of the input waves. A l though in this section we shall 
concent ra te on the simplest self-switching case where only 
one of the waves enters a system with identical U D C W s , 
this definition is valid also (as shown later) as a general 
definition of the p h e n o m e n o n of rad ia t ion self-switching. It 
can also be called the self-switching of unidirectional 
distributively coupled waves. 

W e shall call the self-switching poin t My (j = 0 or 1) the 
state of a system in which (under self-switching condi t ions) 
the intensity of the jth wave is max imal at the ou tpu t 
(Tj; = max) . In the case of identical U D C W s considered 
here, this state is reached when the input intensity is given 
by the set of expressions (3.1.11) when almost all the ou tpu t 
rad ia t ion is concent ra ted in the jth wave (Tj w 1). 

F o r a given value of R0, the poin t M j cor responds to the 
pa ramete r 

1 6 • • • - • (3.1.14) In i l n 
1 -R, 

and the point M 0 cor responds to 

In 
16R2

0 

Rl-1 
i l n 

K n - 1 
(3.1.15) 



Optical self-switching of unidirectional distributively coupled waves 1001 

If 100 — (RL 
tha t [34] 

2 
Jji' 1 + ( - l ) J 

0), it follows from expression (3.1.8) 

2exp(— L) 
1 + e x p ( - 2 L ) 

(3.1.16) 

i.e. the intensity of the zeroth wave is slightly higher and 
tha t of the first wave slightly lower t han half the wave 
intensity at the input , bu t if e x p L > 1, the wave intensities 
become almost equal (Figs 2 - 4 ) . M o r e exactly, such 
equal isat ion occurs at the value [34] 

ho « J o m [ 1 - 8 e x p ( - 2 L ) ] , 

which is a lmost equal to 7 0 M for e x p L > 1. 
F o r Too s o close to 7 0 M tha t [34] 

e x p L < 1 , 

or, which is equivalent [34], if 
1 2 

f 00 ' l0M 
l0M 

<| 6 4 e x p ( - 2 L ) , 

we find from expression (2.1.16) tha t 

1 - I r 2 e x p L + 2 ( - l ) J ' e x p L T ~ ho 

The slope or steepness of self-switching in the direct 
vicinity of 7 0 0 to 7 0 M , i.e. when condi t ion (3.1.19) is obeyed, 
can be found from expression (3.1.9) or (3.1.10) in 
accordance with the formula given in Ref. [34]: 

8/ j 7 a / ji 
8 / 0 0 SR0 

( - 1 ) 
j e x p L 

(3.1.21) 

This reveals ano ther interest ing result. N e a r a certain value 
of the input intensity 70o — A M (called the critical or self-
switching intensity) there is a linear section of the 
characterist ic Iji(ho) a n d the width of this section can be 
est imated from condi t ion (3.1.19) and the slope is given by 
formula (3.1.21). The slope of this section can be very high 
{k = \kj\ 5> 1). In other words , if k 5> 1, a small change in 
the input power near the critical value p roduces a large (k 
t imes larger) change in the ou tpu t power . This effect can be 
used to develop an optical small-signal amplifier or an 
optical t ransis tor [32, 33] (Figs 5 a - 5 c ) . This can be done if 
we inject, as one of the waves, rad ia t ion of cons tant 
intensity 7 p (which will be called the p u m p rad ia t ion) 
and at the same t ime (in this case in the form of the same 
wave) we also inject a weak a l ternat ing signal of intensity 7S 

(in the case under discussion the signal has the same 
frequency!) , which is incoherent with the p u m p . The 
intensity (ampli tude) of the signal lies within the limits of 
the linear section of the characteris t ic we are discussing 
here. The ampl i tude of the change in the power of each 
wave Iji at the ou tpu t will then be \ks\ greater t han the 
ampl i tude of the signal power and the na tu re of the t ime 
dependence Iji(t), i.e. the profile of the amplified signal, will 
be the same as the profile of the initial signal, implying tha t 
the amplification will occur wi thout dis tor t ions . The profile 
hi(t) repeats the profile of Is(t) and hi(?) is an inverted 
image of 7s(f) (Fig. 5h). 

F o r m u l a (3.1.21) thus defines the gain of an optical 
t ransis tor and condi t ion (3.1.19) determines the width of 

fThe case when the signal frequency differs from the pump frequency 
is discussed in Section 5. 

the linear pa r t of the t ransis tor characterist ic . The greater 
the number of t imes tha t energy is switched between the 
U C D W s in the length / of the investigated system under 
linear condi t ions , the m o r e easy is the self-switching of the 
rad ia t ion in the nonl inear regime and the greater the optical 
t ransis tor gain, which increases exponential ly with increase 
in L . F o r example, if in the linear regime the switching 
occurs twice between the waves, we then have L =2% and it 
follows from formula (3.1.21) tha t \ks\ w 67. If in the linear 
regime the switching between the waves occurs three t imes, 
i.e. if L = 3K, then \ks\ w 1550. Since in integrated optics we 
usually have K ~ 10~ 4 - 1 0 ~ 2 , Z ~ 0.1 — 1 cm, and X ~ 1 um, 
it follows from formula (3.1.21) tha t the optical t ransis tor 
gain can be very large. 

W e shall refer to the set of pa rame te r s of the system 
cor responding to the condi t ion rx = 0 and r = 1 as the 
middle poin t M of rad ia t ion self-switching. In the present 
case this condi t ion is equivalent to 7 0 0 — A M a n d the poin t 
M on the T0(RQ) curve (see Figs 2a and 3) has the 
coordina tes RQ = 1 and T 0 « 1/2; at this poin t the slope 
of the curve is maximal . The index M is selected to denote 
the 'middle ' po in t M and the intensity cor responding to M 
is the critical intensity 7 M (Fig. 2). In the present case we 

(3.1.20) have 7 M = 7 0 M = 4K/\6\ [34, 35]. In general, 7 M m a y differ 
from the specific value 7 0 M (Section 3.3). 

(3) In the range q2 = r~2 = RQ2 = 7 ^ / 7 0

2

0 < U (q\ « -
r\ w 1) the elliptic functions can again be approx ima ted by 
the t r igonometr ic functions [121]. Subst i tut ing such a p p r o x 
imat ions into expression (3.1.4), we obta in [34]: 

TX « - L [sin2(LR 0) + Ro2 cos 2 (7J? 0 ) ] ~ S™2(LR 0) , 
4RQ 4RQ 

(3.1.17) 

(3.1.18) 

(3.1.19) 

l 
s in 2 (LR0) (3.1.22) 

The bulk of the rad ia t ion power is concent ra ted in the 
zeroth wave and it oscillates weakly with var ia t ion of LR0. 
The per iod of the power oscillations a long the L axis is 
2K/R0, bu t a long the R 0 axis it is 2K/L. 

Evolut ion of the dependence r 0 ( / ? 0 ) a s a result of 
changes in the pa ramete r L is shown in Fig . 3 and 

Figure 3. Evolution of the dependence of T0 on R0 as a result of 
changes in L: ( 7 ) L/n = 0.75, ( 2 ) 1, (3) 1.5; a = 0, 60 = 0X = 0. 
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Figure 4. Dependences of T0 on L for R0 < 1 (a) and R0 ^ 1 (b): ( 7 ) R0 = 0 . 1 , ( 2 ) 0.9, (3) 0.99, (4) 0.999, ( 5 ) 1, (<5) 1.001, ( 7 ) 1.01, (8) 1.1; 
a = 0, 0O = ^1 = 0 (figure taken from Ref. [34]). 

evolut ion of the dependence T0(L) as a result of changes in 
the pa ramete r R0 is demons t ra ted in Fig. 4. Analyt ic results 
and physical conclusions stated above are confirmed and 
il lustrated by the results of a computer solut ion of the 
system of equa t ions (2.5.3), presented in these two figures. 
It is interesting to see h o w the dependence T0 = s i n 2 ( L / 2 ) , 
well k n o w n from the linear theory [1 - 10], t rans forms as the 
pa ramete r Rl = /OMAOO gradual ly increases from a value <̂  1 
to 1 and 4 (Fig. 4). In the limit 7 0 0 -> IM(R0 -> 1), the 
effective length of the energy bea ts a long the L axis tends to 
infinity and energy exchange between U D C W s ceases 
(line 5 in Fig . 4). 

This rad ia t ion self-switching can also be used to limit 
the intensities of the pulses or to select pulses in accordance 
with their intensity [34]. F o r example, for L=2n, a 
rec tangular pulse with R0 = 0.985 appears at the ou tpu t 
as the first wave and a pulse with R0 = 1.015 emerges as the 
zeroth wave [34]. 

W e shall n o w consider a couple of examples of the 
realisat ion of self-switching. 

Example 1 ( taken from Ref. [34]). Rad i a t i on enters one 
of the coupled strip waveguides, fabricated by a familiar 
me thod — of the kind described in Refs [ 1 - 1 0 ] — in a G a A s 
crystal for which we have the exper imental value 
0 w 2.3 x 1 0 " 8 esu at X = 1.06 urn [122]. Let us assume 
tha t / = 1 cm, K = 5 x 10~ 4 , = 3.5. In this case we 
have 7 M = 4K\6\ « 8.5 x 10 4 erg c m - 3 and the p u m p 
wave intensity is ~cf$IM/2n w 140 M W c m - 2 ; if the 
cross-sectional area of the waveguides is ~ 1 0 - 7 c m 2 , the 
p u m p power is P w 14 W. The power gain of an optical 
t ransis tor (Fig. 5a), given by expression (3.1.21) is then 
8 7 0 ? / 8 7 0 0 w 500; according to condi t ion (3.1.19), the relative 
width of the linear pa r t of the characterist ic is less t han 10~ 3 

i.e. power differences (at the input of the zeroth waveguide) 
smaller t han 10~ 2 W can be amplified wi thout dis tor t ion. 

It is po in ted out in Ref. [34] tha t in the case of InSb 
waveguides (with 6 approximate ly four orders of m a g n i 
tude greater t han for GaAs) , the values of 7 M and of the 
p u m p intensity can be considerably lower for the same 
value of | 8 7 0 / / 8 7 0 0 | . It was also ment ioned in Ref. [34] tha t 
7 M can be reduced by several orders of magn i tude if use is 
m a d e of exciton resonances in I I I -V semiconductors (and, 
according to Ref. [123] there should be an increase in 6). 

Atten t ion was d rawn in Ref. [36] tha t such self-switches 
can be m a d e relatively readily from fibre waveguides. Their 
relatively weak nonl inear i ty m a y be compensa ted by a 
considerable length and also by a relatively low refractive 
index and selection of a short rad ia t ion wavelength 
X ~ 0.5 [im. This can reduce K and thus the self-switching 
intensity 7 M and yet retain a high gain in an optical 
t ransis tor , because this gain is governed by the pa rame te r 
L . Moreover , high-intensi ty rad ia t ion can be injected into 
an optical fibre and the m a x i m u m value of this intensity is 
usual ly limited by b r e a k d o w n at the fibre end. 

Example 2 ( taken from Ref. [36]). In this case light with 
X = 0.53 um is injected t h rough the input of one of two 
tunnel-coupled optical waveguides which form a dual-core 
fibre. It is assumed tha t 9 ~ 1 0 ~ 1 2 esu, ft = 1.46, and the 
distance in which light is t ransferred from one core to the 
other under linear condi t ions is 4 = 1 m, i.e. 
K = [$X/2lh « 3 . 6 x 10~ 7 . In this case the critical intensity 
is cpIM/2n~ 10 9 W cm and for a core of cross-sectional 
area S ~ 10~ 7 c m 2 , the switching power is PM ~ 100 W. If 
the length of the tunnel-coupled waveguide system is 
/ = 3lb = 3 m, the relevant pa ramete r is L =3% and an 
increase in the input power near the value of PM by 
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Figure 5. Examples of optical transistor, switch, and amplifier 
configura-tions based on nonlinear systems with U D C W s : 
(a, d, e) tunnel-coupled optical waveguides; (b, f) waveguides with 
U D C W s of different polaris-ations; (c, g) periodic structures; 
(h) operating principle of the con-figurations shown in Figs 5 a -
5c [36]. Here, IP and IS are the pump and signal intensities, such that 

7 p > IS (the figure is taken from Refs [32, 33]). In the configurations a -
d and g, and in the configuration f with the circular polarisations, the 
pump intensity is IP » / M , where IM is the critical intensity; in the case 
of the configuration e, the pump intensity is IP>IM/2; for the 
configuration f with the TE and TM polarisations and with K — 0, the 
pump intensity is IP > 3 |a | / |0 | . 

5P <2S(40) 
1M J 16PM e x p ( - L ) ~ 0.2 W results i n 

complete self-switching of light (from waveguide 1 to 
waveguide 0) at the ou tpu t . Within the linear section of 
the characterist ic (8P ^ 0 . 1 W) the gain, described by 
expression (3.1.21) is 8 / 0 / 8 / 0 0 w 1600. 

3.2 Self-phase-matching of waves 
Let us see wha t h a p p e n s to the phases of the waves in the 
course of their self-switching. Let us consider specifically 
the phases of U D C W s described by the system of 
equa t ions (2.5.3), for example waves in T C O W s ; the 
phases of other such waves are found by m a k i n g the 
subst i tu t ions described by the set of expressions (2.5.2). 

As in Section 2 .1 , we shall assume tha t U D C W s are 
identical (a = 0, 0 O = 0\ = 9). It follows from expres

sion (2.5.9) tha t [34, 37] 

cos \j/ = 2 sign 9y/j0Jl = 2 sign 0y/(Ro J)J . (3.2.1) 

Hence , we find directly tha t if R0 > 1 (i.e. if 7 0 0 > /QMX 
then 

/ 0>^=^o + )/tf0-l) 
(3.2.2) 

i.e. if Too > Avi there is a range of forbidden rad ia t ion 
intensities for each wave [34]! 
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Subst i tut ion of the solution described by expression 
(3.1.3) into expression (3.2.1) gives cosi/f in a cross section 
of the system whose coord ina te is z = I [37]: 

cosi/fz = sign Or | sn(L, r ) | . 

If r = j R o = ^ - i > i > i.e. if 7 0 0 > / M ! 

can be rewri t ten as follows [37]: 

cosi/fz = sign 0 
L 

sn I — . 

(3.2.3) 

then formula (3.2.3) 

(3.2.4) 

Let us n o w analyse formulas (3.2.3) and (3.2.4). 
(1) In the near-l inear regime when r2 = Rl <̂  1, we find formula (3.2.4) tha t [37] 

increase in the deviat ion of 7 0 0 from IM (for a fixed value 
of L ) or with increase in L (for a fixed RQ), we find tha t 
| cosi/^l decreases from R 0 to zero. The values R 0 and L at 
which we have cosi/fz = 0 can be found from expres
sion (3.1.11) and they cor respond to the self-switching 
po in t s My. 

It follows from formula (3.2.6) tha t as 7 0 0 approaches IM 

(i.e. on app roach to the middle po in t M ) , there is an 
increase in the length of the pa r t of the system where the 
phases of the waves are matched and where the degree of 
their ma tch ing increases. 

(3) At high intensities (q = RQ2 <̂  1), we find from 

tha t 

cosi/fz w sign Or s inL 
sign (2L) 

cosL 

sign 9 r\ sin L | (3.2.5) 

In the purely linear case characterised by r = R0 = 0 we 
have cosi/fz = 0 and = K/2, i.e. the wave phases are 
shifted by K/2. 

(2) In the rad ia t ion self-switching region (r = R0 w 1 
and e x p L > 1), if we adop t the approx ima t ion for the 
function sn(L, r ) , derived in Append ix II and described by 
expression (II.3), we find tha t [37] 

. . 1 - ( r ? / 2 5 6 ) e x p ( 2 L ) 
cos iA/ ~ sign 0 )1Ti t anh L , 

1 + (r^/256) exp(2L) 
J — 

(3.2.6) 

-q\ = 1 — Rl ^ 0) as well as for 
q2 = \-R2^0). 

whereas in Section 3.1, we have rx = 1 — R 0 

Approx ima t ions to formula (3.2.4) yield results which 
are a lmost fully identical with formula (3.2.6). In other 
words , the approx ima t ion represented by formula (3.2.6) is 
valid in the rad ia t ion self-switching region b o t h for 
r = R 0 ^ 1 (where r\ 
r = R 0 ^ 1 (where r\ 

In the immedia te vicinity of the poin t M , where inequal 
ity (3.1.19) is obeyed, we obta in cos x//l w sign OR0 t anh L 
and, sufficiently far from the input ( expL > 1, t a n h L w 1), 
we have cosi/fz w RQ sign 6, i.e. if 0 > 0 and 7 0 0 = IM the 
zeroth and first waves are in phase (Fig. 2b)! 

As poin ted out earlier, we are speaking here of the 
phases of the waves described by the system of equa 
t ions (2.5.3). In the case of the waves described by the 
system (2.5.1), the phases are found by the simple subst i tu
t ion described by the set of expressions (2.5.2). Thus , for 
identical U D C W s and the Bragg diffraction in an isotropic 
per iodic s t ructure we have 0j = 0, 0 O 1 — ^IO — 20; therefore, 
we have 60 = 60 — 0 O 1 = —0, 0] = Q\ — 0 1 O = —0 and, if 
0 > 0, we obta in cosi/fz = — 1 , xjj = K, i.e. the waves at 
the middle po in t M are in ant iphase . In any case, we 
can speak here of au toma t i c phase ma tch ing at some 
specific input intensity equal to the critical value. 

This au toma t i c phase ma tch ing of the waves at the 
middle poin t M (Fig. 2b) will be called self-phase-match
ing [37]. It should be stressed tha t self-phase-matching of 
waves occurs a l ready at a very short dis tance beyond the 
input (where e x p L > 1) and cont inues over the rest of the 
length of the system. At the middle poin t M the sign of 
M sini/fz is reversed. At distances from the input much less 
t han the linear transfer length (L <̂  1, t a n h L <̂  1) it follows 
from formula (3.2.6) tha t the phases of the waves no t yet 
equalised become opposi te even for 7 0 0 = IM C^O — 1) a n d 
we have cos i / f z ?^0 . If 0 ^ (r f /256) exp 2L ^ 1, then an 

cosi/fz 

: sign 0 sin(LR 0 ) 
« 2 

LR( 

sin(2L7? 0 ) ' 
cos(LR 0 ) 

: sign 0 |sin(LR ( (3.2.7) 

The cosine of the phase difference oscillates a long the L axis 
with a per iod KIM/I00 and a long the R0 axis with a per iod 
K/L, and also a long the coord ina te z of the system with a 
per iod 2/M/ |0 | / O o . The zeroth and first waves are in phase 
(for 0 > 0) or in an t iphase (for 0 < 0) only over short pa r t s 
of the system near the values z = I = (2m + l ) /M/ |0 | / O o , 
m = 0, 1,2, . . . 

Fig. 2b shows the dependence of the cosine of the 
difference between the wave phases on R0 for L = 1.6K. 
This dependence for other pa rame te r s L and also the 
dependence of cosi/fz on L for different R0 are all given 
in Ref. [37]. 

The results of this section supplement those given in 
Section 3.1. W e can see tha t the rad ia t ion self-switching 
effect is related organical ly to self-phase-matching of the 
waves and to an ab rup t change in the wave phases from 
zero to K/2 (or from K to K/2) as a result of a small change 
in the input intensity near its critical value. 

3.3 Optical self-switching in a system with nonidentical 
unidirectional distributively coupled waves 
W e shall n o w consider the case of nonident ica l U D C W s : 
a ^ 0, 0 O ^ 0 j . W e shall assume, as before, tha t rad ia t ion is 
coupled into the system in the form of just one wave: 
R0 ^ 0, Ri = 0. Then , one of the roo t s of Eqn (2.5.14) is 
Jd = 0 and the solution is [41] 

1 — cn(s, r) 
( m + i ) + ( m - i ) c n ( s , r) 

(3.3.1) 

where s = 2L-s/pq, p2 = (Ja — Jt)(Ja ~ Jc)> <1 — «Vc> f l — 
[Jl ~{P- q)2]/(4pq), A = 1 " r1 = [(p + qf - J2

a]/(4pq). 
W e can easily show tha t p2 > 0, q > 0. 

It follows from the solution described by expres
sion (3.3.1) tha t the m a x i m u m value of Ju is 
J\i — Ja ^ I n other words , if Ja < R0, energy is no t 
transferred completely from the zeroth to the first wave and 
the rat io Ja/Ro = ( A L ) m a x determines the depth of possible 
energy transfer of the self-switching. This depth of transfer 
in self-switching is unde r s tood to be the difference between 
the 
(AT) 

m a x i m u m 
= r . 

max — ± j , m a x 

m in imum and 
•Tj,mm; 0^(AT)n 

values 
^ 1. 

of 
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3.3.1 Complete transfer and complete self-switching. It 
really follows from expression (3.3.1) tha t if 

90 - 0X 

4P ho = a o (3.3.2) 

then A = 0, Ia = 7 0 0 , ( A r ) m a x = 1, i.e. complete transfer of 
energy from the zeroth to the first wave is possible [41]. In 
this case we have p = q = \ and 7 M = 7 0 M = 87T/|0O + 
expression (3.3.1) then reduces to the solution described by 
expression (3.1.3) obta ined for identical U D C W s . Conse 
quently, in this case we can use the results of an analysis 
given in Section 3.1 and in Ref. [34], i.e. we can use 
formulas (3.1.11) and (3.1.21) if we bear in mind tha t the 
value of the critical intensity 7 M n o w generally differs from 
the value 7 0 M = 47T/|0| which applies in the case of identical 
U D C W s . 

3.3.2 Incomplete self-switching when a= a 0 + A a . A 
deviat ion of a from a 0 should obviously reduce the 
value of Ia and, consequently, the self-switching depth 
(Fig. 6). If Aa is small (|Aa| <| K\ then [41] 

( A r ) n 1 - ( A £ ) 2 + 4 ( A £ ) 3 , (3.3.3) 

where A£ = (Aa) s ign(0 o + 0i)/3/K. Therefore, in the first 
approx ima t ion in Aa/K, the self-switching remains com
plete (Fig. 6a) and the solution described by expression 
(3.3.1) becomes [41] 

h « % [1 + ( " i y c n ( ^ r)] + (-IY (AO s n 2 ( , , r) , 

(3.3.4) 

where r « R0 [l - R0(A£)], s « L [l + R0(A£)] and> a s 

usual , 7 = 0 or 1. 
The self-switching or critical intensity 7 M (cor respond

ing to the middle poin t M ) , is defined, in accordance with 
Ref. [41] and Section 3.1, on the basis of the condi t ion 
r = 1: 

IM « / 0 M ( 1 + A £ ) , (3.3.5) 

where 7 0 M = 7 M ( a = 0) = 87 : / | 0 o + 0i|. 
If e x p L w exp^ > 1, then for 

ho ^ / O M { 1 + ( - l ) J ' 8 e x p [ - L ( l + AO] + A^} (3.3.6) 

the ou tpu t rad ia t ion is concent ra ted entirely in the j t h 
wave [41], represented by po in t s My of the system, in 
accordance with expression (3.1.11). W e can see tha t 
characterist ic switching self-switching po in t s M and M ; 

m a y shift, depending on the sign of A£, to the right or left 
relative to the po in ts cor responding to the case when a = a 0 

(Fig. 6). 
At the middle poin t M (i.e. when 7 0 0 = 7 M ) , we have [41] 

67, oo 

[ i + ( - i y ( A f l ] . 

(3.3.7) 

(3.3.8) 

J I I I I 

1.800 1.805 1.810 2.484 2.486 2.488 2.490 R 0 

Figure 6. Dependences of TQ—IQi/IQQ on the normalised input 
intensity R 0 — \9\I00/4K of the zeroth wave, plotted for 90 — Q\ — 9, 
L = 2KKI/XP = 2K, and the following values of f: ( 7 ) - 0 . 0 4 , 
( 7 ' ) 0.04, ( 2 ) - 0 . 1 , ( 2 ' ) 0.1, (3) - 0 . 2 5 , (3') 0.25, (4) - 0 . 5 , 
(4') 0.5, ( 5 ) - 1 , ( 5 ' ) 1, (6)-2, (6') 2. The middle self-switching 
points are labelled M and the crosses are used to identify the points 
with the maximum slope (figure taken from Ref. [41]). 

It is evident from expression (3.3.7) tha t the gain of an 
optical t ransis tor depends on A£: it increases for A£ > 0 
and decreases for A£ < 0 (see Fig . 6). The changes in the 
gain can be very considerable. F o r example, doubl ing of 
the gain cor responds to A£ = I n 2 / ( 1 + L ) . 

3.3.3 Equal nonlinear coefficients. W h e n the nonl inear 
coefficients are equal (0 O = #i = 0, a ^ 0) we have 
a 0 = 0, Aa = a and A£ = { = (afl/K) sign 0. This impor 
tan t and most frequent case is realised, for example, in the 
case of tunnel-coupled optical waveguides m a d e of the 
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same mater ia l in which the mismatch is due to the different 
waveguide thicknesses. Then , \QX — 0o |7Oo ~ a # / o o is a 

quan t i ty of the second order of smallness and can be 
ignored, since in the derivat ion of the system of 
equa t ions (2.5.3) only quant i t ies of the order of K, a, 

oo (i.e. of the first order of smallness) are included. and 0,7, 

3.3.4 Complete self-switching when a = a M Re la t ion 
ship (3.3.2) implies tha t for each ins tan taneous value of 
the to ta l intensity 7 0 0 there is a cor responding value a = a 0 . 
This requi rement is difficult to satisfy, bu t — in principle — 
this is possible. In the case of tunnel-coupled optical 
waveguides m a d e of electro-optical mater ia ls it is necessary 
to apply an electric voltage p ropo r t i ona l to 70o selected in 
such a way as to satisfy relat ionship (3.3.2). True , we can no 
longer speak of self-switching of the radia t ion , because in 
this case there is a cont r ibut ion of the electro-optical effect. 

The case when a is fixed is of greater pract ical interest. 
The condi t ion for rad ia t ion self-switching is 7 0 0 = 7 M . 
Therefore, complete self-switching can occur at a fixed 
value of a, selected in advance , if this pa ramete r is [41] 

a M 4/J 

\ _2K(60-91) 
— I0M — ' 

m > + 0 i 

The pa ramete r { then becomes 

0 O - 0X 

U=2 

(3.3.9) 

(3.3.10) 

If { = £ M is selected, then complete rad ia t ion self-switch
ing, cor responding to ( A r ) m a x w 1, can be expected 
(Fig. 7a) when 7 0 0 is varied near the critical value 7 0 M , 
which is t rue even in the case of nonident ica l tunne l -
coupled opt ical waveguides or a system with other 
nonident ica l U D C W s ! Therefore, we shall call 7 0 M the 
'critical complete self- switching intensi ty ' or simply the 
'complete self-switching intensi ty ' [41]. 

However , selection of a = a M leads to a deviat ion of the 
solut ion from the form given by expression (3.1.3), which is 
valid only if a = a 0 and, in spite of proximi ty of the values 
of 7 0 M and 7 0 0 (and, consequently, of a M and a 0 ) , the na tu re 
of self-switching m a y change considerably compared with 
the case when a = a 0 . The slope and direction (sign) of such 
complete self-switching is given by a formula taken from 
Ref. [41]: 

37 

6 7 ^ ( - 1 ) J 

Oi00 

3 0 o — 6i e x p L 

0o + 0i " 8 " 

and if 

R U) l + ( - l ) J ' * 
30o — 01 

e x p L , 

(3.3.11) 

(3.3.12) 

the rad ia t ion emerges from the system entirely in the form 
of the jth wave (cor responding to the po in ts My). 

It follows from formulas (3.3.11) and (3.3.12) tha t if 
(30 o — 0i ) / (0o + 0i) > 0, an increase in 7 0 0 near the value 
7 0 M switches the rad ia t ion at the ou tpu t from the first to the 
zeroth wave, bu t if (30 o — 0i ) / (0o + 0i) < 0, the switching is 
in the opposi te direction. The slope of the characterist ic 
described by expression (3.3.11) depends on the relat ionship 
between 0 O and 0X. F o r example, if 0 O = 0 ^ 0, 0X = 0, the 
slope is three t imes as high as for the case of identical 
U D C W s (0 O = 0i=0) with the same value of L, and if 
0 O = 0, 0i = 0 ^ 0, it has exactly the same absolute value as 
in the case when 0 O = 0i = 0, bu t the sign is n o w opposi te 

2.5 RA 

Figure 7. Dependences of T0 on R 0 = 6MAXI00/4K, plotted for 0 O ^ QX 

and L = 2 t t : ( 7 ) 0 o = O , 0J = 0 ^ 0 ( 0 ^ = 0 . 5 ) , f = fM = - 2 ; 
( 2 ) 0 O = 0 ^ O , 0 1 = O ( 0 d h = -O.5), £ = £ M = 2 ; ( 3 ) 0 0 = 0 . 3 0 ! 
(0 r f w =O.35) , A{ = 0.01; ( 4 ) 0 o = 0 i / 3 ( 0 ^ = 1/3), A{ = 0.1. Here, 
6dn = (0j — 0O) sign(0 o + 0 i ) / 2 0 m a x is the normalised difference between 
the nonlinear coefficients; 0 m a x = max( |0 o | , |0j|) (figure taken from 
Ref. [41]). 

(Fig. 7a). If 0i = 3 0 o and a = a M , self 7switching does no t 
occur; dlji/dl00 = 0 and the po in t s R^ move away from 
uni ty to infinity. 

3.3.5 Incomplete self-switching when a = a M + Aa. In 
pract ice, in view of the technological difficulties encoun
tered in the fabricat ion of tunnel-coupled optical 
waveguides and of other systems in which U D C W s are 
used, it is unavo idab le tha t there m a y be a deviat ion 
( though small) of the value of a from a M , which reduces the 
self-switching depth (Fig. 7c) [41]: 

1 J m a x 7 M V 3 0 o - 0 j 

l ^ (50Q - 0 O ( 0 Q + 0 Q -

(30 o -Oif 
(3.3.13) 

where A£ = (Aa)/?sign(0 o + 0i)/K = £ — £M, Aa = a — a M , 
|A£| <| 1. If (50 o — 0i )Aa > 0, then an increase in |Aa| 
reduces the self-switching depth much m o r e than for 
(50 o — 0i)Aa < 0. If 0 O = 0i , expression (3.3.13) reduces to 
expression (3.3.3). 
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The self-switching slope cor responding to a = 
is [41] 

9/,v , ^ , - r 3 0 n - 0 i 7 0 Q - 5 0 ! 

where 

( " 1 ) J 

30n — 0i 
exp s 

• a M + Aa 

(3.3.14) 

L 1 + flp + fli 
3 0 o — 0i 

A£ 

If 0 O = 0i , expression (3.3.14) reduces to expression (3.3.7). 
The shift of the po in t s M , M 0 , and M i a long the R0 axis, 

due to the mismatch A£, is described by formulas given in 
Ref. [41]. 

At the m o m e n t of rad ia t ion self-switching (70o = ^M)> it 
follows from expression (3.3.1) tha t 

/„ « Jh - 2QxV(-s)(Ja - 3Jb) « Jb^ ^ = 1 , (3.3.15) 

and the equali ty sign in the above expression is satisfied in 
the case of complete self-switching (A£ = 0, IM = /QMX a n d 
at the m o m e n t of par t ia l self-switching (A£ ^ 0, Jb < Ro/2) 
less than half of the input rad ia t ion is switched to the first 
wave. 

3.3.6 Self-switching in the case of arbitrary values of a and 
0d . F o r a rb i t ra ry values of a and 9d, the critical value of R0 

can be found from the condi t ion 0 < Jb = Jc < Ja (which is 
equivalent to the condi t ion r = 1). This condi t ion means 
tha t if J = Jb = Jc, then t h e / ( / ) curve touches the abscissa, 
i.e. we have s imultaneously b o t h f(Jb) = 0, in accordance 
with expression (2.5.14), and f'(Jb) = 0; el iminating Jb, we 
obta in the following equat ion: 

R2

M -\+2ARM(4R2

M -5)-2A2(6R2

M + \) 

+ 6A3R^ 0 (3.3.16) 

which gives the exact value R 0 = R M = IM/HM a t the poin t 
M (only the values characterised by 0 < Jb < Ja are 
physically meaningful) . At low values of \A\, 
E q n (3.3.16) reduces to E q n (3.3.5). 

At the poin t M the value of T0 is governed by the roo t Jb: 

. A 
: 0M 1 

1 + -
6A2RM +A(\2R2

M+l)-RM($R2

M-7) 

(A2 2ARU +4R2

M •3)2Rft 

(3.3.17) 
T h e self-switching depth is described by 

1 
(AT) 

max A T7 

2ARM+4Ri 3 
[A5 - 6A2RM + ^ 1 ( 1 2 ^ + i ) _ RM(&RM - 1) 

(3.3.18) 

where RM is found from E q n (3.3.16). 
E q n s (3.3.16) and (3.3.18) provide useful informat ion on 

IM and on ( A r ) m a x , presented in Fig. 8. 
If 0dn=\ [ 0^ = ( 0 i - 0 o ) s i g n ( 0 o + 0 i ) / 2 0 m a x , where 

#max = m a x ( | ^ o l ? | 0 I | ) ] j the tangent to the / m ( £ ) curve is 
vertical at the poin t of complete self-switching. If 9dn > ^ 
there is a range of values of { where one value of { 
cor responds to two values of IM and ( A r ) m a x , i.e. there are 
two values of the to ta l intensity (Fig. 8) near which we can 
expect rad ia t ion self-switching. Therefore, if 9dn > \, then 

-5 - 4 - 3 - 2 - 1 0 2 3 4 5 £ 

Figure 8. Normalised intensity 9MAXIM/4K (a) and depth ( A r ) m a x (b) 
of radiation self-switching, plotted as a function of £ for different 
values of 9DN: ( 7 ) - 0 . 6 , ( 2 ) - 0 . 3 , (3) 0, (4) 0.1, ( 5 ) 0.2, (6) 0.25, 
( 7 ) 0 . 3 , ( 5 ) 1 / 3 , ( 9 ) 0 . 3 5 , ( 7 0 ) 0.4, ( 7 7 ) 0.45, ( 7 2 ) 0.5, ( 7 3 ) 0 . 5 5 , 
(14) 0.6 (figure taken from Ref. [41]). 

for specific values of a and K we can speak of double 
radiation self-switching (Fig. 7b). The depths of self-switch
ing events are usually different, bu t in the range 9dn ^ ^ (for 
example, if 9dn = 0.35) the ( A r ) m a x ( ^ ) curve in Fig. 8 
intersects itself. This means tha t bo th self-switching depths 
are the same (Fig. 7b). 

E q n s (3.3.16) —(3.3.18) give RM, T0M, and ( A r ) m a x even 
for large values of \A\ and F o r example, if 0^ = 0, 
A = £ = 1, we readily find RM = 1.8054, r 0 M = 0.6983, and 
( A r ) m a x = 0.8427 (Fig. 6e); if A = £ = 2, we find tha t 
RM= 2.4864, r 0 M = 0.7634, and ( A r ) m a x = 0.7225. F o r 
A = £< - 0 . 1 9 0 9 , there is no RM. 

At high values of { the poin t M (Figs 6d and 6e) lies 
above the poin t identified by a cross ( x ) , where the slope 
has its m a x i m u m . At the poin t M (i.e. for R0 = RM and 
To — T0M), we have cosi/^ = 1 and the sign of sini^ z is 
reversed as a result of var ia t ion of R0 [41], i.e. the process is 
similar to self-phase-matching of identical U D C W s 
(Section 3.2). 

The results of numer ica l solut ions of the system of 
equa t ions (2.5.3) [41] are in agreement with fo rmu
las (3 .3 .3) - (3 .3 .18) and are il lustrated in Figs 6 and 7. 
In the case of low values of |£| we indeed observe an almost 
complete transfer of energy from one wave to another , bu t 
at high values of |£|, as demons t ra ted by the general 
solut ion described by expression (3.3.1) the transfer of 
energy is incomplete . However , for negative values of { 
and for |£| w 1 (Fig. 6c) the transferred power does no t 
reach even half of the input power , bu t for posit ive values of 
{ (Figs 6d and 6e) up to { = 1 we can still speak of 
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rad ia t ion self-switching. F o r example, if £ = 1, then ~ 8 4 % 
of the input power is t ransferred to the first wave. It should 
be stressed tha t an increase in { increases considerably the 
gain. On the other hand , in the case of identical U D C W s 

= 0) when L = 2K at the poin t M we have, in accordance 
with expression (3.1.21), the slope 8 / 0 / / 8 / 0 0 w 67; for n o n -
identical U D C W s if { = 1 and the value of L is as before, 
the m a x i m u m slope is 8 / 0 / / 8 / 0 0 w 1136. It follows tha t the 
selection of { = 1 increases the slope by m o r e t han one 
order of magn i tude and at the same t ime increases the 
critical intensity by 80% and reduces the switching depth by 
16% (curve 5' in Fig. 6e). 

Fig. 7a il lustrates formulas (3.3.11) and (3.3.12); if 
0 O = 0, 0i ^ 0 an increase in 7 0 0 near 7 0 M switches 
completely the rad ia t ion at the ou tpu t , and no t from the 
first to the zeroth wave (as in the case of identical U D C W s ) 
bu t vice versa. 

Fig. 7b demons t ra tes double self-switching. The first 
occurs at 7 M w 5.6K/0max and its slope is in agreement with 
formula (3.3.16). The second self-switching occurs at 7 M w 
7.9K/0max and it is much steeper t han the first. W h e n 7 0 0 is 
increased, the first self-switching takes place from the zeroth 
to the first wave and the second in the opposi te direction. 

Fig . 7c shows tha t rad ia t ion self-switching occurs also 
for 0 O = 0i A bu t only if (A£) ^ 0 [41]. 

It follows tha t nonident i ty of tunnel-coupled optical 
waveguides m a y no t only reduce the self-switching slope 
and thus reduce also the critical intensity, bu t it can also 
increase considerably (by one or two orders of magni tude) 
the self-switching slope and at the same t ime increase, bu t to 
a much lesser degree, the value of 7 M . This nonident i ty 
reduces also the self-switching depth, bu t this can be seen 
only in the second approx imat ion . The influence of the sign 
of A£ on the self-switching slope appears a l ready in the first 
order in A£, bu t the self-switching depth is affected by this 
sign only in the third order in A£. 

It is k n o w n (Fig. 1) tha t complete energy exchange is 
no t possible for nonident ica l waves in the linear regime. 
However , in the nonl inear regime, complete rad ia t ion self-
switching is possible even if the refractive indices of the 
waves are far from identical. It appears when condi 
t ion (3.3.9) is satisfied: the mean ing of this condi t ion is 
tha t the nonident i ty of the refractive indices is compensa ted 
by the nonident i ty of the nonl inear coefficients. The slope 
and direction of such complete self-switching are given by 
formula (3.3.11). 

D o u b l e rad ia t ion self-switching can occur for certain 
values of the pa ramete r s , i.e. switching m a y be observed 
near two values of the input intensity, each a critical value. 

Trillo and W a b n i t z publ ished a paper [80] on the same 
subject, soon after Ref. [41], bu t they did no t investigate 
analytically the solution described by expression (3.3.1). 

D o u b l e rad ia t ion self-switching is possible no t only in 
the case of nonident ica l bu t also in the case of identical 
tunnel-coupled optical waveguides if two waves are injected 
(Sections 3.4 and 4.3) or even if one wave is injected, 
provided the nonl inear i ty sa tura t ion is considerable [98]. 

3.4 Influence of optical losses on optical self-switching 
It is desirable to consider the influence of the optical losses 
on rad ia t ion self-switching because m a n y systems with 
U D C W s not based on optical fibres m a y suffer from 
considerable losses. F o r example, in the case of G a A s 
tunnel-coupled opt ical waveguides the losses are usual ly up 

To 
1.0 R -

0.9 1.0 1.1 1.2 1.3 1.4 

Figure 9. Radiat ion self-switching effect plotted for different losses in 
the distance equal to the coupling length / of U D C W s ; the nth curve 
corresponds to the losses amounting to n dB; L = 2n; a = 0; 
0 O = 0! = 0 (figure taken from Ref. [42]). 

to 5 dB c m - 1 [ 3 - 5 ] . Moreover , it is impor t an t to t ake the 
optical losses into account also because it is then possible 
to est imate, in the first approx imat ion , the influence of 
secondary nonl inear effects (such as s t imulated R a m a n 
scattering, s t imulated Brillouin scattering, and generat ion 
of the second and higher harmonics ) on rad ia t ion self-
switching. 

W h e n the losses are t aken into account , the system of 
equa t ions (2.5.3) corrected for the losses becomes [42] 

\ p ^ + K A i e x J J ^ L ) + i * ps>0A0 = - 0 o | A o | 2 A o , 
K az \ A J K 

i ^ ^ + £ 4 o e x p ( ^ T i ) + i ^ ^ A l = " 0 l | A l | 2 A l ' 
(3.4.1) 

where 3- is the loss factor. 
The system of equa t ions (3.4.1) can only be solved 

numerical ly. The results of numer ica l experiments carried 
out for a system with identical U D C W s (a = 0, 00 = 0X = 0, 
3Q = 3[ = 3) when only one wave (Ri = 0) is injected into 
the system demons t r a t e (Fig. 9) tha t the losses of 1 - 5 dB in 
a distance equal to the wave coupl ing length / do no t 
destroy rad ia t ion self-switching, a l though they weaken this 
effect: the self-switching depth and slope decrease. The 
larger the pa rame te r L, the higher the level of losses at 
which rad ia t ion self-switching is still possible. 

3.5 Influence of the phase of a signal on its amplification 
If a signal and a p u m p , coherent with the signal, are 
applied to the input of one (for example, zeroth) tunne l -
coupled optical waveguide or, m o r e exactly, if a signal and 
a p u m p reach the input of a mixer in front of the 
waveguide, then the two waves interfere before entering the 
waveguide. Let the signal ampl i tude at the input to the 
mixer be A s 0 = y/T^Qxp(i(ps0) and the p u m p ampl i tude be 
^po — y/lpo e x P ( i^po)- Let us also assume tha t 7 p 0 w 7 M and 
tha t the power transfer coefficients of the mixer are T and 
R for the p u m p and signal, respectively [33]. Then the 
intensity at the mixer ou tpu t of the rad ia t ion enter ing the 
zeroth waveguide is 7 0 0 = RIs0 + 7 7 p 0 + 2\fKT y 7 p 0 7 s 0 x 
cos((pp0 — q>s0) and, according to expression (3.1.21) the 
small-signal gain is [66] 

k s = p L = _ p L ^ / ^ s i g n e c ^ N g g L ( 3 5 1 ) 
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(where Rs0 = / s 0 / / 0 M , i//0 = (pp0 - cps 0), which is similar to 
formula (4.4.13). 

If Rs0 —> 0, we find tha t \ks\ —> oo, i.e. a small signal 
experiences giant amplification (this is discussed in Ref. [36] 
and in Section 4.4) when a signal and a p u m p are applied to 
the inputs of different waveguides. 

A n opt ical t ransis tor with an enhanced gain, discussed 
in Section 4.5 and in Refs [51, 5 4 - 5 6 , 62] for the case when 
a signal and a p u m p reach the inputs of different 
waveguides, can also opera te when a signal and a p u m p 
are applied to the input of one waveguide [66]. This is a 
consequence of formula (3.1.21) and of interference of the 
signal and p u m p at the input . This t ransis tor is described by 
the same formulas as in the case when the signal and p u m p 
are injected into the inputs of different waveguides 
(Section 4.5). In par t icular , the signal gain in such an 
optical t ransis tor is given by formula (4.5.3). Such ope ra 
t ion of an optical t ransis tor is possible when in the absence 
of a signal the system is at one of the po in ts M 0 or M b i.e. 
when the p u m p intensity satisfies formulas (3.1.11) and 
(3.3.6). 

A s t rong influence of the interference of the phase 
difference at the input has b o t h posit ive and negative 
consequences. 

On the one hand , it makes it possible to increase greatly 
the signal gain, compared with the p u m p gain, and to 
cont ro l the dis t r ibut ion of the ou tpu t wave intensities by 
al tering the input phase of the signal. Ano the r impor t an t 
factor is tha t the s t rong dependence of the small signal gain 
ks on the difference between the signal and p u m p phases has 
the effect tha t the signal characterised by a certain (close to 
zero or to n) phase shift relative to the p u m p should be 
amplified m o r e strongly than the noise. Moreover , since the 
noise phase varies at r a n d o m with t ime, t ime averaging of 
cosi/^0 in formula (3.5.1) causes it to vanish, i.e. there is no 
giant amplification of the noise. Therefore, the giant 
amplification effect can be used to increase the signal/ 
noise ra t io . 

On the other hand , in the development of optical 
compute r s it is usua l to pos tu la te the requi rement tha t 
the phase of the signal arr iving at a switching element 
should no t influence the ou tpu t power or the signal gain of 
this element. This requi rement is qui te na tu r a l and it arises 
from the desire tha t the t ransmiss ion characterist ics of the 
elements should be stable and independent of the optical 
p a t h of the signal between the ou tpu t of one element to the 
input of another . This phase independence of the ou tpu t 
characterist ics of the input signal is desirable also in the 
development of opt ical mul t iv ibra tors , described in Sec
t ion 6 and in Refs [56, 66]. Na tu ra l ly , this influence of the 
signal phase can be avoided in a trivial m a n n e r by m a k i n g 
the signal and p u m p incoherent relative to one another . 
However , this is no t the op t imal me thod . Other m e t h o d s 
are discussed in Section 5.4. 

4. Optical self-switching in the presence of two 
waves at the input 
The presence of a second wave at the input of a cubically 
nonl inear system with U D C W s complicates the process of 
interact ion of these waves and in t roduces quali tat ively new 
features. A n analysis of this interact ion shows tha t the 
rad ia t ion self-switching effect is no t only possible, bu t it is 
m o r e ab rup t and m o r e complex and appears in a much 

greater variety of ways t h a n when only one wave reaches 
the input . Let us therefore assume tha t b o t h waves, R0 ^ 0, 
Ri^O, reach the input of a nonl inear system with two 
U D C W s . The task is to find Ij and \j/ at the ou tpu t of the 
system, i.e. the values of Ijl, Jjb and i/fz. 

4.1 Solution of the equations for identical unidirectional 
distributively coupled waves 
If U D C W s are identical, 

P0=pl=p9 a = 0 , 0o = 0i = 
then the roo t s of Eqn (2.5.14) are 

_Ro+R± 

_R0+R1 , 
Jb,c — ~ ± 

"01 (4.1.1) 

(4.1.2) 

where 

4y/R0R1 sign 9cos - 1 ± y/D 
+ ( * O - * I ) 

( * 0 + * l ) 
( i t V d ) 2 

D = \6R0Rl - 8 ^ 7 ? o ^ i sign 9cosij/0 + 1 . 

The function described by expression (2.5.12) can be 
wri t ten in two different ways. Depend ing on the m e t h o d 
used to wri te it down, the integral in expression (2.5.13) 
can be reduced to two different t abu la ted integrals. 
However , the two forms of the solut ion obta ined in this 
way reduce to one ano ther by identi ty t r ans format ions [62]. 
W e then obta in [36] 

Ro + R + (-l)Jy/Dlcn{S, r) (4.1.3) 

"2 = D+/(D+ - D_) = 4D+/VD, 
-D_/(D+-D_) = -AD_/VD, 

where S = s + F(fi, r)m, r 
s = L(D)1/4, r\ = \ - ? 
fi = a rccos [ ( f l 0 -R\)/2^/U+\. 

T h e solution represented by expression (4.1.3) is valid 
for all real values of r. However , it is convenient to analyse 
this solution only in the range r < l , i.e. for D_ < 0. 
However in the range r > 1, i.e. for D_ > 0, this solution 
can be represented conveniently by a suitable t r ans fo rma
tion [120] in the form 

_R0+R1 

h i - — + ( - l ) ' ' V ^ d n - (4.1.4) 

where S = s + mF(fi'', q)q, S/q = 2Ly / D^T + mF( / i ' , q), 
fi' = a rcs in( rs in fi) = a r c s i n ( g _ 1 sin fi). 

The solution described by expression (4.1.3) was 
obta ined later by Winful [78] for the special case when 
R 0 = R l = R (Section 4.10). 

4.2 General solution of the equations 
W e can represent expression (2.5.12) in the form 

Jb + Jc\ (Jb ~ Jc) 
f(J) = (Ja-J)(J-Jd) 

(4.2.1) 
and thus reduce the integral in expression (2.5.13) to one 
which is t abu la ted in Ref. [120]. In tegra t ion of expres
sion (2.5.13) gives 

••2Ly/PQ = {F(jil9r)-F(jJL9r)}m9 (4.2.2) 
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where 

jii = 2 a rc tan 

ji = 2 a rc tan 

Q(Ja-Jl,)' 
1/2 

P(Ju-Jd)\ 

Q{Ja-Rl)V'2 

r 2 = 

P(Ri -Jd) 

(Ja-J*)2-(P-Q)2 

4PQ 

2 =(P + Q)2 -(Jg-Jj)2 

r 4PQ 

P2 = (Ja~ JbWa ~ Jc) . Q2 = ~ JbWd ~ Jc) • 

Trans fo rma t ions yield [51, 5 4 - 5 6 , 62] 

(Ja + JdP/Q) + (JdP/Q - Ja) cn(S, r) 
Ju \+P/Q + (P/Q-\)cn(S,r) 

(4.2.3) 

where S = s + F(fi, r)m. 
Accord ing to expression (4.2.3), Ju reduces its m a x 

imum value, equal to Ja, when cn(S, r) = — 1 ; the value of 
J0i is then max imal and equal to R0+Ri—Ja. If 
cn(S, r) = 1, Ju=Jd is min imal and / 0 / = 7?0 + Ri — Jd 

is maximal . The quan t i ty ( A r ) m a x = (Ja — Jd)/(Ro + R\) 
is the difference between the m a x i m u m and min imum 
values of the power transfer coefficient of the first wave 
and represents the depth of energy exchange between the 
waves; 0 ^ ( A r ) m a x ^ 1. 

In the case of identical U D C W s the solution described by 
expression (4.2.3) reduces to tha t given by expression (4.1.3) 
and we then have ( A r ) m a x = 2y/D^/(R0 + Rx). HRx=09 

we find tha t Jd = 0, P = p, Q = q, fi = 0, F(fi, r) = 0, S = s 
and then the solution described by expression (4.2.3) 
reduces to tha t described by expression (3.3.1). If A = 0, 
Ri=0, the solution described by expression (4.2.3) is 
reduced to tha t described by expression (3.1.3). 

In the range 1 we can analyse expression (4.2.3) by 
in t roducing usefully pa rame te r s q = r~l, q\ = 1 — q and 
applying the identi ty cn(S , r) = dn(S/q, q), where S/q = 
s/q + F( fi, q)m9 fx' = a r c s i n ( g _ 1 sin fi). 

4.3 Condition for and characteristic points, depth, and 
slope of optical self-switching 
The rad ia t ion self-switching effect generally appears when, 
first, 

exp S 1 

and, second, 

r w l , i.e. H 2 < U , 

or m o r e exactly 

1^ | 2 exp 16 . 

(4.3.1) 

(4.3.2) 

(4.3.3) 

Inequal i ty (4.3.3) gives the est imate of the b o u n d a r y of the 
self-switching region. 

The middle self-switching point M will be defined as the 
set of pa rame te r s (7?0, Ri9 ij/Q), which is found from the 
condi t ion rx = 0 equivalent to Jb = JC9 i.e. 

(Jh-Jcf (a-ja-jdf d _ 
4 4 JaJd

 U - ^ * A ) 

If D_ < 0, then the roo t s Jb and Jc are complex conjugate. 
If D_ > 0, the roo t s Jb and Jc are real. Therefore, if the real 

roo t s Ja and Jd are k n o w n (and they exist always), 
E q n (4.3.4) gives the relat ionship between the pa rame te r s 
RQ, RI9 and A at the middle po in t M . The condi t ion 
Jd < Jb — Jc < J a implies tha t two equalities are obeyed 
s i m u l t a n e o u s l y : / ^ ) = 0, which is a form of Eqn (2.5.14), 
a n d / ' ( / f e ) = 0. El iminat ion of Jb from these three equalities 
leads to an equat ion , similar to E q n (3.3.16), which 
describes the relat ionship between R0, RL9 \j/09 and A at 
the poin t M . However , we shall no t give this equat ion 
because it is very cumbersome. 

N e a r the middle poin t M , we have \Jb — Jc\2 <^ \Jb + Jc\2 

and 
2 

(4.3.5) (Jb ~ Jc)(Ja —Jd) 

4(Ja-JS)(JS-Jd). 

where Js = (Jb +Jc)/2. 
In the self-switching region, i.e. when condi 

t ions (4 .3 .1) - (4 .3 .3) are obeyed, the solut ion described 
by expression (4.2.3) can be approx imated by means of 
formulas given in Append ix II [54, 62]: 

-sech S + 1 + ^ e x p S 
2 i 

sech S + ( 1 — — exp S 

x \ —sech S + ( 1 + — exp S 

+ 
r 2 

sech S + I 1 — — exp S 
16 

(4.3.6) 

where J0i = Ro -\-R\ —J\i and the values of sech S can be 
ignored. 

The approx imat ion represented by expression (4.3.6) 
can be used when r < 1 and also when r > 1. Since in 
the self-switching region we have r\ w — q\, S/q^S, it 
follows tha t in expression (4.3.6) we can replace rx with — q\ 
and vice versa. If r ^ 1, the quant i ty rx is imaginary and qx 

is real. 
The self-switching points Mj are the sets of the p a r a 

meters RQ, RI, and ij/Q for which the intensities Jji are 
max ima l in the self-switching region. Accord ing to expres
sion (4.3.6), if [51, 54] 

r 2 e x p S = 1 6 , (4.3.7) 

then JU = JA = m a x and JQI = RQ -\-Ri — JA = min. This 
defines the poin t Ml. If [51, 54] 

r 2 e x p S = - 1 6 , (4.3.8) 

then Ju — Jd — min and / 0 / = RQ + Rx — Jd = max. This is 
the poin t M 0 . 

The difference between the m a x i m u m and min imum 
values of Jjt is Ja — Jd and the quant i ty ( A r ) m a x = 
(Ja ~ Jd)/(Ro + ^ i ) represents the relative depth of self-
switching of rad ia t ion . 

At the middle poin t M we have Ju = (JaQ + 
JdP)/(P + Q)=Jb=Jc. The quan t i ty P at the poin t M 
is J a ~ Jb — J a~ J c a n d it represents the factor by which the 
m a x i m u m Ju is greater than the value of Ju at the poin t M . 
The quant i ty Q at M is Jb — Jd = Jc — Jd and it represents 
the factor by which Ju at the poin t M is greater than the 
min imum Ju. 
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In the direct vicinity of the poin t M when 
r\ exp(2S) /256 <| 1 and \P/Q - \\/(P/Q + 1) < 1 (the la t 
ter inequali ty is obeyed in almost all the cases of pract ical 
interest, as discussed above) , the slope or steepness of self-
switching can be est imated from [62] 

dJ0l_Ja-(P/Q)Jd drj 

dRj ~ 8(1 +P/Q) dRj 
exp S 

-Jd m 
16 dRt 

exp S > 1 (4.3.9) 

It should be poin ted out tha t if \P/Q - \ \/(P/Q + 1) < 1, 
the approx ima t ion represented by expression (4.3.6) sim
plifies somewhat and becomes [62] 

hi 
, Jg +Jd Jg — Jd ( r 2 / 8 ) exp S 

(4.3.10) 
1 + ( ^ / 2 5 6 ) e x p ( 2 S ) ' 

In the case of identical U D C W s the self-switching 
condi t ions (4 .3 .1) - (4 .3 .3) become [36] 

Qxp(2yfD^L) « e x p ( v / D L ) > 1 , 

i + Vd 
\D_ \ <^D+, i.e. ! 2 ( t f 0 + * i ) , 

(4.3.11) 

(4.3.12) 

N e a r the middle self-switching poin t M (which cor re 
sponds to the condi t ion D_ = 0), namely when 
r\ exp(2S) <̂  256, the self-switching slope can be est imated 
(for RQ^RI) from 

8 a / d 7 
exp S > 1 (4.3.16) 

It follows from expressions (4.3.16) and (4.3.14) tha t an 
increase in the slope (steepness) of self-switching cor re 
sponding to a given value of L occurs if the self-switching 
condi t ion is satisfied at higher values of R0 +Ri, and tha t 
with increase in R0+Ri the self-switching slope increases 
strongly. 

W e shall est imate the self-switching slope for the case 
when L = 1.2ti, R0 = 3, Rx = 1, c o s ^ 0 = 0, A = 0. It then 
follows from expression (4.3.16) tha t 

3800, 

7 9 8 , 

9 / i o ' 

Mm 

9/io 

-6330 , if \l/0=-; 

-1330, if iA0 = 

and the limits of the self-switching region can be est imated 
from 

e x p ( 2 V ^ L ) ^ 16 , (4.3.13) 

where y/D+ and D are described by the set of 
formulas (4.1.2) from which it follows, subject to condi 
t ion (4.3.12), tha t in the self-switching region we have 
D+ w (R0 + Ri)/2 — 1/4. In the case of the self-switching 
region of identical U D C W s , we can obta in the following 
approx ima t ion from expression (4.3.6) or (4.3.10) [36, 54] 

Jji' 
Ro+Ri 

+ ( - i y V ^ 
- ( r 2 / 8 ) exp S + sech S 
1 + ( r 4 / 2 5 6 ) e x p ( 2 S ) 

(4.3.14) 

where r\ w —D_/D+, S = s + F(jii, r)m, m = =bl, 

: arccos 
2 A / d 7 

:2^D, D_L /D+L <[DL 

>Ly/2(R0+Rx)-\ 

r 0 « o . 5 - ( / ? 0 + ^ i ) " 

where U = ( r 2 / 1 6 ) e x p S . 

Ri+R0 1 2U 
4 1 + U2 

, (4.3.14a) 

The extrema of Jn occur under the condi t ions described Jji 
by expressions (4.3.7) and (4.3.8), 
po in t s Mi ( / H = max) and M 0 

switching depth is 
2^Dl _^/2(R0+Rl) 

which cor respond to the 
(/()/ = max) . The self-

( A ^ ) m a x = 
1 

(4.3.15) 

Therefore, complete self-switching occurs when 
R0+Ri = \, and if R0+Ri deviates from 1, the self-
switching depth decreases even in the case of identical 
U D C W s (A = 0)! This is the interest ing feature of the 
si tuat ion when bo th waves are applied to the input . 

These results are in good agreement with a computer 
solut ion of the initial system of equa t ions (2.5.3). 

4.4 Switching of a pump by a weak signal. Giant and 
linear signal amplification 
W e shall n o w consider a si tuat ion which is of interest in 
pract ice when one of the waves (for example, zeroth) 
reaching the input of the system represents a relatively 
powerful rad ia t ion (pump) and the other (first) wave is a 
weak cont ro l signal. (Figs 5d and 5g, and Fig. 5f with the 
circular polar isa t ions) : R0 Ri <̂  1. If we assume tha t the 
nonident i ty of U D C W s is small, \A \ <̂  1, the self-switching 
condi t ion (4.3.2) means tha t RQ w 1, i.e. the pa ramete r 
3 = 1 — R0 is also small: \3\ <̂  1. U n d e r these assumpt ions , 
we have 

r\ w 2(3 + A — 2 y ^ 7 s i g n 0S COSX/JQ + 3Rx —2RX c o s 2 XJ/Q) , 

S ^Lyf2(RL +RQ) - 1 +2siniA 0 

(4.4.1) 

:L(R0+Rl)+2j-± siniAo , (4 .4 .2) 

r 0 « o . 5 - ( t f 0 + tfi)' 
_i Rx+R0 1 2U 

2 4\ + U2 

U 
: 0.5 — 

1 + u2 
(4.4.3) 

where 

T . 3 + A — 2y/R~^ sign 6S cos \JJQ 
u — exp o 

1 — RQ + A — 2 sign 6S c o s ^ 0 e x p L (4.4.4) 

The rad ia t ion self-switching is a lmost complete since 

R0 - 7 ? 1 c o s ( 2 ^ O ) 
(Ar ) n 

1 . (4.4.5) 



1012 A A Maier 

The middle self-switching poin t M is defined by the 
condi t ion 

# i ( 3 - 2 c o s V o ) - 2 s i g n 0 J c o s ^ o V ^ + < 5 + ^ = 0 • ( 4 - 4 - 6 ) 

In the immedia te vicinity of the poin t M , i.e. when 
condi t ion (4.3.3) is obeyed, the gain represent ing the 
change in the signal intensity can be est imated from [70] 

MM 

' 9 / 1 0 

9/i/ 

9/io 

, 9/o/ , 
' 8 / ? ! 

sign 9S cosi/^0 

+ (16fl§ + l) /?i -r-2/? 0 cos 2 \ j / Q 

exp 5 

8 ( * o + * i ) ' 

•3Rn 

(4.4.7) 

and the gain represent ing the change in the p u m p intensity is 

_dIoj___dIij_ 8/0/ exp 5 /cp _ — - -
0 7 00 

(4.4.8) 
8/0o 97? o o 

If |(51, and are sufficiently small, rough est imates 
of ks and kv can be obta ined by assuming tha t S w L and 
ignoring the third term in the square bracke ts in expres
sion (4.4.7). W e then obta in [36] 

9/oz _ / ^ s ign^cos iA 0 

9/i, 
3 + 2 / ? 0 c o s 2 iAo j ^ 1 , (4.4.9) 

e x p L 

where in pract ice the last 
expression (4.4.9) can also 
| cos I ^ 1 a n d f ° r l c o s l A o l ~ 

(4.4.10) 

term in parentheses in 
be ignored b o t h for 

1. 
It follows from expression (4.4.9) tha t if | c o s ^ 0 | ~ 1 

and the value of L is given, the gain of a coherent signal is 
approximate ly ( / O M A I O ) 1 ^ 2 ^ 1 t imes higher t han the gain 
of an incoherent signal in the case (Section 3.1) when the 
p u m p and signal reach the input of the investigated system 
in the form of the same wave [this should be compared with 
expression (3.1.21)]. If c o s ^ 0 ^ 0 and Ri —> 0 [and at the 
same t ime R0—> 1 + A in accordance with expres
sion (4.4.6)], then \ks\ —> oo. This si tuat ion (represented 
by curves 1 and 2 in Fig. 10a) is called 'giant amplifica
t i on ' of the change of a small signal [36]. Therefore, if 
| cos I ~ 1> the S a m represent ing the change in the signal 
intensity is ( / O M / A O ) 1 ^ 2 ^ 1 t imes greater t han the gain 
represent ing the change in the p u m p intensity, i.e. the 
system is much m o r e sensitive to the changes in the signal 
t han those in the p u m p . This p rope r ty of the system, in 
combina t ion with the extremely high gain experienced by a 
weak a l ternat ing signal, is an impor t an t pract ical advan tage 
of the giant amplification regime. 

A shor tcoming of this regime is nonl inear i ty of gain, i.e. 
the signal gain depends on the signal itself. Consequent ly , 
the process of signal amplification m a y distort the signal 
profile. Therefore, in this regime the system opera tes as an 
amplifier with a very high gain and no t as an optical 
t ransis tor . It should be po in ted out tha t the change of the 
intensity at the ou tpu t is finite. Let us assume tha t 
| cos I ~ 1 a n d tha t the signal intensity increases from 
Iio = 0 by a very small a m o u n t A / 1 0 , and tha t Ri increases 
correspondingly from Rx = 0 to Ri = ARX. Then the change 
in the rad ia t ion intensity at the ou tpu t is, according to 
expression (4.4.9): 

|A/o 
TOM e x P L 

nAR] dRi exp L ^ 
(4.4.11) 

/a, o 

F i . g Q i or e f l f O i c i e 
w Io = W ( ^ o ^ i ) ^ W ( * o + * i ) P 1 o t t 
s i g =£i //ffll £<a = fyr//^ ^ c c $aRur& = 
0 d = 0 0S > 0 . I n 7 2rt § x d (0 sa 
p a r # 0 =a0.9 m ^ o § = 0 ( 1 ? ) , , and R0 = ^005 , : i//0 = n (2). 
Lines 3 — 8 correspond to relationship (4.5.6) with the following param
eters: j=l, ifr0 = 0(3,4); j = 0, xfr0=n(5,6); j = I, i/r0 = T T ( 7 ) ; 
j = 0, i//0 = 0(8); 8 = 0 (3, 7); 8 = 0.001 (4, 5 ) ; 8 = 0.002 (6, 8): j = 0 
or 1 is the number of the point My at which the system is for R\ — 0. In 
Fig. 10b, curves 9 - 7 2 correspond to the following parameters: 
il/0=n/2(9-10), - T C / 2 ( 7 7 ) , n/2 - 0.5 (72 ) ; R0 = l.03(9), 
1.06 (10, 11), 0.95 (72 ) ; ^ = 0; curve 72 illustrates double switching 
(points M are given on this curve and a cross identifies the point with 
the maximum slope). 

If the phases of the waves are shifted by K/2 at the input , 
the small-signal gain is independent of the signal intensity 
when the system 'opera tes ' as an optical t ransis tor , bu t with 
the gain abou t three t imes as high [\ks\ w ( 3 e x p L ) / 8 ] as in 
the case when a small signal and a p u m p are applied to the 
input in the form of one wave. 

A l though for cosi/f0 = 0 and Ri <^Ro « 1 the system 
opera tes as an opt ical t ransis tor [36], we shall show in 
Section 4.5 tha t an optical t ransis tor opera t ing in ano ther 
regime (when c o s ^ 0 ^ 0) can also be constructed and it has 
a much larger gain t han in the c o s ^ 0 = 0 case. 

Accord ing to expressions (4.3.7), (4.3.8), and (4.4.1), if 
[36, 54, 62] 

so tha t for ARi —> 0, we have | A / 0 / | —> 0. 

A + 3 — 2^R0Ri sign 6S cos\j/0 + Ri(3 — 2 c o s 2 \//0) 

= ( - l ) J + 1 8 e x p ( - S ) , (4.4.12) 

a lmost all the ou tpu t rad ia t ion is concent ra ted in the 
zeroth (j = 0 point , M 0 ) or first (j= 1, poin t M j ) wave. 
The self-switching poin ts M , (corresponding to a given 
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value of R0) cor respond to the signal Ri = R ^ . If we 
assume tha t | c o s ^ 0 | ^ (3 /2)V^i"> w e ob ta in [51, 5 4 - 5 6 ] 

S + A 
( - l ) J 4 e x p ( - S ) + - cos 1 \j/0 sign ( 

(4.4.13) 

If the r ight -hand side of the above expression is greater 
t han zero only for one of the values j = 0 or 1, there is only 
one poin t My ( M 0 or M j ) , bu t if it exceeds zero for bo th 
values of j , then b o t h po in ts My exist. In the last case the 
cor responding value of r\^ can be est imated from 

R U) 
1M — 

( - l ) J 4 e x p ( - S ) + 
S + A 

0 ' (4.4.14) 

and in the above case the difference between the input 
intensities of the signal ensuring complete switching of the 
rad ia t ion at the ou tpu t from one wave to the other can be 
est imated from 

R (o) R (i) 8 exp ( -S ) ( (5 + ^ ) c o s V o • (4.4.15) 

In the case of very small values of | cos ^ 0 1 ^ CV^) V^i"> 
par t icular ly when IJ/Q = ± t c / 2 , it follows from expression 
(4.4.12) tha t 

( 0 ) ~ - ^ e x p M ) - ^ , 

(4.4.16) 

R 

R (i) 

3 

S + A 
^ e x p ( - 5 ) - 3 

and the difference between the input signal intensities 
causing complete switching of the ou tpu t rad ia t ion from 
one wave to the other is 

R (o) 
1M 

R (i) 
1M 

1 6 ( *\ 
— e x p ( - S ) , 

(4.4.17) 

i.e. it is approximate ly one third of tha t for one wave input 
[compare with expression (3.1.13)]. 

A rough est imate of r\^ in formulas used in this section 
can be obta ined by subst i tut ing S 

E q n (4.4.6) has , for a specific rat io of the pa ramete r s , 
two roo t s Ri satisfying the condi t ion \RX \ <̂  1; this implies 
double self-switching [70], i.e. switching near two values of 
Ri (Fig. 10b), similar to tha t described in Section 3.3. 

4.5 Optical transistor with an enhanced gain, 
stable against pump intensity instabilities 
Analysis of expression (4.3.10) subject to definition (4.4.1) 
shows tha t under somewhat different condi t ions the 
systems shown in Figs 5d, 5g, and 5f ' ope ra te ' as optical 
t rans is tors with an even greater gain t han tha t predicted by 
formula (4.4.9) for the case when c o s ^ 0 = 0. In this case 
the following relat ionship should be satisfied [51, 54]: 

( - l ) J + 1 8 e x p ( - L ) , A+S (4.5.1) 

which is equivalent to R^ = 0 , i.e. if Ri = 0, we have 
Too — Iy[ [compare with expression 3.3.6)]. The mean ing of 
this condi t ion is tha t , in the absence of a signal, the system 
is at one of the po in t s M 0 or M j (Fig. 2a and Fig. 11). 
Then , if c o s ^ 0 = ( — 1 ) J + 1 , a weak signal characterised by 
[51, 5 4 - 5 6 ] 

Rx « Rt « 0.15(^1 + S)2 « [3 e x p ( - L ) ] 2 ^ 1 (4.5.2) 

(where R\ is found from the condi t ion 8 2 / 0 / / 9 T ? 2 = 0) 
should be amplified almost linearly wi thout dis tor t ions 

Figure 11. Dependence of Tx on the pump intensity R0, plotted for 
different levels of the signal Ri. Curves 1 and 2 correspond to 
A = £ = - 1 6 e x p ( - L ) ; /?, = 0 for curve 1, and Ri — Rt — 3.25 x 10~5 

for curve 2; i//0 — n. Curves 3 and 4 correspond to A — 0: 
Rl =Rt = 2.9 x 10" 5 , iA0=0 for curve 3, and / ? i = 0 , ^ = 0 for 
cu rved [at the point M 1 ? S=\-RQ= 0.015 = 8 c x p ( - L ) ] . L = 2 T C , 
8 = o, ed = o, es > o. 

(curves 3 and 5 in Fig. 10) and by the very large g a i n | 
[51, 5 4 - 5 6 , 62]: 

' 9 / H 
( - 1 ) * W * 0 

exp(2L) 

25 
(4.5.3) 

Thus , if L =2n, cos 2 i /^ 0 = 1, it follows from expression 
(4.5.3) tha t \ks\ ~ 10 4 , whereas according to expres
sion (3.1.21) we have only \ks\ w 67 and according to 
expression (4.4.4) when cosi/^0 = 0, we obta in \ks\ w 200. It 
is also impor t an t to no te tha t in this regime the gain 
represent ing the change in the p u m p [51, 54] 

k A 
P 8/0 0 

exp L 

is approximate ly 

' c o s 2 i/'Q 

(4.5.4) 

(4.5.5) 

t imes less t h a n the signal gain &s [51, 54] (this can be seen 
by compar ing Figs 10a and 11). Consequent ly , the 
requi rement of stability of the p u m p intensity is relaxed 
by the same factor as in the case of an optical t ransis tor 
with ks = kv (see Section 3.1). F o r example, if L=2K, 
cos2i/f 0 ~ 1, Ri ^ R b we find tha t \ks\/kv w e x p L / 3 ^ 180. 

In the limit Ri —> 0, the system approaches the poin t M J 9 

where kp = 0 (curve 2 in Fig. 11) and becomes insensitive to 
a small change in the p u m p , bu t the l inearity of the signal 
amplification for Rx <^R[ is less than for Rx ~T?Z. 

It therefore follows tha t it should be possible no t only to 
construct an optical t ransis tor with an extremely high gain, 
bu t — which is equally impor t an t — such an optical t r a n 
sistor should be much m o r e stable in the presence of p u m p 
intensity instabilities t han optical t rans is tors discussed in 
Sections 3.1 and 4.4. 

fThis optical transistor regime with an enhanced gain can also appear 
when a pump and a weak coherent signal are applied in the form of one 
wave to a mixer before this wave enters the system (see Figs 5 a - 5 c , 
Section 2.5, and Ref. [66]). 
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A n analysis of numer ica l da ta [51, 5 4 - 5 6 ] shows tha t 
the set of pa rame te r s ensuring tha t [51, 5 4 - 5 6 ] 

A+3 = ( - 1 ) J + 1 [ 8 e x p ( - L ) - e ] ( 4 . 5 . 6 ) 

[where |e| <̂  8exp(—L)] cor responds , for e > 0 and small 
values of Ri (Ri <Ri), to a larger gain (curves 4 and 6 in 
Fig. 10a) t han in the 8 = 0 case (curves 3 and 5), and the 
gain can be est imated roughly from [51, 62] 

fe~o) 
( - 1 ) 

7 + 1 c o s 2 l/jQ i (4.5.7) 

The m a x i m u m of \ks\ then shifts to lower and the min imum 
of the same quan t i ty shifts t owards higher values of Ri 
compared with the case when 8 = 0, i.e. the values of Ri 
and Tj at the extrema of \ks\ come closer together and the 
signal amplification linearity improves . If 8 < 0, we have 
the opposi te case when \ks\ is less t han for 8 = 0. 
Condi t ion (4.5.6) is also equivalent to R^ = 0, bu t at a 
value of 3 greater t han tha t given by expression (4.5.1). 
Selection of 3, 8, L , and A can ensure tha t the linear pa r t of 
the investigated characteris t ic becomes very wide. F o r 
example, if 3 = 0.025, s = 0.001, L = 2n, and A = 0, it is 
found tha t in the range from Rl=0.5x 10~ 6 to 
7 ? 1 = 2 . 1 x l 0 - 5 and, correspondingly, from T0 = 0.067 
to TQ = 0.236, the value of ks changed from 10170 to 
10237, i.e. the deviat ion from the average value ks = 10204 
does no t exceed 0 . 3 % . 

If condi t ion (4.5.1) is obeyed, bu t c o s ^ 0 = (— 1) J , then 
for Ri~Rh we find from expression (4.3.10) tha t ks w 
( - 1 ) J + 1 exp(2L) /200 (curves 7 and 10 in Fig. 10a) [54, 56]. 

It is obvious tha t the list of examples of opt ical 
t rans is tors (see Fig. 5) can be cont inued. Similar optical 
t rans is tors can be based on coupled modes in an i nhomoge -
neous waveguide and on other U D C W s [ 3 - 6 ] . 

Opt ical t rans is tors can readily be used to construct 
optical logic elements. The selection of the relat ionship 
between the magn i tude of the signals and the width of the 
amplification region of an optical t ransis tor determines the 
type of logic element, which m a y be A N D or O R . Since the 
ou tpu t intensities of the waves 0 or 1 are inversion of one 
another , a suitable selection of the ou tpu t wave can readily 
be used to construct a logic element N O T . 

4.6 Self-switching of waves with similar input intensities 
If R0 w Ri w R = ^/R0RU self-switching occurs if 4R > 1 
[36] and \j/0 is close to zero. The effect is then as follows. If 
we select Ri and alter (for example, increase) the value of 
R0 near Rx (Fig. 5e), the ou tpu t rad ia t ion m a y be switched 
from the first to the zeroth wave (Fig. 12). 

The depth of such self-switching is [54] 

Figure 12. Dependence of Tx — 1 — T0 > on R0, plotted for R0 « Rx — 
0.6(a), 0.9(b); L — 2n; £ = 0 ( 7 , 3 , 5 ) , - 0 .01 ( 2 ) , 0.01 ( 2 ' ) , -0 .002 (4), 
0.002 ( 4 ' ) ; il/0 = 0 (1-4, 2', 4'\ T T / 2 0 0 ( 5 ) ; 6d = 0, 6S > 0. 

the self-switching slope is [36, 54] 

8 / 0 0 6*o ~ 
1 -

( 4 * - 1)_ 
exp(LV4tf - 1) 

, (4.6.3) 

where A 
If 

Rn=R 

0 for identical U D C W s . 

U) 2R 

± 4 V 4 / ? 1 exp(-LV47? - 1) , (4.6.4) 

the wave intensities at the ou tpu t of the system reach 
extrema (points be longing to the system My) [36, 54]. Wi th 
increase in the input intensity R, the self-switching slope 
increases rapidly and the self-switching region rapidly 
becomes na r rower [36]. A shift of the po in t s M and Mj 
a long the R0 axis, due to nonident i ty of U D C W s (A ^ 0), 
m a y be compen-sa ted by a suitable deviat ion of from 
zero when A = (4R - 1 ) 1 / 2 s i n ^ 0 « -^0(4R -

( A ^ ) m a x = 
V4R - 1 

(4.6.1) 

Therefore, complete self-switching [ ( A r ) m a x = 1] occurs for 
R 0 w R i & 0.5 and, as R deviates from 0.5, the self-
switching depth decreases even in the case of identical 
waves (Fig. 12b)! 

At the middle po in t M , cor responding to [36, 54] 

Ro : R i + 2 4 ^ h + -
2R 

V4R^\ 4R-1 
(4.6.2) 

4.7 Nonidentical unidirectional distributively coupled 
waves with A = 0 
U n d e r certain condi t ions , namely when [54] 

{ = - 2 ^ ( i ? 0 + i ? i ) , 

i.e. when 

( f l i - e o ) ( Z o o + Z i o ) 

4jS 

(4.7.1) 

(4.7.2) 

the ' l inear ' and 'nonl inear ' componen t s A compensa te each 
other exactly and we have A = 0. Such compensa t ion is 
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accompanied by rad ia t ion self-switching wi thou t the use of 
the electro-optical effect if R0 and Ri in expression (4.7.1) 
cor respond to the poin t M when a = 0d = 0. 

F o r example, if Rq w Ri = const, ij/q = 0 and we select 
R0 =RU £ = -4(0d/0s)Rx, the result is [54] 

8/, 00 
( - 1 ) 7+1 [0O(1 - SR) + 0i] cxp(Ly/4R - 1) 

4 ( 0 o + 0 i ) ( 4 t f - l ) 
.(4.7.3) 

If 0i = (87? — 1)0 O no self-switching occurs; for Qx = 00, 
formula (4.7.3) reduces to formula (4.6.3). It is evident 
from formula (4.7.3) tha t the self-switching direction and 
slope depend on the rat io of the nonl inear coefficients 00 

and 0i. Such wave self-switching is i l lustrated in 
Refs [54, 62]. 

IfRi = 0 and condi t ion (4.7.2) is fulfilled, complete self-
switching occurs, as discussed in Section 3.3 and described 
by expression (3.3.11). 

4.8 Self-phase-matching of waves and limits of changes in 
the intensities 
W a v e self-phase-matching occurs at the m o m e n t of 
rad ia t ion self-switching (more exactly at the middle po in t 
M) also in the general case when b o t h waves are injected 
into the system. This can be demons t ra ted quite readily. If 
we use the second equat ion from the system of equa 
t ions (2.5.4), we find tha t 

sin \jtl • (4.8.1) 

and it follows from expression (4.3.6) for / 1 Z tha t in the 
direct vicinity of the middle self-switching poin t M [i.e. 
when r f exp(2S) <̂  16], the result is 

( / f l -^)(^/8)exp(5)2v/PQ sin 
2[1 +r2 e xp(2S) /256] 

(4.8.2) 

Since rx = 0 at the middle poin t M and since rx changes 
sign, it follows tha t at this po in t we have sin = 0 
(Fig. 13). 

Let us consider the change in the difference between the 
wave phases in the self-switching region and not only in the 
direct vicinity of the poin t M. F o r simplicity, let us consider 
the case of identical waves. If we use the approx ima t ions for 
the elliptic functions in the switching region (Appendix II) , 
we obta in 

sin x//l 

1 - ( r ? / 2 5 6 ) e x p S 2 e x p ( - S ) + ( r 2 / 8 ) exp 5 

1 + (r?/256) exp S 1 + (r{/256) exp(2S) 

2D, 

[ ( 7 ? o + / f i ) / 2 - D + c n 2 ( 5 , r ) ] 1/2 • 
(4.8.3) 

W e can see tha t sin vanishes not only for rx = 0, bu t also 
for r\ exp S = ± 1 6 , i.e. it vanishes at the po in t s My and at 
these po in t s we have c o s ^ z = — 1 , i.e. the phases are 
opposi te (Fig. 13). 

Some rela t ionships governing the interact ion of 
U D C W s are revealed by an analysis of integrals described 
by expressions (2.5.5) and (2.5.6) wi thout complete analyt ic 
solut ion of the system of equa t ions (2.5.3). The same 
integrals yield an expression (2.5.9) and values of cosi/f 
a long the system. It follows from formula (2.5.9) and the 
condi t ion |cosi/f| ^ 1 tha t for certain relat ionships between 
Rq, Ri, x/jq, and A , the U D C W intensities m a y vary no t over 

1 ,- M 0 

fcM 

. M i 

0.55 
cosi/^ i 

smi//l 1 

Figure 13. Dependences of T0 (a), cosi//l (b), and smi//l (c) on R0 for 
R0^Rl = 0 . 6 , L =2n, il/0 - T E / 1 0 0 . 

the whole range 0 < / 0 , i ^ ^ o + ^ i > D u t only in certain 
'a l lowed ' intervals. In the case of identical U D C W s , 
formula (2.5.9) becomes 

cos xjj = 2 sign 0^/JqJX 

+ / M i ( c o s l A o _ 2 s i g n ^ y ^ 7 ) . (4.8.4) 
y JoJ\ 

It follows directly from formula (4.8.4) tha t if rad ia t ion is 
coupled into the system in the form of bo th waves, i.e. if 
RqRi ^ 0 and 2^RqRX ^ sign 0cos\//0, then JqJX ^ 0 [in the 
opposi te case the second term in formula (4.8.4) would have 
become infinite]. W e then have Jd ^ / 0 , i ^ Jfa a n d if D < \ 
[i.e. if 2(RqRi)1I2 < sign 0 cos ij/q], then for extremal values 
of the intensity which are Ja^ = (R0+Ri)/2± y/D+9 the 
waves 0 and 1 are in phase , bu t if D > 1 [i.e. if 
2(RqRi)1I2 < sign 0cosx/zq], then for / 0 , i — J a,d the waves 
are in ant iphase . If the input rad ia t ion is in the form of one 
wave (RqRi = 0), then cos\\i = sign02(J0Ji)1/2 (Section 3.2) 
and for JqJX = 0 the wave phases are shifted by k/2. 

If D_^0, i.e. if 2 ( 7 ? 0 + 7 ^ ) ^ 1 + a/D, then 
Jb ^ Jo ^ Ro + R\ and 0 < Jx < Jc (it is assumed tha t 
R0>Rl), and for / 0 , i = Jb,c = (Ro + R \ ) / 2 ± y/^I the 
waves 0 and 1 are in phase . 

W h e n the inequalit ies R0RX ^ 0 (D ^ 0) and D_ ^ 0 are 
satisfied s imultaneously, we find tha t JC ^ J0 ^ JA and 
Jd ^ J\ ^ Jc> a n d the range of var ia t ion of / , is 
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y/D^-y/DZ. If sign 0 cos i/f0 = 1 and Ay/R^Rx = 1, then 
D = 0 , D + = D_, J 0 = J c = J a = R0, j l = j d = j b = R l 9 i.e. 
the wave powers do not vary a long the waveguides and are 
equal to their initial values. 

These ideas are i l lustrated in Ref. [36] by compute r 
calculat ions. 

4.9 Dependence of the intensities on the input phase 
difference 
It is evident from formula (4.4.3) tha t near the middle 
switching poin t M the ou tpu t characterist ics depend 
strongly no t only on R0 and Ri9 bu t also on the input 
phase difference \j/0 (Fig. 14). 

T0 

0 7i 2TU 3TU 

Figure 14. Dependences of T0 on the initial phase difference i//0: 
( 7 ) solution of the system of equations (2.5.3); ( 2 ) approximation by 
formula (4.4.3); R0 = 0.99, R{ = 0.005; A = 0, 9D = 0, 9S > 0; L — 1.6TC. 

F r o m the poin t of view of ma themat i c s the essential fact 
is tha t at r w 1 the ou tpu t characterist ics depend strongly on 
r and tha t r in tu rn depends on b o t h R0 and R j as well as on 
cosi/^0, i.e. the dependence on \j/0 is per iodic and near a 
certain value of cosi/f0, found from the condi t ion r = 1 and 
for A = 0 equal to 

^ 4 ^ - ( ^ 0 + ^ ) ^ + ^ - 1 ) 

2 ^ / V ? 7 s i g n 0 

this dependence on IJ/Q is s t rong: opt ical switching of waves 
takes place. If A = 0, then near the switching poin t M , we 
have 

d J u „ ( ^ o + / ? i ) v / / ? o / ? i s i n *Ao sign 0 exp S 

# o ~ [ 2 ( ^ 0 + ^ ) - l ] 3 / 2 8 ' 

This formula can be used to est imate the sensitivity of the 
system to changes in \j/09 which for po in t s | s i n ^ 0 | ~ 1 is 
very high (Fig. 14). 

It is evident tha t the s t rong dependence of Jjt on \j/0 

creates favourable condi t ions for the cont ro l of the ou tpu t 
power because of a change in IJ/Q. The possibili ty of such 
cont ro l was poin ted out in Ref. [82]. However , in some 
cases it is desirable to eliminate this dependence (Sec
t ions 3.5 and 5.4). 

4.10 Comparison with Winful's results 
It is shown in Section 4.6 and in Refs [36, 54] tha t self-
switching takes place when R0ttRl p rovided \j/0 w 0. 
However , if \j/0 = n/29 as in Winful ' s work [78], there is 
no self-switching in the sense unde r s tood here. W e recall 

tha t Winful [78] considered the si tuat ion when two 
identical (a = 0) circularly polar ised waves of equal 
intensity, R0=Ri=R9 are injected into a birefringent 
waveguide or crystal. The si tuat ion cor responds to the 
arr ival at the input of a linearly polar ised wave with the 
vector E which makes an angle $ 0 = with the opt ic 
axis. However , in this case it is found tha t 
\//0 = 2 $ 0 = t t / 2 [78] and in the solution described by 
expression (4.1.3) we have r2 = \(\ — 1a/167?2 + 1), i.e. r 2 

varies from zero to \ and nowhere does it even app roach 
uni ty. Therefore, in the sense unde r s tood here, there was 
no self-switching in the case discussed by Winful [78]. This 
evidently accounts for the relatively smooth changes in the 
ou tpu t intensity caused by changes in the input intensity, 
which are predicted in Ref. [78] even in the case when 
L / t i ^ > 1 , when — according to expression (4.6.3) — the 
changes in the ou tpu t intensity and the self-switching 
slope should be fantastically high. Therefore, from the 
s tandpoin t adop ted here, the case discussed by Winful [78] 
represents 'nonl inear rad ia t ion t ransfer ' or 'nonl inear 
p u m p i n g over ' , bu t no t 'self-switching' of light. 

It is wor th po in t ing out also a fundamenta l difference 
between our app roach [33, 36, 54] and tha t of Winful [78]. 
In our case the input intensity of one (for example, R0) of 
the U D C W s is varied and the input intensity of the other 
wave (Ri) is fixed. In Winful ' s work [78] the to ta l intensity 
of waves at the input (i.e. the quant i ty 2R) is varied; 
natura l ly , there are s imul taneous and identical changes in 
the input intensities of b o t h waves, i.e. R0 =Ri =R. The 
normal ised to ta l intensity, which in our no ta t ion is 27?, is 
increased in Ref. [78] pass ing th rough the values 1, 2, 3, 4, 5, 
etc. (IJ/Q = K/2). The rat io of the ou tpu t intensities ( 'output 
ellipticity') changes smoothly, i.e. there is no self-switching. 

4.11 Special features of self-switching of unidirectional 
distributively coupled waves with orthogonal polarisations 
As poin ted out in Sections 2.3 and 2.6, self-switching of 
U D C W s with o r thogona l polar i sa t ions has certain specific 
features associated with the presence of an addi t iona l te rm 
in the system of equa t ions (2.6.4). It is app ropr i a t e to 
consider the special features of such switching in this 
section, because effective self-switching of these waves 
requires the presence of b o t h waves at the input (Fig. 5f 
with the TE and T M polar i sa t ions at the input) . 

Let us consider the system of equa t ions (2.6.4) in a 
coord ina te system with its axes ro ta ted relative to the x and 
y axes by an angle cp: 

x = xn cos cp — r]nsmq)9 rj = xn sin cp + rjn cos cp 9 (4.11.1) 

and let us select such an angle cp tha t smcp = K/y9 

coscp = a/y [71], where y = (a2 + K2)1^2. Let us also use 
the set of expressions (2.3.10) which give the relat ionships 
between the nonl inear coefficients 6X = 6y = 6, 6xy = 6yx = 
2 0 / 3 , 9 = 9/3; these re la t ionships are conserved after 
ro ta t ion . The system of equa t ions (2.6.4) expressed in 
te rms of the variables xn and rjn then simplify to [71] 

V , (4 .H.2) 

^ Vfn = -Qn^n + i)\J1 ~' *l ~ tfn > 

where /„ = 91/3. The analyt ic solut ion of the above system 
of equa t ions can be found easily. 
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If we go back to the 'o ld ' variables, we find tha t the 
solut ion is [71] 

*Z = - - ~r r S N (s> R ) S N (so> n\ 
y L 

+ — ^ r [ sn (S , r ) d n ( S , r ) - s n ( s 0 , r) d n ( s 0 , r ) l , 
y In y *n 

ni = n o - - - r r sn (5, r ) - sn (s0, r ) 

- - y- r[sn(S, r ) d n ( S , r ) - s n ( s 0 , r ) dn(s0, r ) ] , 

where S = s + F ( / i 0 , r) = >y + s0, s = y/p/yL, L = Inly/Aft, 

2(Kx0 - aiy0) 
fi0 = arcsm 

Jny/(l - ub)(ua - Uq)\ ' 

Ua = In2(y + pf , Ub = I~2(y - pf , 

u0 = x2

0 + ril, x0 = x(z = 0 ) , ^0 = l(z = °) > 

p 2 = (Inx0 + a ) 2 + (Inrj0 + ^ ) 2 = y 2 + lnT 

= y2 + 2 / n c o s i/^0yjl -Xq + a%0) 

+ / 2 ( c o s 2 i/̂ o + x\ s in 2 i/^0) , 

r = 2Krj0 + 2a%0 + Inu0 is the integral in the system of 
equa t ions (2.6.4), and 

T2 „n2 
; 2 = 4 2 - ( y - p r = 1 

4py 
.rl r]lAy + Pf-Z . ( 4 . 1 L 4 ) 

4py 

Self-switching of U D C W s occurs near the middle self-
switching poin t M , which is defined by condi t ion (4.3.4): 
r = 1 or rx = 0, i.e. in this case we have the relat ionship [71] 

y + p- (4.11.5) 

which leads to the equat ion for the de terminat ion of x0 at 
the poin t M 

R s i n 2 ij/q (1 + xq) = — y/(l — Xq) s i gn 9COS IJ/q 
y 

+ - x 0 s i gn 9 + 1 , 
y 

(4.11.6) 

where R = \9\Iy0/3y = 4Ry/3. 
The behaviour of the solut ion described by the set of 

expressions (4.11.3) is governed by two key te rms which can 
be approx ima ted as follows in the self-switching region 
(Appendix II) : 

2*7(1 - U2) 
sn(S, r ) d n ( S , r) 

f \ - U 

2^2 

s n 2 ( S , r) : 

(l + U2) 
2 \ 2 

\+U' 

(4.11.7a) 

(4.11.7b) 

where U = r\ exp 5 /16 . 
Let us n o w consider two impor t an t l imiting cases of self-

switching. 
(1) K > |a|. The solution described by expres

sion (4.11.3) is domina ted by the term given by 

formula (4.11.7a), which reaches its extremal values ± 0 . 5 
for U = ±(\±y/2). If U = Uy = y/2- 1, then 
sn(S, r) dn(S, r) = 0.5 and 

If U = U, = -(y/2 - 1), then sn(S, r) d n ( S , r) = - 0 . 5 and 

y 1 3 

T =T = 1 — - 1/ I = 1 
x *'max 2 l n l *(RX+Ry) 

(4.11.8b) 

The switching depth 

y 3 

( ^ ^ ) m a x ^ x , m a x ^x ,min 1 i j i 1 |4| 4 ( t f J C + * 3 , ) 

(4.11.8c) 

increases with increase in In, i.e. with increase in Rx +Ry. If 
| / n | > y w A', i.e. if Rx+Ry$> 3 /4 , we find tha t 
( A r ) m a x w 1, i.e. at sufficiently high p u m p intensities the 
process of self-switching becomes almost complete . 

A characteris t ic feature of such switching in the case 
when K > |a| (compared with tha t described in Section 4.6) 
is the presence of two addi t iona l extrema: if 
U=UX = (y/2 + 1), then sn(S, r)dn(S, r) = - 0 . 5 and 
Tx = m a x = 7 ^ m a x ; if U = Uy^ = -(y/2 + 1), then 
sn(S, r ) d n ( S , r) = 0.5 and Tx = min = Tx^min. The same 
values given by the set of expressions (4.11.8) apply for 
^ , m i n , ^ , m a x , and ( A r ) m a x as for U = Ux,y, bu t in the 
former case these values are reached for larger deviat ions 
from the middle switching poin t M . Thus , near one poin t M 
there are two poin ts Mx (U = Ux) and Mx (U = Ux), where 
Tx = Tx meLX; there are also two po in t s (U = Uy) and 
(U = Uy), where Ty = r y > m a x (Fig. 15a). 

0 10 1-7 
I I I I 

2 x 10" 7 3 x 10" 7 4 x 10" 7 5 x 10" 7 Rx 

Figure 15. Dependences of Tx = Ixl/(Ix0 + Iy0) on Rx = Ix0\6\/4y: 
(a)RxxiRy=Iy0\6\4y=\.5, a = 0, ^ 0 = T T ( 7 ) , I//0 = n - 0.001 ( 2 ) ; 
(b) Rx < Ry = 3; K/a = 0 (3,4), 0.0005 ( 5 ) ; cot i/f0 = 0 (3, 5 ) , 
-\/(R - 1 ) 1 / 2 (4). L =2nyl/W= \.6n, y = (a 2 + K2)l/2, R =4Ry/3. 
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Self-switching occurs for \x0\ <̂  1 (i.e. for Rx w Ry) and 
| s i n I ^ 1- If w e assume tha t \2R — l\p\x0\ and \a\/K, 
\\//0\, w e find tha t 

U-

(2R - 1) 

exp s 

x0 - sign 0 ) - s in 2 i//0(2R - 1) 

(4.11.9a) 

4 2/? 
r ^ T - | : sign 0 - sin xl/Q\/2R - 1^ . 

(4.11.9b) 

Expression (4.11.9b) and the values of Ux, Ux, Uy, and Uy 

given above readily yield the values of Rx at which Tx 

reaches extremal values. 
The poin t M is then described by the formula 

XQM = g sign 9 - sin \I/0(2R - 1) 1 / 2 (4.11.10) 

If a = sin \j/0 = 0, the poin t M is reached at % 0 M = 0, i.e. 
at Rx = Ry, and the p u m p Ry can have any value no t 
exceeding 3 /4 (i.e. R > 0.5 and Iy0 > 1 .5^/ |0 | ) . If a ^ 0 and 
sin IJ/Q ̂  0, the poin t M shifts a long the scale Rx in 
accordance with expression (4.11.10) (Fig. 15a). If a/K = 
\/2R — 1 sign 9 sin \j/0, the shift caused by a compensa tes the 
shift caused by sin \j/0 ^ 0 and the poin t M is reached at 
Rr 

The gain cor responding to a small change in the 
intensity at the poin t M can be calculated from [71] 

dlxi exp s 

where 

(4.11.11) 

: L ^ 2 R ( \ + £ o m ) - \ k L ^ - \ 

= L 1 

and L = 2nKl/AP; this is a lmost identical with expres
sion (4.6.3). 

(2) |a| > K. In expression (4.11.3) the dominan t te rm 
is (4.11.7b), which has the extremal values 0 and 1 for 
U2 = 1 and U = 0, respectively. Self-switching occurs for 
Rx <Ry. The assumpt ion tha t (R - l ) 2 $>K2/(x2, Rx/Ry, 
and (Ay|a|) | cosxl/0\y/Rx/Ry leads to 

V1 

R' 

Ry (R-\y 
• [sin I//QVR — 1 — (cos \j/0 + Q)] 

: [sin \j/0y/R 1 + (cos \j/0 + Q)] , (4.11.12a) 

exp (2s) Rx 

#7 (R - l ) 1 6 

x [sin I//0VR — 1 — (cosi/^0 + £2)]2 

where D = [K/(2a)](Ry/R x ) 1 / 2 , 
L(4Ry/3 - 1 ) 1 / 2 , L = 2 7 i | a | / / ^ , 

(4.11.12b) 

^ L ( / ? - l ) 1 / 2 = 
7 y O | 0 | / ( 4 | a | ) = 3 / ? / 4 , 

* * = / * o | 0 | / ( 4 | a | ) , R=Iy0\9\/(3\a\)=4Ry/3. The gain 
result ing from a small change in the intensity near the 
poin t M is 

^Tx _ 6/,/ 

Ry QlxO 
i (sin iAo v ^ 3 ^ - cos iAo - ^ ) 

: (sin IJ/Q VR — 1 — cos i/f0) • (4.11.13) 

The poin t M is reached at 

Rx=RxM ^ ^ - — 7 = ^ ^ i — 2 (4.11.14) 
4 a 2 (±y/R - 1 sin iAo - cos i ^ 0 ) 2 

and at this po in t we have Tx = min = 0, U = 0, 
dTx/dRx = 0. Therefore, the poin t M coincides with the 
poin t My (which is an ana logue of the poin t M j discussed 
in Section 4.3)! This is one of the special features of the 
self-switching process considered here. If 
| sin il/0\/R — 1 — cosi/^0 | <̂  \Q\, then 

8^x K exp (2s) 

xo 2oc(R - 1) 3 
/ ^ , (4.11.15) 

and we are dealing with giant amplification (Section 4.4): 
in the limit Rx —> 0, we obta in dTx/dRx —> oo (curve 5 in 
Fig. 15b). 

If | sin \j/0 y/R — 1 — c o s ^ 0 | > then 

dTx exp (2s) , . r- v 2 

( V # - 1 - c o t ^ 0 ) 2 exp(2s) 
( / ? - ! ) ( ! + c o t 2 iAo) 3 

(4.11.16) 

and the amplification in linear. If the op t imal initial phase , 
defined by cot ij/0 = — l/y/R — 1, is selected the gain is 
max ima l and its value is 

94o 
'Ry 

R exp (2s) 
R - 1 

(4.11.17) 

(curve 4 in Fig. 15b). The closest app roach to linearity 
occurs in the same phase because then the influence of the 
term p ropo r t i ona l to Q is smallest. 

If cosi/^o = 0, expression (4.11.16) reduces to [17] 

9/*o ' 
iRv 

exp (2s) 
3 

(4.11.18) 

(curve 3 in Fig . 15b). If K = 0, then expressions ( 4 . 1 1 . 1 6 ) -
(4.11.18) give the best approx ima t ion and, according to 
formula (4.11.14), the poin t M is reached at Ix0 = Rx = 0 
(for an infinitesimally small signal) even if c o s ^ 0 ^ 0. At 
the poin t M we have % 0 M = — sign 9 sign a, rj0M = 0. 

Self-switching occurs for any (sufficiently s t rong) p u m p 
such tha t R>1, i.e. Ry > 3/4 or Iy0 > 3 |a /0 | ; if K = 0, the 
poin t M is still reached at Ix0 = Rx = 0 as the p u m p is 
increased.. 

The extremal values of Tx and the switching depth 
( A r ) m a x are described by the formulas 

( ^ ) m a x = ^ x , m a x = 1 
141 

l 
4Ry 

(4.11.19) 

The switching depth increases with increase in Ry. If 
Ry > 3 /4 , i.e. if | 4 | > y w |a|, we have ( A r ) m a x w 1; self-
switching becomes almost complete at sufficiently high 
p u m p intensities. 

F o r m u l a (4.11.16) predicts a much higher gain t han does 
formula (4.11.11). The gain becomes extremely high even at 
relatively low values of L . F o r example, if L = K, Ry = 5, 
and ^ 0 = K/2, we have dlxl/dlx0 w l O 6 ^ ^ and ( A r ) m a x w 
0.85; if L = I.6K, Ry=3, we obta in dlxl/dlx0 w 12x 
\06Ry w 36 x 10 6 and ( A r ) m a x w 0.75. These results are 
in good agreement with the numer ica l solut ions of the 
initial system of equa t ions (2.3.7) (curve 3 in Fig. 15b). 
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One of the most interest ing features of such self-
switching is tha t it occurs even for K = 0 and tha t in 
this case the amplification is closest to linearity! The results 
repor ted in Ref. [71] and those given above contradic t the 
hypothesis [83] tha t if |a| > K, we can ignore the te rm with 9 
in the system of equa t ions (2.3.7). The si tuat ion is just the 
opposi te : this term plays a key and posit ive role. 

This paradoxica l s i tuat ion occurs because in the linear 
regime for the selected pa rame te r s there is no coupling 
between the waves and no transfer of energy between them 
(see Fig. 1). The coupling, which is purely nonl inear , 
appears only in the nonl inear regime. Therefore, switching 
in the regime under discussion is very similar to switching 
from one frequency to ano ther described in 
Refs [50, 52, 53]. 

The regime in quest ion is mos t interesting in pract ical 
appl icat ions — such as opt ical t ransis tors , logic elements, 
and switching — for the following reasons . Firs t , if K = 0, 
the middle self-switching poin t M is stable against changes 
in IJ/Q and changes in the p u m p intensity. In other words , 
when the initial phase difference between the p u m p and 
signal or the p u m p intensity is changed, the signal gain 
m a x i m u m is still achieved for an infinitesimally small signal 
simply by var ia t ion of the signal gain. Moreover , the signal 
gain is extremely high. This case is of interest also for the 
development of optical switches for lasers and for pulse 
lim iters. 

W e shall n o w give two specific examples of possible 
real isat ions of such self-switching. 

Example 1. A p u m p wave with the wavelength 
X = 0.51 um, generated in an a rgon laser polar ised a long 
the vertical y axis, is coupled into a fibre waveguide m a d e of 
fused qua r t z and characterised by a birefringence 
An ~ 5 x 1 0 - 8 , a nonl inear coefficient 9 ~ 1 0 - 1 2 esu, and 
a cross-sectional area of abou t 5 x 10~ 8 c m 2 . Let us assume 
tha t the fibre or ienta t ion is such tha t K = 0 and a = An (so 
tha t the optic axis in the fibre cross section coincides with 
the y axis or is perpendicular to the latter) . Then, the 
threshold p u m p intensity (deduced from the condi t ion 
R > 1) is 3(cn/27c)(An/|0|) - 10 8 W c m " 2 and the corre
sponding threshold power is ~ 5 W. Let us assume tha t the 
fibre length is 12 m (L w I.6K) and the input p u m p power is 
10 W (R = 2). A weak signal (of the same wavelength) , 
polar ised a long the hor izonta l x axis, is coupled into the 
same fibre and the power of the signal is varied by abou t 
0.1 m W . The power at the ou tpu t in each polar isa t ion 
should then change to abou t 1.2 W, i.e. the differential gain 
is « 12000. 

Example 2. A p u m p wave with the wavelength 
X w 0.9 um is generated in a semiconductor laser. It is 
polar ised a long the vertical y axis and coupled into a fibre 
waveguide in which the core is a layer s t ructure of the 
GaAs-Gao.3Alo.7As type (here, n « 3.5), which represents a 
mul t iquan tum-wel l s t ructure with a nonl inear coefficient 
9 ~ 10~ 4 esu and the difference between the refractive 
indices for two or thogonal ly polar ised waves 
An = 3 x 10~ 4 = a. The cross-sectional area of the core 
is ~ 1 0 _ 7 c m 2 . Then , the threshold p u m p intensity is 
2 x 10 4 W cm and the cor responding threshold power 
is &2 m W . Let us assume tha t the fibre length is w l . 5 m m 
(L w K) and tha t the p u m p intensity is 8 x 10 4 W c m - 2 

(R = 4), i.e. the input p u m p power is ^ 8 m W . Then, the 
coupl ing into the same waveguide of a small signal (of the 
same wavelength) , polar ised a long the x hor izon ta l axis, 

and a change in the power of the signal by 0.01 uW alters 
the ou tpu t power in each polar isa t ion by abou t 0.53 m W , 
i.e. the differential gain is ^ 5 3 000. 

The small coupl ing coefficient (K <̂  |a|) results, on the 
one hand , in a deviat ion from the amplification linearity 
and, on the other , it increases even further the small-signal 
gain which even for low values L w K can reach — according 
to expression (4.11.15) — fantastically high values ( ~ 1 0 9 ) . 

Ano the r interest ing feature is tha t in the range of high 
intensities where In~2(y + p)2 <̂  1, an increase in Ix0 m a y 
generate ou tpu t intensity bea t s with increasing ampl i tude . 
This is physically due to the nonl inear coupl ing represented 
by the term with 0, which (in contras t to the case of tunne l -
coupled opt ical waveguides) , seems to increase with increase 
in the input intensity. 

Character is t ic features of the self-switching of TE and 
T M waves are due to the fact tha t , in accordance with the 
classification given in the In t roduc t ion , if K ^ 0, they 
be long to b o t h the first and second g roups of U D C W s ; 
if K = 0, they belong only to the second g roup . 

5. Optical switching in a cubically nonlinear 
system with unidirectional distributively coupled 
waves by a signal of different frequency or with 
different polarisation 
In Sections 2 and 3 it is shown tha t rad ia t ion self-switching 
can occur in a cubically nonl inear system with single-
frequency U D C W s . The quest ion arises whether a major 
transfer of high-power rad ia t ion (of a given frequency) can 
take place, at the ou tpu t of a nonl inear system with 
U D C W s , from one wave to another as a result of a small 
change in the power of weak rad ia t ion of different 
frequency reaching the same system in one of two 
waves. The results of a theoret ical investigation [40], 
presented in this section, give a posit ive answer to this 
quest ion. This makes it possible to t ransform and amplify 
greatly the modu la t i on of rad ia t ion from a low-power laser 
into the modu la t i on of s t rong rad ia t ion from a high-power 
laser opera t ing at a different frequency. 

5.1 Equations for the wave amplitudes 
W e shall begin with E q n (2.1). W e shall consider a field 
which is a sum of fields with two different frequencies co 
and v. U n d e r steady-state condi t ions the two fields can be 
represented in the form 

E(x9 y, z, t) = Ew(x, y, z) exp(uwf) -\-E^(x9 y, z) Qxp(-icot) 

+ Ev(x, y, z)exp(ivf) +E*(x, y, z ) e x p ( - i w ) .(5.1.1) 

U n d e r such condi t ions the fields with the frequencies co and 
v obey the equa t ions [ 1 3 - 1 4 ] 

2 2 2 2 

V ^co "I 9~ <» = 2~ NL,CO 9 V Ev -\ > = 9 NL, V 
c c c c 

(5.1.2) 
and their nonl inear polar i sa t ions are 

Rn\,co — 0 • (E00^00^00 ~l~ EqjE^E^ + EfjjEfjjEfjj + EVEVE(0 

~\~ EyEyEyj ~\~ EyEyjEy ~\~ EQjEy Ey ~\~ E QjE yE y ~\~ Ey E QjE y ) 

(5.1.3) 

( P n l v is obta ined from Pn\i(0 by the t ranspos i t ion of the 
subscripts co => v, v => co). 

http://GaAs-Gao.3Alo.7As
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At each of these frequencies the field is in tu rn a 
superposi t ion of two coupled waves (zeroth with 7 = 0 
and first with j = 1) 

E<D(X> y> z) = Y^e^A^E^x, y ) exp ztf<^j , 
Ev(x, y, z) = ^2evjAvj(z)Evj(x,y) e x p f - zi/?V J J , 

(5.1.4) 

where A W J ( z ) , A V J ( z ) are the slowly varying ampl i tudes of 
the waves; emTj are the polar isa t ion uni t vectors of these 
waves; E^^.jfx, y) are the field profiles; P^vj a r e the 
effective refractive indices for the waves with j = 0 or 1. 

The equa t ions for the ampl i tudes of the waves with the 
frequencies co and v p ropaga t i ng in cubically nonl inear 
tunnel-coupled opt ical waveguides can be derived by 
analogy with the system of equa t ions (2.1.7) and are [40] 

co az V c 

2 i p - ^ + K%A0)0 e x p (-ia0} - z 
co dz \ c 

= -Geo] \^co\ \2Aco\ - 29(0vl\Avl\2A(i 

2ip*^*+KV

0LAVL e x p ( i a v - z 
v dz \ c 

— ~ 0vo l^vo | 2 ^vo ~~ 20 V C y O |A C yo | 2 A v 

c d A ^ + K\0Av0 exp ( - i a v - z 
v dz \ c 

- 0 v l | A v l | 2 A v l - 29vcol\Awl\2Avl , 

(5.1.5) 

(5.1.5) 

where a w = pwl - pw09 av = j8 v l - j8 v 0 , fi = + / U + 
fiv\ + i ^ v o ) / 4 - The coupl ing coefficient at the frequency co 
is [ 3 - 8 ] 

Ko\ — -

and Kf0 can be obta ined from the above expression by the 
subscript t ranspos i t ions 0 => 1 and 1 => 0. The cor respond
ing coupling coefficients KV

0I and K\0 are obta ined from KQI 
and Kf0 by the subscript t ransi t ion co => v, v => co. The 
nonl inear coefficients of the waveguides are 

(eco0ecol) - nl^E^x, y)Etf)(x9 y) dx dy 

IJ \Ecoo(x, y)?dx dy 

0(Dj\E(Dj(x,y)\ dxdy 

I 
^\E0}j\2dxdy 

^a»j\Emj\2\EVJ\2 dx dy 

(5.1.6) 

dx dy 

where convolu t ions of the tensor 9 are 9a 

QcQVJ = ^CQjQ ' i^VJ^COJ^VJ ~l~ ^VJ^VJ^COJ ^(DJ^VJ^Vj) •> ^VJI ^VCOJI ^VJ &nd 

9V(0j are derived from the above expressions by the subscript 
t ranspos i t ion co => v, v => co. 

If the polar i sa t ions of all the waves are identical at the 
input , then 0WVJ- = 9vcoj = 39^ = 39vj. 

Usual ly , the an i so t ropy with the tensor 9 of the 
waveguides can be ignored. It then follows from expres
sion (1.2) in Append ix I tha t the convolut ions are 

= 6%„(co) = 9%y{co) = o l w , 

oti-&>L ( v ) - C ( ' ' ) - 4 w . 

8va>j = Omvj = 8®xx (« , v)(l + 2 COS 2 • & m J t V j ) , 

(5.1.7) 

where #<o/}v/ a r e the angles between the uni t vectors e^- and 
eVj and the subscripts k9 m assume the values x, y , z. 

It is evident from the set of expressions (5.1.7) tha t the 
influence of the signal is max ima l when the vectors of the 
signal and p u m p fields are collinear: c o s 2 = 1; this 
influence is min imal when these vectors are o r thogona l : 
c o s 2 ^ - v j = 0. 

Since the waveguides suppor t only a single m o d e at the 
two frequencies, the field profiles EWj(x9 y ) and Evj(x, y) 
are the same d o m e shape, bu t they differ in the degree of 
spreading. At the higher frequency, the profile spreads out 
less and the energy concent ra t ion is greater. However , if 
the wavelengths do no t differ greatly, for example, if 
Xv = 1.06 um and Xw = 1.15 um, these differences in the 
degree of energy concent ra t ion are no t large. F o r example, 
in the case of a fibre waveguide m a d e of fused qua r t z with 
the core a = 1 . 9 7 u m in diameter when the difference 
between the refractive indices of the core and cladding 
is n0Jj — n0J = 0.0\, we find tha t the pa ramete r V0Jj = 
2na(n2

0j — n2^)1^2/fXW9 which represents the fraction of the 
energy concent ra ted in the core, a m o u n t s to Vvj = 2 and 
VWj = 1.84 for Av = 1.06 um and hw = 1.15 um, respec
tively. It therefore follows from Ref. [124] tha t the 
energy concent ra t ion in the core is 74% and 70% in 
these two cases, i.e. the difference is small and we can 
ignore the difference between the overlap integrals in the 
set of expressions (5.1.6) if the wavelengths do no t differ 
too much . F o r similar wavelengths the cubic susceptibilities 
of the waveguide mater ia ls are also similar. Therefore, in 
the case of rad ia t ions with somewhat different wavelengths 
p ropaga t i ng in identical tunnel-coupled opt ical waveguides 
we can assume tha t in the set of expressions (5.1.5), we 
have 

1 + 2 c o s 2 t f „ 1 + 2 cos 2 

(5.1.8) 

where 9wj w 9vj. 
If the wave polar i sa t ions are also identical, then 

uco0 ~ ucol ~ "vl ~ uv0 ~ uvco0 ~ ucov0 ~ ucovl ~ uvcol ~ u-
(5.1.9) 

The difference between the nonl inear coefficients does 
no t alter the na tu re of the dependences of the ou tpu t wave 
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intensities and of the phase differences between them on the 
input intensity of the signal wave [40]. 

F o r an arbitrary cubically nonl inear system with 
U D C W s the equa t ions for the ampl i tudes of the waves 
with the frequencies co and v m a y be wri t ten in the form 

co dz \ c J 

= — QcoOo\Acoo\2AcoO — ^^COVOOL^VOL^COO 

—0CDQ\ \ACQI \ 2 A w 0 — 29^1 \AVL \ 2 A W 0 , 

2ip c- ^ 1 + K ^ A M e x p f - i a r a - z) 
co dz V c J 

— — $eoi l \A~CQI | 2 A w l — 29wvll \ A V L \ 2 A W L 

~^colo\^coo\2^col ~ 2QCQV10\AvO\2Acol 9 ^ ^ ^ 

2 i p * ^ * + K V

0 L A V L e x p ( i a v - z l v dz \ c J 

= ~ ^VOOL^VOL^VO — ^vco0o\^coo\2^v0 

5.2 Integrals of equations 
W e shall in t roduce the modu l i pmp p V J and phases cp^, cpvj 

of the ampl i tudes A M J = p w - exp^cp^) , A V J = pvj exp(icpV J), as 
well as quant i t ies 7 ^ = p ^ - , Ivj = p2j, which are p r o p o r 
t ional to the wave intensities. The initial condi t ions are 
specified at the input (z = 0): 

I<oj(z = 0) = ICOJO 9 Ivj(z = 0) = IVJ0 , 

(Pcojiz =0) = CPajQ , Cpvj(z = 0) = Cpvj0 . 

W e are interested in the intensities and phases at the ou tpu t 
z = l: 

I<Oj{z = I) = Icojl 9 IVj(Z = I) = IVjl 9 

(Pcojiz =l) = (pcoji 9 <PVJ(Z = l)= Cpvjl . 

W e can readily show tha t if K%X = Kf0 = KM9 

KVQI = K\0 = KV9 the energies of the waves at each fre
quency are conserved a long the longi tudinal coord ina te z 
and in the linear case (9 ^ 0), we have 

4)0 + 4 ) 1 = I c o = cons t , 7 v 0 + Ivl =IV = const (5.2.1) 

- 9 m \ A N \ 2 A v 0 - 29vcoQI \ A w i \ 2 A 

c d A ^ + ^ f _ v ^ 
v dz \ c 

- 0 v l l | A v l | 2 A v l - 29vcoll\AWL | 2 A v l 

- 0 v l o | A v O | 2 A v l — 2 0 v c o l o | A c o O | 2 A v l 

The system of equa t ions (5.1.10) is pu t forward here for the 
first t ime. Simple subst i tu t ions 

Acoo =^co0 exp 

ACD\ = A ( 0 ] exp 

A v 0 = A v 0 exp 

A v l = A V L exp 

• + « T \ Z C ° 
2 + ^ o i / v j ^ 

co 10 CO 
2 

Im „ \ zco 

1 vOl'v , n T \ Z V 

—2 Uvco0lIco J ^ 

i . > v l ° / v + 0 7 V V 

—2 ^vcolO^co I ^ 

(5.1.11) 

ĈOO — ĈOOO ~~ ̂ COOL 9 ucov0 ~ Ocov00 ~ Ocov0\ 

Jco\ — °co\\ ~ °co\0 9 ucov\ — °cov\\ ~ °cov\0 

(fyplO ~ @CQ0I)ICQ/2 + (fyovlO ~ flq)v0l)A> 

P 

a v = a v + 
( f l v l 0 — 9 m ) l v / 2 + ( f l V f l ) i o — 0VQ)Qi)/(a 

where = /^Q + /©l> 4 — ^ v o + ^ v i j m ^ k e it possible to 
t ransform the system of equa t ions (5.1.10) to the system 
(5.1.5). W e shall therefore analyse specifically the system of 
equa t ions (5.1.5). 

and we can in t roduce the coefficients represent ing power 
transfer by each wave: Twj=I(DJl/I(D, Tvj = Ivjl/Iv. 

If 
V̂COO — ĈOVO a n d 0VCOI — ®cov\9 then in addi t ion to 

expressions (5.2.1), it is possible to wri te down one further 
integral of the system of equa t ions (5.1.5): 

rcov = KOJVIOJ0IOJ\ C O S ^ + A ^ / v o / v i COSl /^ 

-ttcoPcoO'coO ~ a v P v 0 y v 0 n Z 1 Z 1 Z 

+ V ^ V + 0va)o4)oA>O + ^vcol^col^vl (5.2.2) 

where = a^zco/c + cpwl - ^ 0 , i/ v̂ = ctvzv/c + cpvl - cpv0. 
W e can normal ise the system of equa t ions (5.1.5) by 

in t roducing dimensionless variables [40]. F o r example, if we 
assume tha t expressions (5.1.9) are valid, we can in t roduce 
the variables Rvj = \9\Ivj0/(4Kv), Lv =Kvlv/cfi. 

5.3 Numerical analysis of equations 
Numer i ca l analysis of the system of equa t ions (5.1.5) 
shows [40] tha t if a p u m p satisfies the self-switching 
condi t ion, described by expressions (4 .3 .1) - (4 .3 .3) , then 
the p u m p at the ou tpu t can be switched by a small change 
in the intensity of a weak signal even if the frequency of 
this signal is not equal to the p u m p frequency. Such p u m p 
switching is accompanied by self-phase-matching of the 
zeroth and first p u m p waves at the poin t M and also by 
switching of the signal and self-phase-matching of the 
signal waves. The rela t ionships between these mutua l ly 
coupled processes have been investigated [40] and some of 
the results obta ined are presented in Fig. 16. If the signal 
and p u m p are fed in the form of one of the waves [in the 
case of T C O W s this means they are fed into the same 
waveguide (Fig. 5a)], then the p u m p intensity needed for 
switching should be slightly less t han the critical value 
(Fig. 16a). However , if the signal and p u m p reach the input 
in the form of different waves, enter ing different 

file:///Acqi
file:///A~cqi
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0.1 0.2 IcoOoW/4Kv 

Figure 16. Dependences of the coefficient representing the transfer of 
the pump power by the zeroth wave Tv0 = Iv0i/(Iv0-\-Ivl) on the 
normalised intensity of the control signal 4^0101/4^. The values of 
the ratio K^/K^ are given. L v = 2 .5TT (a, b), 1.6TT ( C ) . (a) Rv0 = 0.9, 
Rvi = 0; (b) Rv0 = 1.1, Rvl = 0; (c) Rv0 = 0.55, Rvl = 0.6. X^/Xv = 
1.15/1.06 (a, b), 0.85/1.06 (c, curve labelled 0.5); 1 (c, curve 
labelled 7) . The approximations described by expression (5.1.9) are 
assumed to be satisfied; 0LM = a v = 0. At the points M, we have 
cos((pvll — (pv0l) — \ and near the points M, the slope is 
IQ/voz/S/̂ -ol = m a x . 

waveguides in the case of a tunnel-coupled system of 
waveguides (Fig. 5d), the switching p u m p intensity should 
be slightly higher t han the critical value (Fig. 16b). 

The ampl i tude Alv0i of the change in the power Iv0i of the 
p u m p at the ou tpu t can be tens, hundreds , or t h o u s a n d s of 
t imes higher t han the ampl i tude of the power change A/^QO 
of the cont ro l signal at the input . This gives rise to the 
t ransis tor effect. A rough est imate of the gain of an optical 
t ransis tor at the middle switching poin t can be m a d e on the 
basis of expression (3.1.21) where , however , one mus t 
include a coefficient of the order of 0 . 1 - 1 . 5 ; the value 
of this coefficient is given for different pa rame te r s K^/K^, 

Rv0, Rvi in Ref. [40]. Examples of possible realisat ion of 
different-frequency switching are given in Ref. [40] together 
with est imates of the signal and p u m p intensities when a 
fibre waveguide is p u m p e d by rad ia t ion from a single-mode 
N d : Y A G laser ( A = 1 . 0 6 u m ) and the signal represents 
H e - N e laser rad ia t ion (A = 1.15 um) . 

The switching efficiency (gain) decreases with reduct ion 
in the signal coupl ing coefficient, m o r e precisely, with 
reduct ion in the rat io and K^/K^ (see Fig. 16) [40, 65], 
which means tha t this increase occurs when X^jK = v / c o 

becomes smaller. 
W h e n the signal and p u m p are coupled into different 

waveguides (Fig 16c, Kco/Kv = 1), double switching of the 
p u m p m a y take place. The second switching occurs at 
higher values of the signal intensity and its slope is 
considerably less t han the slope of the first switch
ing [65]. The signal intensity p lot ted a long the abscissa 
in var ious figures in this review is normal ised to the critical 
p u m p intensity, bu t in Ref. [40] it is normal ised to the 
critical signal intensity. 

In Sections 3 and 4 we defined the middle self-switching 
poin t M by the condi t ion (4.3.2): r= 1. The quest ion m a y 
be asked: h o w to find the middle poin t M in a given si tua
t ion when the solution and the expression for r are no t 
k n o w n ? This can be done by applying two condi t ions: 
(1) this is the poin t in the close vicinity of which the slope 
(differential gain) reaches its m a x i m u m 9/voz/Q/o)00 = max ; 
(2) at this poin t the p u m p waves become phase-matched: 
cos \j/v = 1. This definition is m o r e general t han tha t set by 
the condi t ion r = 1, a l though it is equivalent to the former 
definition. 

5.4 Elimination of the influence of the phase 
of a signal on its amplification in tunnel-coupled 
optical waveguides 
It is shown in Sections 3 and 4, and in Refs [36, 54], tha t if 
the signal and p u m p are coherent , the ou tpu t charac ter 
istics of the waves and the signal gain m a y all depend 
strongly on the difference between the input phases of the 
signal and p u m p . The posit ive and negative aspects of this 
effect are considered in Section 3.5. 

It is shown in Section 3.5 and in Ref. [66] tha t in some 
cases it is desirable to eliminate the parasi t ic influence of the 
input phase of the signal on the characterist ics of a switch 
or an optical t ransis tor based on T C O W s . This can be done 
in a variety of ways [66]. 

One trivial way is to m a k e the signal incoherent with the 
p u m p . However , this is no t always the op t imal approach , 
since it requires a fairly large difference between the signal 
and p u m p pa th s (it requires greater coherence length), 
which increases the delay t ime and enhances the influence 
of var ious parasi t ic factors such as deformat ion of the 
waveguide, losses, noise, etc. (See also Section 6.2). 

Secondly, it can also be done by applying the p u m p at 
one carrier frequency and the signal at ano ther fre
quency [40]. This app roach is discussed in the preceding 
sections (5.1 - 5 . 3 ) . 

The third way of tackl ing the same prob lem is to feed 
the signal and p u m p with different circular polarisations (it 
is assumed tha t T C O W s are isotropic in a t ransverse 
direction, and tha t the signal and p u m p can have the 
same frequency). Then , the equa t ions for the signal and 
p u m p wave ampl i tudes are [66] 
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= -6» 0 p( |A 0 p | 2 + 2 | A 0 s | 2 ) A 0 p , 

• » A P d A i p , v ( [avz2n\A 
- 0 l p ( | A l p | 2 + 2 | A l s | 2 ) A l p , 

(5.4.1) 

= - ^ 0 s ( | A 0 s | 2 + 2 | A 0 p | 2 ) A 0 s , 

Xs d A ^ / ia sz27i^ 

= - ^ i s ( | A i s | 2 + 2 | A l p | 2 ) A l s , 

where for the same frequencies (but different circular 
polar isa t ions) of the signal and p u m p we have Xs = Xp = A, 

= Kp = K, 60p = 60s = 60, 6]p = 6]s = 0U a s = a p = a 
and for the identical T C O W s , the pa rame te r s are 
a s = a p = 0> #0p = # l p = 0p, #0s = # l s = #s -

It therefore follows tha t the system of equa t ions (5.4.1) 
is of the same form as the system of equa t ions (5.1.5) and it 
has the same integrals (5.2.2), apar t from the no ta t ion . The 
solut ion of the system of equa t ions (5.4.1) for identical 
signal and p u m p frequencies and identical T C O W s is 
discussed in detail in Ref. [66]; the results do no t differ 
quali tat ively from those plot ted in Fig. 16. 

There is another , fourth, way of el iminating the 
influence of the input phase difference on the ou tpu t 
powers of a switch and of an optical t ransis tor based on 
tunnel-coupled optical waveguides: the polarisations of the 
signal and pump should be orthogonal to one another . The 
waveguide pa rame te r s should satisfy special condi t ions [66] 
given below. The equa t ions for the ampl i tudes of the 
or thogona l ly polar ised signal and p u m p ampl i tudes are [66] 

R 1 D A ° P , r ficcvz2n\A 
= - K \ A 0 v \ 2 + 00vs\A0s\2)A0v 

0ops^os^o p exp^-
/ i2a s p 0 z27r 'sp(K 

A_dAl p 

n dz 
+ Kv exp 

ia D z27t 
X r ^ p 

|2 , n \ A | 2 \ 
- ( 0 l p |A l p | 2 + 0 l p s |A l812) A! 

- f l i p s ^ i s ^ i p expf 
/ i 2 a s p l z 2 7 t 

. n X d A 0 s r j r / i a s z 2 7 i \ A 

(5.4.2) 

= - ( ^ O s | A o s | 2 + ^ O s p | A o p | 2 ) A c 

- ^ O s p A o p A o s exp ( ^ J 

. . X dA l s i ]8 - -T~ + Ks exp 
n dz 

iasz27C 

( ^ i s | A i s | 2 + % | A l p | 2 ) A l s 

i2a s p l z27C> 
- ^ l s p ^ i p ^ i s exp 

where a s p j = psj - fipj9 a s = j8sl - j8s0, a p = j8pl - ^p 0, P = 

(PsO + Psi + PpO + J^pi)/4» and the nonl inear coefficients are 

related approximate ly by 6jp w 6, 6jvs w 26/3, 6jsv & 6/3 
[see the set of expressions (2.3.10)]. 

In this case the nonl inear pa r t s of the equa t ions 
generally include one m o r e term, which conta ins a com
plex-conjugate ampl i tude . I ts presence describes the 
dependences of the ou tpu t intensities of the waves on 
the input difference between the phases , even in the case 
of o r thogona l ly polar ised signal and p u m p waves in 
T C O W s isotropic in the t ransverse direction, when the 
linear coefficient of the coupl ing between the signal and 
p u m p waves vanishes. However , we can select condi t ions 
under which the influence of this te rm is negligible. This can 
be done by employing waveguides which are transversely 
anisotropic , have an elliptic dis t r ibut ion of the effective 
refractive indices, and the polar isa t ion uni t vectors of the 
p u m p and signal waves which are mutua l ly perpendicular 
and directed a long the pr incipal axes x and y. The optical 
an i so t ropy should be sufficiently s t rong so tha t the differ
ence between the effective refractive indices of the waves 
polar ised a long the pr incipal axes x and y (i.e. the quan t i ty 
a s p j ) is considerably greater than the coefficient K represent
ing the linear coupl ing between the waveguides. It follows 
from numer ica l calculat ions [66] tha t this te rm can defi
nitely be ignored if | a s p j | ^ 5K. The ou tpu t intensities of the 
waves are then almost completely independent of the input 
phase difference. 

The system of equa t ions (5.4.2) had been derived and 
investigated also in Ref. [87], bu t wi thout a discussion of 
the influence of the signal phase on the switching process . 
Numer i ca l calculat ions are used in Ref. [87] to d raw the 
conclusion tha t chaos appears in the system at large values 
of L (L > 6TC) and tha t the term with ^ 0 s p has an impor t an t 
influence. A similar conclusion abou t chaos in T C O W s 
m a d e of an isotropic nonl inear mater ia l , when the polar i sa
t ion vector is tilted relative to the geometr ic axis of the 
tunnel-coupled waveguides, is reached in Ref. [88] where 
the values of L are assumed to be even larger t han those 
given in Ref. [87]. Moreover , Ref. [88] deals also with the 
case when p u m p waves of similar intensities (one equal to 
four critical values and the other close to four critical 
values) are coupled into b o t h waveguides. Accord ing to 
expression (4.6.3) [36], this enhances strongly the gain and 
makes it fantastically large. 

The existence of chaos is deduced in Refs [87, 88] on the 
basis of compute r calculat ions. However , for the values of L 
selected in Refs [87, 88] the values of the gain est imated on 
the basis of expressions (3.1.21) and (4.6.3) are so high tha t 
the compute r is unab le to ' t rack ' the very ab rup t changes of 
the ou tpu t intensities, and this m a y be the reason for the 
appearance of r a n d o m jump- l ike g raphs represent ing the 
ou tpu t intensities [87, 88]. Therefore, the conclusion on the 
chaos reached in Refs [87, 88] should, in our opinion, be 
checked addi t ional ly and physically analysed. 

6. Optical multivibrators based on 
unidirectional distributively coupled waves 
6.1 Optical multivibrators unstable against a phase shift 
in a feedback loop 
The results presented in Sections 3 - 5 can be used to design 
and forecast the characterist ics of feedback devices based 
on nonl inear systems with U D C W s , i.e. of devices in which 
pa r t of the rad ia t ion from the ou tpu t of the system is fed to 
the input [51, 56, 62]. W e shall discuss one such device in 



1024 A A Maier 

- \ b 

01 

In 

d 

R0 
R0s 

v - — 

p 

- Q -
F 

- Q -

P 

- Q -
F 

- Q -

R OP 

Figure 17. Optical multivibrator configurations, which are unstable 
( a - d ) and stable (e, f) against a deviation of the phase in the feedback 
loop from the calculated value; P is a device which transforms the 
polarisation or frequency, and F is a polarisation filter which prevents 
admission to the feedback channel of the radiation with the polarisation 
other than the required one. 

the specific case of T C O W s with feedback (Fig. 17). 
Similar devices can be based also on other systems with 
U D C W s . 

Let us assume tha t , for example, a p u m p wave with a 
constant normal ised intensity 7? 0 p reaches the input of the 
zeroth waveguide wi thout losses and tha t the rad ia t ion from 
the ou tpu t of the first waveguide is re turned, by mi r rors or a 
feedback waveguide (completely or par t ly) , to the input of 
the same waveguide (Fig. 17a). The coefficient represent ing 
energy transfer from the ou tpu t of the first waveguide to its 
input is a (usually a <̂  1), i.e. the b o u n d a r y condi t ions for 
the ampl i tudes are 

^ i o ( 0 = V°Au(t - T F ) exp(icpf) , 

A o o M = V ^ O P A M = const , 
(6.1.1) 

where T F is the t ime taken by rad ia t ion to t ravel a long the 
feedback channel , t is an a rb i t ra ry m o m e n t in t ime, and cpf 

is the phase shift dur ing the passage a long the feedback 
channel . 

Let us select R0p so tha t for Ri=0 the rad ia t ion 
emerges entirely from the first waveguide. The coefficient 
a is selected so tha t the signal enter ing the input of the 
first waveguide is such tha t , for the selected value of R0p, all 
the rad ia t ion emerges from the zeroth waveguide. This 
selection of the pa rame te r s means tha t R 

. _ o(0) / J ? ( i ) 
° = RIM/RM> <Pu + <Pf = %f 
a <̂  1); the values of R[J 

Op R ( i ) 

= <pQ0+mK and R0p^>Rl (i.e 

expressions (3.1.11), (3.3.6), and (4.4.14); G « [8exp( -L) ] 2 

and R$ calculated from 

T0 2T 0 + TF 4T0 + 3T f 6T0 + 5 t f 

3T0 + 2 t f 5T0 + 4 t f 
7T0 + 6TF T 

Figure 18. Pulses at the output from tunnel-coupled optical waveguides 
with feedback (see Fig. 17). 

F o r this set of pa rame te r s a per iodic process appears in 
the system (Fig. 18). The rad ia t ion reaching the input of the 
zeroth waveguide at the m o m e n t t = 0 passes t h rough 
T C O W s in the t ime T 0 and reaches the ou tpu t of the first 
waveguide. Then , after a t ime T F , pa r t of this rad ia t ion 
begins to enter the first waveguide and, therefore, after a 
further t ime T 0 , i.e. at the m o m e n t t = 2T 0 + TF, all the 
rad ia t ion begins to emerge n o w from the zeroth waveguide. 
Consequent ly , at the m o m e n t t = 2T 0 + 2 r f the rad ia t ion 
ceases to enter the first waveguide and, therefore, at the 
m o m e n t t = 2 r f + 3T 0 all the rad ia t ion again emerges from 
the first waveguide. The process is then repeated with the 
per iod 2 ( r f + T 0 ) . 

Similar mul t iv ibra tors can be constructed in other ways 
(Fig. 17) and the selection of the pa rame te r s is determined 
by the characterist ics of the system. 

If the ou tpu t of the first waveguide is coupled optically 
to the input of the zeroth waveguide (Fig. 17b), then 
R0p = R$ and G is selected so tha t for a given value of 
Rop after the passage of the signal a long the feedback 
channel we have R0 = R^ at the waveguide input . 

If the ou tpu t of the zeroth waveguide is coupled 
optically to the input of the first waveguide (Fig. 17c), 
t h e n R 0 p = R { u \ <T = 

If the ou tpu t of the zeroth waveguide is coupled 
optically to the input of the zeroth waveguide (Fig. 17d), 
then R^ = R$ and G is selected so tha t after the passage of 
the signal a long the feedback channel we have R0 = R$ at 
the waveguide input . 

In all these cases two ant iphase sequences of a lmost 
rec tangular pulses (Fig. 18) are formed at the waveguide 
ou tpu t . The dura t ion of one pulse is T F + T 0 . D u r i n g the t ime 
interval T F + T 0 all the rad ia t ion emerges either from the first 
or the zeroth waveguide. The system is therefore an optical 
mul t iv ibra tor opera t ing in the self-oscillator regime. 

6.2 Optical multivibrators stable against a signal phase 
shift 
Optical mul t iv ibra tors have stable ou tpu t characterist ics if 
these characterist ics are independent of the input phase of 
the signal. Let us consider this in detail. It is obvious tha t 
in the course of the passage of a wave (signal) a long the 
feedback channel the change in the wave phase depends 
strongly on the length of this channel and also on 
inhomogenei t ies and f luctuat ions of the refractive index 
(which in tu rn can appear and change under the influence 
of var ious factors: t empera tu re changes, deformat ions , 
fields, etc.). The ou tpu t intensities of the optical mul t i 
v ibra tors (based on T C O W s ) described in Section 6.1 
(Figs 1 7 a - 1 7 d ) depend strongly on the phase of the 
signal arr iving at the input (a long the feedback channel) 
and, consequently, on the phase shift in the feedback loop . 
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This dependence is described in Sections 3.5 and 4.9 and in 
Refs [36, 51, 54], and it can be explained — as ment ioned 
a l r e a d y — b y the interference between the signal and p u m p 
waves at the waveguide input . The parasi t ic influence of the 
phase shift in the feedback loop leads to an instabili ty of 
the wave intensities at the ou tpu t of an opt ical v ibra tor and 
m a y stop its opera t ion . Quant i ta t ive est imates of the 
deviat ion of the signal phase shift in the feedback loop 
from the calculated value at which an optical mul t iv ibra tor 
ceases to opera te are given in Ref. [66]. F o r example, in the 
case of the calculated (for R0p = 0.948, L = 1.6TC, A = 0) 
signal phase (for a signal arr iving at the input a long the 
feedback channel) equal to cp0s = 0 it is found tha t if 
cp0s > 7 i / 4 , the opt ical mul t iv ibra tor i l lustrated in Fig. 17b 
ceases to opera te completely. 

In the design of optical mul t iv ibra tors , unaffected by 
instabilities of the wave phase in the feedback loop, one can 
use the results derived in Section 5.4. Examples of such 
mul t iv ibra tors are shown in Figs 17e and 17f. Mul t iv ib ra 
tors can be m a d e sensitive to phase instabilities in one of the 
following ways [ 6 3 - 6 6 ] . 

(1) One can couple circularly polar ised p u m p rad ia t ion 
into the input of T C O W s and place, in the feedback loop, a 
device P which t ransforms one circular polar isat ion into the 
opposi te circular polar isa t ion [63]. 

(2) Linear ly polar ised p u m p rad ia t ion can enter the 
input of T C O W s and, in the feedback loop, one can place 
a device P which ro ta tes the p lane of polar i sa t ion by 
90° [64]. 

(3) One can locate, in the feedback loop, a device P 
which t ransforms the rad ia t ion frequency (co —> v), i.e. the 
p u m p reaching the input has the frequency co and the signal 
reaching the input a long the feedback channel has the 
frequency v. 

(4) The optical length of the feedback loop can be m a d e 
greater t han the p u m p coherence length. Then, the signal 
and p u m p are incoherent at the input and there is no 
interference between them. However , this is no t always the 
optical me thod . In par t icular , in the case of optical 
mul t iv ibra tors one would then need a long feedback 
loop (longer t han the p u m p coherence length). This would 
limit the min imum dura t ion of the ou tpu t pulses. 

In cases (1) and (2) the T C O W s should satisfy the 
requi rements set out in Section 5.4 and in Ref. [66]. 

7. Optical self-switching in a system with three 
unidirectional distributively coupled waves 
7.1 Equations and integrals 
A cubically nonl inear interact ion of three U D C W s can be 
described by the equa t ions 

c d A 0 ficc10zco\ 
2ip - —— + K0l exp * 

co dz V C 

= - 0 o | A o | 2 A o - 0 o i | A i | 2 A o - e02\A2\2A0 , 

„ n c d A i _ / i a 1 0 z c o \ A „ fia2lzco\ A 

^ w ~ d i + 1 0 e x p ( — J ° + 1 2 e x p \ c ~ ) 2 

= -01\A1\2A1-010\A0\2A1-0n\A2\2A1 , (7.1.1) 

2ij8 - — + K20 exp f — - J A o + K2l exp f — - J A x 

= -02\A2\2A 2 - 620\A0\2A2-62l\Ai\2A2 , 

where a 1 0 = ft - ft, a 2 0 = ft - ft, a 2 1 = ft - ft are the 
differences between the refractive indices, and Ki0 = K{ 

K20 = K02, Kn = Ku are the wave coupl ing coefficients. 
W e shall n o w consider the real ampl i tudes p 7 and the 

phases cpj. W e can easily show tha t the system of 
equa t ions (7.1.1) has two integrals when K02 = K20, 
Kl2 = K2l and K01 = Kl0 [48, 67]: 

I = P2

0 + P2 + P2

2 , (7.1.2) 

G = K0lp0pl cos + a 1 0 f t ? i + K02p0p2 cos \\i2 + a2oj8p2 

+ K n n cn^li I ^ I I ° 2 p 2 I 

-\-K12plp2 cos y/2l + + H — 

(7.1.2) 
2 ' 2 

where IJ/Q = cpx - cp0 + a 1 0 zco /c , \jt2 = <p2 - <p0 + a 2 0 zco /c , 
^21 = 4>2 - <Pl + ^2\ZC0/C. 

The equa t ions for the wave ampl i tudes in three tunne l -
coupled waveguides are [48] 

^ . n c d A 0 ^ / i a 1 0 z o A A „ ^20zco\ A 2iP---^ + K0l exp )Ai + K02 exp A2 

co dz 

= - 9 0 \ A 0 \ 2 A 0 , 

2ifi - ^p- + Kl0 exp 
co dz 

c J 

i a 1 0 z c o \ 
A0 +Kl2 exp 

c J 

ia21zco 

-9l\Ai\Al 

c dA: ict20zco\ 
(7.1.3) 

2ifi - + ^ 2 0 exp i / i o 
co dz V C J 

+ K 2 1 c x p ( - 1 ^ ) A 1 = - 9 2 \ A 2 \ ^ 

W e shall n o w consider the case of three T C O W s , which 
are of interest for several reasons . F irst, out of all the systems 
with three U D C W s it is the T C O W s tha t are of the greatest 
pract ical interest. Second, in the symmetric cases the 
re la t ionships between the 'cross ' nonl inear coefficients are 
0oi — ^02 — 012 — 0 C

 o r 0oi — 002 — 0 C J a n d because the 
system of equa t ions (7.1.1) reduces to the system of equa 
t ions (7.1.3) by a simple replacement of the variables and 
nonlineari t ies 9j — 9C => 0j, which is similar to the subst i tu
t ion (2.5.2). 

F o r the sake of simplicity, we shall consider just the case 
of identical waveguides characterised by 

a, = a 2 = 0 , 0 1 2 (7.1.4) 

and we shall adop t the usua l no ta t ion : Rj = \6\Ij0/4K, Ij0 = 
\Aj0\2, Tj=Ijl/(Ioo+I10+I20)9Aj0=Aj(z = 0),j = 0, 1,2. 

7.2 Three identical tunnel-coupled optical waveguides 
distributed in one plane 
W e shall consider three identical T C O W s located symmet
rically in one p lane (Fig. 19a): 

Km — K]C) — K20 — Km — K, — 0 02 (7.2.1) 

In view of the symmetry of these waveguides, we have 

P\ = Pi = P< <AI = ^ 2 = ^ = W\- n-
W e shall assume tha t the rad ia t ion is coupled only into 

the central ( 'zeroth ' ) waveguide: 

R 0 ^ 0 , R{ = R2 = 0 . (7.2.2) 
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0 0 0 - 0 0 
0 

Figure 19. Transverse section across three tunnel-coupled optical 
waveguides: (a) Ki0 — K20 Ku; (b) Km — K20 — Kn — K. 

It then follows from expressions (7.1.2) tha t [48] / 2
 l^fr 3 7 A cosiA = — W - / o o - — , 

^OM 1 ^F) \ ^ 
(7.2.3) 

where 7 0 M = 4K/\Q\ (see Section 3.1). 
W e shall n o w turn to the numer ica l solution of the 

system of equa t ions (7.1.3) subject to the assumpt ions 

T 1.0 

V y 7 = 0 

j = 1,2 

T I.O 

o 

T 1.0 

1 2 3 
^ 0 

A / V v 

±\J c - A r 0 

V V = 1 , 2 

7 = 0 

A A 7 ' " 1 ' 2 

r ; i.o 

1 2 3 0 

r, i.o 

0.5 -

Figure 20. Dependences of Tj — IJI/IQQ (j — 0, 1, or 2) on RQ = IQQ/IQM, 

plotted for Kl2 = 0, Kl0 =K20=K;L=n (a), 1.5TC (b), 2n (c), 2 .5TT (d), 
3TT (e), 3 .5TT (f), 4TT (g), 4.5n (h). The point at which dT0/dR0 — max is 
identified by a cross. Radiat ion is coupled into the zeroth (central) of 
three identical tunnel-coupled optical waveguides: 7 1 0 = 120 — 0 (figure 
taken from Ref. [48]). 

described by expressions (7.2.1), (7.2.2), and (7.1.4). This 
solut ion is par t ly presented in Fig. 20, which gives the 
power transfer coefficients T0 and T 1 2 as functions of R0. 
The numer ica l solution was obta ined for different values of 
the pa ramete r L = 2nKl/Xfi, in t roduced by analogy with the 
case of two U D C W s ; the value of this pa rame te r increases 
by K/2 between one par t of Fig. 20 and the next. 

The na tu re of the dependence Tj(R0) is in this case 
subtant ial ly different t han in the case of two U D C W s . 

F o r L which is a mult iple of 1.5TI there is practical ly no 
rad ia t ion self-switching (Figs 20b, 20e, and 20h). In these 
cases the na tu re of the dependence Tj(R0) is the same and 
energy exchange is considerably less t han for other values of 
L. A n increase in L increases the frequency of the energy 
bea ts caused by a change in R 0 and, consequently, the slope 
9/ 0 / /9/oo increases [48]. 

This cosine of the phase difference reaches its m a x i m u m 
value of uni ty s imultaneously with the a t t a inment of a local 
m a x i m u m value by the coefficients T 1 2 and of the 
cor responding local m i n i m u m of T 0 ; it should be no ted 
tha t cosi/f = 0 when 7 \ 2 = 0 and T0 = 1 [48]. 

7.3 Coupling between all waveguides 
In this section the system of equa t ions (7.1.3) will be 
investigated in a different case [67] when the coupling 
between all the waveguides is mater ia l : Ku ^ 0, 
Ki0 = K2o = K ^ 0. This case is usually encountered 
when all three waveguides are separated by the same 
distance (Fig. 19b). As in Section 7.2, the waveguides are 
assumed to be identical. The results of numer ica l 
calculat ions [67] are presented par t ly in Fig. 21 (some of 
them are also given in a table in Ref. [67]). 

It follows from these calculat ions [67] tha t , in par t icular , 
if K0i = K02 = Kn = K, the switching slope, i.e. the differ
ential gain ( e / 0 / / 8 / 0 o ) m a x = (R0 +RX + / ? 2 ) ( 8 r 0 / 8 / ? o ) m a x , is 
higher (for L = 2%Kl/2p = I.671, the difference is a p p r o x 
imately a factor of 3), bu t the critical intensity IM is also 
higher (by a factor of 1.5) t han in the case of two T C O W s 
(i.e. when K02 = Kn = 0, K0i = K) when we have 
IM = 7 0 M =4K/\0\. As Ku increases, the switching slope 
at the middle poin t M rises, bu t IM also rises (Figs 20b and 
21). The results of the numer ica l calculat ions indicate tha t 
the switching slope depends exponential ly on the effective 
pa ramete r L e f f = 2nKeff l/X$, which is p ropo r t i ona l to the 
effective coupl ing coefficient 7Teff, which increases with 
increase in 7T0 1, K02, and Ku; we then have IM oc Keff/\6\. 

The self-switching depth increases with increase in Ku 

(Figs 20b and 21) and for Ku « \.5K, the switching is 
almost complete . 

W h e n rad ia t ion is injected into the inputs of two 
waveguides (a p u m p into the zeroth waveguide and a 
small signal into the first waveguide) , it is found tha t in 
the case of three T C O W s (as in the case of two such 
waveguides discussed in Section 4.4) the small signal 
experiences giant amplification and if Ku = Ki0 = 
K2o = K, the slope for three tunnel-coupled waveguides 
is steeper t han for two waveguides, bu t the amplification 
appears at a higher p u m p intensity [67]. 

Final ly, in the case of self-switching of waves with close 
input intensities (Section 4.6) the configurat ion of three 
tunnel-coupled opt ical waveguides is characterised by 
higher values of the gain 8 / 0 / /8 / 0 0 t han in the case of 
two such waveguides. F o r example, if L = 1.5TI, 
RQ W R I w R 2 w 0.8 and KQI = K02 = KU = K, we have 
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To 

0 1 2 3 R0 

Figure 21. Dependences of T0—I0i/I00 on R0, plotted for 
Kl0 = K20 = K; K12 = K/2 (a), K (b), 3K/2 (c). L = \.5n, 7 1 0 = 7 2 0 = 0. 
The point at which dT0/dR0 — max is identified by a cross (figure taken 
from Ref. [67]). 

( 8 / 0 / / 8 / 0 0 ) m a x w 352.6 for three waveguides [67], whereas 

for two waveguides if L = 1.5TI and R0 ~ R, « 0.8, we 

find from expression (4.6.2) tha t ( Q / o / / Q / o o ) m a x ~ ^72. 

However , the to ta l power entering three T C O W s is greater 

t han for two waveguides. 

Invest igat ions of the self-switching of light in three 

tunnel-coupled opt ical waveguides are repor ted also in 

Refs [ 9 9 - 1 0 3 ] . 

8. Conclusions 
A theory of self-switching of unidi rect ional distributively 

coupled waves with a linear coupl ing coefficient, discovered 

by the present au thor , is presented. The results of 

invest igations reviewed above reveal interest ing re la t ion

ships govern-ing such self-switching and demons t ra t e the 

possibili ty of const ruct ing a new class of opt ical devices on 

the basis of this effect: these devices include optical 

t ransis tors , small-signal amplifiers, logic elements, in ten

sity limiters, mul t iv ibra tors , etc. 

The concluding pa r t of this review, which should be 

publ ished soon, will conta in a descript ion of the experi

men ta l observat ions of self-switching of unidi rect ional 

distributively coupled waves omit ted from this review: 

self-switching of pulses, self-switching of different-fre

quency waves with a nonl inear coupl ing coefficient in a 

quadra t ica l ly nonl inear med ium, etc. 
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Appendix I 
It follows from expression (2.4) tha t the mth componen t of 
a cubically nonl inear polar isa t ion of the med ium (at a 
given frequency) can be expressed in te rms of the 
componen t s of the fields at this frequency: 

nl,m • Gmnki{E*nEkEi + EnE*kEi +EnEkE*} , (L I ) 

where the subscripts m, n, k, and / can assume the values 1, 
2, 3, cor responding to the coordina tes x, y, z. 

As a rule, we can use the tensor of an anisot ropic 
med ium for 9 because b o t h a linear an i so t ropy (ne — n0) and 
a cubically nonl inear polar i sa t ion (p ropor t iona l to 16) of a 
med ium are quant i t ies of the first order of smallness. F o r 
example, \ne — n0 \ of fibre waveguides ranges from 5 x 10~ 9 

to 8 x 1 0 " 4 [125] and typical values are ~ 1 0 ~ 6 - 1 0 ~ 5 . 
Therefore, the an i so t ropy of a cubically nonl inear polar i sa
t ion is a quant i ty of the second order of smallness even in 
the case of an anisot ropic med ium and it can usually be 
ignored. 

The four th-order cubic nonl inear i ty tensor of an 
isotropic med ium is [118] 

Qmnki = hdmndki + pSmkSni + vSmiSi nk (1.2) 

where d„ 

^2211 

02121 

: n, and 3mn = 0, if m ^ n; X = 9 U 2 2 = 
1 #1133? fi< — #2323 — #1313 = #3131 = 

- #1221 — 02112 — 02332 = 03113 = 01331-

1, if m = 

^2233 = 0 3 3 1 1 -

^3232 •> V : 

Therefore, the nonl inear polar i sa t ion vector of an 
isotropic med ium can be expressed in te rms of the field 
vector as follows: 

••2x E*(E-E)+E(E-E*) (1.3) 

where 

X = X + fl + V = \ — T?2222 — C 7 3 3 3 3 — -

2 

n0n2c 

~3tT 
and n2 is the coefficient in the familiar expression 
n = n0 + n2I (I is the intensity). 

The nonl inear coefficient is 9 w 30xxxx = n^n2c/n. It is 
used to est imate 7 0 M = 47T/|0| (Section 3.1). The intensity is 
A M — (c no/2TC)A)M-

Appendix II 
In our analysis of the rad ia t ion self-switching and of 
optical switching in nonl inear systems with U D C W s we 
have derived and used simple approx ima t ions [34, 36, 37] 
for the elliptic functions when \r\\ <̂  1 (where r\ = 1 — r 2 ) 
and e x p L > 1. These elliptic functions are 

cn(L, r) : 
sech L — (r\/8) exp L 

' 1 + ( ^ / 2 5 6 ) e x p ( 2 L ) ' 
( H I ) 



1030 A A Maier 

1 - ( r ? /256)exp(2L) 
1 + (4/256) exp(2L) 

We find from expression (II. 1) tha t 

8 c n ( L , r) 

s n ( L , r ) « ; , )[y;sii_z)7T{ ^ L . ^ 

e x p L 

where cn(L, 1) w sechL ; c n ( L , r ) w 1 and ( r 2 / 1 6 ) e x p L = 
- 1 and cn(L, r) « - 1 if ( r 2 / 1 6 ) e x p L = 1; r\ = 1 - r 2 « 
2(1 — r) and, therefore, cn(L, r) « 1 if r « 1 + 8 e x p ( — L ) 
and cn(L, r) w — 1 if r « 1 — 8 exp(—L). 


