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Abstract. Spatial solitary waves carried by a TE mode in planar optical waveguides with Kerr-type of

nonlinearity are investigated based on a modi®ed nonlinear �1� 1� SchroÈ dinger equation. Looking for

e�ects instigated by the spatial inhomogeneity of the nonlinear polarization, the nonzero divE-term is

taken into account in the nonlinear guided wave equation together with the nonparaxial approach and

vector model. It is shown that, at self-focusing of beams in a �1� 1� geometry, the e�ect coming out from

the divergence term predominates over modi®cations related to the nonparaxial vector model. This term is

interpreted as nonlinearly induced di�raction which plays the role of an e�ective saturation. Analytical

solutions supported by numerical results are found.

Key words: Kerr-type of nonlinearity, planar optical waveguides, self-focussing of optical beams, spatial

solitary waves

1. Introduction

Early work on nonlinear dispersion, transverse structure of nonlinear waves
and beam propagation in self-focusing media (Talanov 1964; Chiao et al.
1964; Alanakyan 1967; Litvak and Mironov 1968; Akhmanov et al. 1968;
Sodha et al. 1974) has recently developed very vigorously in the nonlinear
optics, both experimentally (Barthelemy et al. 1985; Aitchison et al. 1991,
1992) and theoretically (Pushkarov et al. 1979; Feit and Fleck 1988;
Boardman et al. 1990, 1992, 1994; Shi and Chi 1990; Akhmediev et al. 1993;
Boardman and Xie 1993, 1994; Aliev et al. 1994, 1996; Shivarova and Tanev
1994; Chi and Qi Guo 1995; Buryak et al. 1995; Kivshar 1996). On the one
hand, there is active research on strongly nonlinear guided waves, providing
evidence on waveguide channels formed by changes in the transverse distri-
bution of the modal ®eld (Boardman et al. 1990). On the other hand, there is
now an intense interest in how light beams in nonlinear media become spatial
solitons [self-trapped] (Pushkarov et al. 1979; Boardman and Xie 1993, 1994;
Boardman et al. 1994; Aliev et al. 1994, 1996; Buryak et al. 1995; Kivshar
1996). The study of these increased after the elegant experimental veri®ca-
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tions (Barthelemy et al. 1985; Aitchison et al. 1991, 1992) of their existence.
Principally, the theoretical investigations of self-trapped beams have ad-
dressed, so-called, �1� 1� problems that involve only one transverse direc-
tion but others (Feit and Fleck 1988; Shi and Chi 1990; Akhmediev et al. 1993;
Chi and Qi Guo 1995) have investigated the catastrophic collapse associated
with the �2� 1�-dimensional nonlinear SchroÈ dinger equation. Indeed, the
®rst steps, in this direction, were taken some time ago (Pushkarov et al.
1979), in which the role of higher-order nonlinear terms and in particular, the
e�ect of saturation on self-action (self-focusing, self-phase modulation, etc.)
was taken into account. In these investigations soliton-like solutions were
obtained, so it is of interest to see if it is also the case when the nonzero divE-
term in the wave equation is included.

As it is shown here, the nonzero divE-term results into a nonlinear dif-
fraction which comes out from the rate of the spatial inhomogeneity of the
nonlinear polarization PNL. It has recently been taken into account in a
vector model of self-focusing (Chi and Qi Guo 1995) but its in¯uence was
buried within the model and was not speci®cally investigated. Prior to this, it
was included in calculations of nonlinear coe�cients in the nonlinear
SchroÈ dinger equation (Boardman et al. 1992; Shivarova and Tanev 1994).
These studies of self-phase modulation in optical ®bers show that the nonzero
divE-term in¯uences temporal soliton formation. Therefore it is important to
check the degree of its in¯uence on spatial soliton formation which is the aim
of the present study. Since the e�ects related to this polarization inhomo-
geneity appear in the same order of magnitude with the e�ects associated
with the longitudinal electric ®eld component and nonparaxial beam prop-
agation, the treatment here ± with the divE-term carried ± is within a non-
paraxial vector model. Complete investigation of the problem allows a
comparison between the contributions of the di�erent e�ects originating from
di�erent terms in the wave equation to bemade. It is shown that themain e�ect
is due to the divE-term in thewave equationwhich has been routinely neglected
in studies of both self-phase modulation and self-focusing.

The model adopted here assumes �1� 1� propagation with a TE mode as a
carrier wave in a planar waveguide with a Kerr-type of nonlinearity. A
modi®ed nonlinear SchroÈ dinger equation in the nonparaxial vector approach
and with the divE-term in the wave equation kept, is derived. In normalized
quantities this equation is parameter-free. Soliton-like solutions are found in
an analytical form. It is shown that in the competition between changes
related to nonparaxiality and vector approach and changes associated with
second spatial derivative in transverse direction of the transverse component
of PNL, the latter predominates. The physical meaning of this term is non-
linearly induced di�raction. It stems from the nonlinear response of the
medium and partially transforms the di�raction, which is generally thought
of as a `pure' property of the beam, into a property of the medium. It is also
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shown that although ®nally losing in the competition with the second de-
rivative of PNL in transverse direction, the term related to the rate of the
spatial variation of the longitudinal component of PNL not taken before (Chi
and Qi Guo 1995), is of the same order of magnitude.

Analytical soliton-like solutions of the modi®ed nonlinear SchroÈ dinger
equation are obtained. They have interesting properties that point to the key
role of nonlinear di�raction in preventing the type of catastrophic collapse
associated with �2� 1� self-focusing in Kerr media (Chi and Qi Guo 1995).

2. Beam evolution equation

The wave ®eld equation, for a vector electric ®eld, in the presence of a
nonlinear polarization PNL, is

r2Eÿr�r � E� � eL
c2

o2E
ot2
� l0

o2PNL

ot2
; �1�

where eL is the linear dielectric constant, l0 the free space permeability and c
is the light velocity in a vacuum. The divE-term is:

r � E � ÿ 1

e0eL
r � PNL: �2�

This is easy to see from the Maxwell equation r �D � 0, in which the
displacement D is simply

D � e0eLE� PNL: �3�

It is, immediately, clear that the nonzero divergence in Equation (1) will
modify the usual nonlinear SchroÈ dinger equation and the objective of this
paper is to develop a solution of this modi®ed SchroÈ dinger equation, so that
a quantitative measure of the consequences of retaining (2) can be assessed.

We consider a propagation along z-axis in a weakly guiding symmetric
planar waveguide. The beam resides in the core of the waveguide, which is
capable of Kerr-type nonlinearity (Boardman and Xie 1993). With a beam
having a TE-mode as a carrier wave, the ®eld con®guration resulting from
the Maxwell equations, is: E � �EX ; 0; EZ�, H � �HX ; HY ; HZ�. The nonlin-
ear polarization vector is

PNL � e0v�E2
X � E2

Z�E: �4�

It is assumed that the medium is isotropic and, therefore, vXXXX � vXXZZ �
vXZZX � vXZXZ , vZZZZ � vZXXZ � vZXZX � vZZXX , and vXXXX � vZZZZ (Butcher
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and Cotter 1990). By v, the vXXXX � vZZZZ component of the third-order
susceptibility tensor is denoted in Equation (4). A guiding con®nement in the
y-direction is taken into account. For a carrier wave with frequency x,
written in terms of the complex amplitudes �E and �PNL, one has

E � 1

2
f �E eÿixt � c.c.g;

PNL � 1

2
f �P

NL
eÿixt � c.c.g;

�5�

and the x-component of Equation (1) is:

o2EX

oz2
� o2EX

ox2
� x2

c2
eLEX � x2

c2e0
PNL

X � 1

e0eL

o2PNL
X

ox2
� o2PNL

Z

ox oz

8>>>: 9>>>; � 0; �6�

with the bar of the complex amplitudes dropped. The system is reduced to
�1� 1� by `freezing' the y-coordinate, allowing di�raction only in the x-
direction. The amplitudes of the polarization components can be written in
the form

PNL
X � e0v

3

4
jEX j2EX � 1

4
E2

ZE�X �
1

2
jEZ j2EX

� �
; �7a�

PNL
Z � e0v

3

4
jEZ j2EZ � 1

4
E2

X E�Z �
1

2
jEX j2EZ

� �
: �7b�

Spatial variations of all the quantities can be separated by the substitution

A�x; z� ! A�x; z�exp�ibz�; �8�

in which the symbol A�x; z� stands for each component of E and PNL, and b is
the linear wavenumber at frequency x �b � �x=c� �����eL

p �. After analyzing the
order of magnitude of the terms in the equation for the EX -component of the
electric ®eld, the latter transforms into:

2ib
oE
oz
� o2E

ox2
� 3x2v

4c2
jEj2E � o2E

oz2
� x2v

2c2b2

oE
ox

���� ����2E ÿ x2v

4c2b2
E�

oE
ox

8>: 9>;2

� 3v

4eL

o2

ox2
�jEj2E� � v

eL

o
ox

E2

4

oE�

ox

8>>: 9>>;ÿ v

eL

o
ox

jEj2
2

oE
ox

8>>>: 9>>>; � 0: �9�

In Equation (9), subscript `x' is dropped. The ®rst three terms give the non-
linear SchroÈ dinger (NLS) equation in its usual form (Agrawal 1989). The next
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one is the nonparaxial correction. The next two terms originate from the
fourth term in Equation (6) and express the in¯uence of EZ on PNL

X . The
seventh term comes out from the term before the last one in Equation (6).
Having a form similar to that of the di�raction term (the second one in
Equation (9)), this is the term called further on `nonlinearly induced di�rac-
tion'. This new di�raction term is a material property arising from the non-
linear response of the medium. All the terms enumerated were taken in Chi
and Qi Guo (1995) as a ®rst-order corrections to the NLS equation. However,
it is obvious, that the last two terms in Equation (9) being of the same order of
magnitude as the other correction terms taken before, should be also kept.

The transformations 2bx! x, 2bz! z and cE! E with c2 �
�3x2v�=�16b2c2� reduce Equation (9) to

i
oE
oz
� o2E

ox2
� jEj2E � o2E

oz2
� 8

3

oE
ox

���� ����2E ÿ 4

3
E�

oE
ox

8>: 9>;2

� j
o2

ox2
�jEj2E�

� j
3

o
ox

E2 oE�

ox

8>: 9>;ÿ 2j
3

o
ox
jEj2 oE

ox

8>: 9>; � 0; �10a�

where j � �2bc�2=x2eL. Equation (10a) contains all the ®rst-order correction
terms to the NLS equation and accounts for a complete ± nonparaxial vector ±
model of �1� 1� beam propagation in a Kerr-media. With b � �x=c� �����eL

p
, j

takes the value of j � 4 and Equation (10a) can be reduced to:

i
oE
oz
� o2E

ox2
� jEj2E � o2E

oz2
� 4E

oE
ox

���� ����2� 1

3

o2jEj2
ox2

8>>>: 9>>>;� 4
o
ox

E
ojEj2
ox

8>>>: 9>>>; � 0:

�10b�

In the notation of Equation (10b), Equation (9) becomes parameter-free and
represents the general form for the ®eld equation of the vector nonparaxial
model considered.

As it is well known, above a given power level, the �2� 1� NLS equation
yields a catastrophic self-focusing of the beam. Previous studies (Feit and
Fleck 1988; Akhmediev et al. 1993; Chi and Qi Guo 1995) on �2� 1� self-
focusing have revealed that e�ects associated with nonparaxial or vector
corrections in the wave equation yield noncollapsing behavior. In Chi and Qi
Guo (1995), comparison between the in¯uence of di�erent e�ects associated
with some of the correction terms is done. For example, it is shown, that the
nonparaxial scalar model (Akhmediev et al. 1993) yields almost ten times
higher intensity in the self-focus, than the vector nonparaxial one. Therefore,
it could be concluded that the e�ciency of the nonparaxial correction in
preventing the collapsing behavior is much lower than that of other terms. In
other words, the intensity at which the nonparaxial term `switches' is much
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higher compared to the intensity `switching on' the other correction terms.
The reason is that when self-focusing takes place the wavelength decreases. In
the case of �1� 1� beam propagation studied here, it appears as this will be
shown, that the in¯uence of the nonparaxial term to the modi®ed NLS
equation (10) is also smaller compared to the in¯uence of other corrections.
Besides, the further comparison of the contributions stemming from the
vector approach and from the nonlinearly induced di�raction shows that
the in¯uence of the latter predominates.

3. Analytical solution for solitary-type nonlinear waves
in a nonparaxial vector approach

A solitary-wave analytical solution of Equation (10) can be looked for in the
separable form

E � F �x�exp�ilz�; �11�

where F �x� is the amplitude and l is the nonlinear contribution to the
wavenumber. Substitution of Equation (11) into Equation (10) yields

�1� aF 2�d
2F
dx2
� bF

dF
dx

8>: 9>;2

ÿ kF � F 3 � 0; �12�

where a � 8j=3, b � 4�1� 4j�=3 and k � l2 � l. With j � 4, the values of a
and b are a � 32=3 and b � 68=3. Equation (12) can be integrated once to
give

dF
dx

8>: 9>;2

� ka� 1

ab
ÿ 1� aF 2

a�a� b� �
C

�1� aF 2�b=a
; �13�

where C is an integration constant. The boundary conditions F �x� ! 0,
dF =dx! 0 at x!1 require C � ÿ�k�a� b� � 1�=�b�a� b��: Moreover,
since F has a maximum at x � 0 (i.e., dF =dx � 0 and F �x � 0� � g at x � 0),
the following relation holds

k � l� l2 � �1� ag2�b=a�bg2 ÿ 1� � 1

�a� b���1� ag2�b=a ÿ 1�
: �14�

At this stage, the numerical integration of Equation (12) ± reduced to an
initial value problem ± is simple. Since the amplitude F �x� does not depend
on z, the in¯uence of the nonparaxial correction cannot be identi®ed exam-
ining the form of the solitary wave solution. Information about this can be
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taken only from the nonlinear dispersion law, i.e. from the function
l � l�g2�.

In fact, the order-of-magnitude analysis performed in deriving Equation
(9) shows that Equation (12) can be written in the form:

d2F
dx2
ÿ kF � F 3 � ÿaF 2 d

2F
dx2
ÿ bF

dF
dx

8>: 9>;2

; �15�

where the terms on the right-hand side are correction terms compared to
those on the left-hand side. Looking back at the correction terms in Equation
(9), it can be concluded that the nonlinearly induced di�raction gives
the main contribution to a and b. In fact, a � 3jÿ �j=3� and b � 6jÿ
�2j=3� � �4=3� where the ®rst terms in a and b come out from the nonlinearly
induced di�raction. Therefore, it is obvious that the nonlinearly induced
di�raction, and not e�ects related to the vector model, is the cause leading to
modi®cation of the NLS equation.

The form of Equation (15) gives possibility for developing an iterative
procedure for solving Equation (12) analytically, considering the correction
terms as a perturbation. The zero-order approach to Equation (15), after
applying the boundary conditions at x � 0 and x!1, gives:

d2F
dx2
� g2

2
F ÿ F 3; �16�

dF
dx

8>: 9>;2

� F 2

2
�g2 ÿ F 2�: �17�

After introducing Equations (16) and (17) on the right-hand side of Equation
(15), the latter transforms into:

d2F
dx2
ÿ kF � F 3 1� a� b

2
g2

� �
ÿ F 5 a� b

2

� �
� 0: �18�

The ®rst integration of Equation (18), after applying the boundary condition
at x!1, yields:

dF
dx

8>: 9>;2

ÿ kF 2 � F 4

2
1� a� b

2
g2

� �
ÿ F 6

3
a� b

2

� �
� 0: �19�

Application of the condition at x � 0 results in

k � g2

2
1� g2

6
�bÿ a�

8>>: 9>>;; �20a�
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and, therefore,

l � g2

2
1� g2

6
�bÿ aÿ 3�

8>>: 9>>;: �20b�

Then again Equations (18) and (19) with k given by Equation (20a) can be
substituted on the right-hand side of Equation (15) and next iteration can be
done. Thus, the developed iterative procedure can be expanded to any de-
sirable order. However, it turns out that the ®rst iteration of Equation (15),
i.e. Equation (18), is in quite good agreement with the numerical solution of
Equation (15) in a wide power range. This will be used for drawing some
conclusions.

Substitution of Equation (20a) into Equation (19) gives a possibility to
rewrite it as

dF
dx
� ÿF

����������������������������������������������������������������������������������������������������������������
F 4

3
a� b

2

� �
ÿ F 2

2
1� a� b

2
g2

� �
� g2

2
1� g2

6
�bÿ a�

� �s
�21�

where the sign is determined by the condition dF =dx < 0 at x > 0 and vice
versa. Integration of Equation (21) gives

ln
1� S
1ÿ S

� �
� sjxj �22�

where

S �
����������������
g2 ÿ F 2

r2 ÿ F 2

r
r
g
; r �

������������������������������
3

2

1� g2

6 �bÿ a�
a� b

2

vuut ; s � 2arg; a �
���������������������
1

3
a� b

2

� �s
:

After some manipulations, Equation (22) can be presented in the form

F �
���������������
2g2r2

r2 � g2

s
1����������������������������������������������������������������������

1� ��r2 ÿ g2�=�r2 � g2�� cosh�sx�p : �23�

A solution in the form of Equation (23) was presented for the ®rst time in
Pushkarov et al. (1979) where it accounts for the bright soliton-like solution
of the cubic-quintic NLS (CQNLS) equation. In our dimensionless units it
can be written as

i
oE
oz
� o2E

ox2
� jEj2E ÿ djEj4E � 0;
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where d � �20=9� jv�5�j=�v�3��2
h i

eL is the coe�cient related to saturation in the
quintic model. Thus, the soliton-like solutions of CQNLS equation are of the
same kind as those of Equation (18). Therefore, the last term in the latter can
be interpreted as a saturation whose coe�cient is equal to a� �b=2�. When
the medium exhibits nonKerr behavior, this saturation will contribute to the
intrinsic (inherent) one. The ratio between them will determine which model
is to be used at comparatively high power.

The shape of the solution (23) and the corresponding width (FWHM) of
the solitary-like wave obtained from the nonparaxial vector approach are
given in Figs. 1 and 2, respectively. Results from exact ± numerical ± solution
of Equation (12) are also presented. Comparison with the corresponding
solutions of the NLS equation in its usual form is given. The width of the
solution of Equation (12) obtained numerically and presented in Fig. 3,
shows tendency to stability with increasing power.

4. Exact analytical solution for solitary-type nonlinear waves
in a nonparaxial scalar approach

As it has been shown in Section 3, the nonlinear di�raction term inEquation (9)
predominates considerably over the terms stemming from the longitudinal
®eld component. If the latter are neglected, Equation (10) reduces to:

Fig. 1. Solutions for the solitary-type of waves obtained by di�erent methods (approaches): vector (nu-

merical solution of Equation (12)), quintic (approximate solution (23) with a � 32=3, b � 68=3), scalar
(exact analytical solution (25)), NLS (solution of the NLS equation in its usual form).
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Fig. 2. Normalized full width at the half maximum (FWHM) of the normalized amplitude as function of

normalized power W � R�1ÿ1 F 2 dx. Same notation as in Fig. 1.

Fig. 3. Exact numerical solutions of the Equation (12) for di�erent values of the normalized power.
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i
oE
oz
� o2E

ox2
� jEj2E � o2E

oz2
� j

o2

ox2
�jEj2E� � 0; �24a�

where the last term is the nonlinear di�raction. Equation (24a) is the equation
of the nonparaxial scalar model of the (1 + 1) self-focusing. As it has been
mentioned in relation to Equation (10), the parameter j equals 4. However, in
Equation (24a) notation j (instead of its value) is kept in order to stress on
that a solution of Equation (24a) can be obtained in elementary analytic
functions for arbitrary j > 0. After using the same procedure applied for
obtaining Equation (15) from Equation (9), Equation (24a) transforms into:

d2F
dx2
ÿ kF � F 3 � j

d2F 3

dx2
� 0: �24b�

Equation (24b) is in the same form as Equation (15) with a � 3j and
b � 6j, i.e. the ®rst terms in a and b which are related to the nonlinear
di�raction are kept. Thus, as long as the shape of the solitary waves is
concerned, the contribution of the longitudinal ®eld component is just a
slight change of the corresponding coe�cients. However, for the nonparaxial
scalar model (Equation (15) with a � 3j, b � 6j) an exact analytical solution
can be obtained:

1

2
���
k
p ln

G�
������������
k=jg2

p
Gÿ

������������
k=jg2

p � 3
���
j
p

arccotg �G=g� � jxj; �25�

where G �
�������������������������������������������������������
�F 2 � k=jg2�=�1ÿ �F =g�2�

q
and

k � g2 � 2jg4

2� 3jg2
: �26a�

In what follows j � 4 is used and, hence,

k � g2 � 8g4

2� 12g2
: �26b�

The shape of the solitary type of wave as given by the exact solution (25) of
the scalar nonparaxial approach and the corresponding FWHM are plotted
in Figs. 1 and 2. It is evident that the di�erences between the approximate
solution (23) of the vector approach and the exact solution (25) of the scalar
approach are rather small. Moreover, the scalar-approach solution (25) is
very close to the numerical solution of Equation (12). Expansion of (26b) up
to g4 leads to:
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kS � g2

2
� g4: �27a�

The corresponding result obtained from the vector approach (i.e. from ex-
pression (20a), assuming that a � 32=3, b � 68=3) is the same:

kV � g2

2
� g4: �27b�

Here subscripts `s' and `v' denote scalar and vector approaches, respectively.
It turns out that the longitudinal ®eld component plays no role in the non-
linear dispersion law of solitary waves in (1 + 1) geometry up to this ± g4 ±
order.

Since l� l2 � k, the contribution of the nonparaxial correction in the
wave equation to the nonlinear dispersion law can be estimated. Dropping
l2, the `paraxial' value lp of the nonlinear wavenumber shift is lp � kS � kV.
Respectively, the exact (to g4-order) value of the nonlinear wavenumber shift
l is: l � �g2=2� � �g4�bÿ aÿ 3�=12� (as given by Equation (20b)). The in-
¯uence of the nonparaxial term in the wave equation on the nonlinear
dispersion law is 25% of that of the nonlinear di�raction. The reason is
that the in¯uence of the nonparaxial correction is e�ectively `damped'
because the wavelength decreases due to the self-focusing. Such a `dam-
ping' does not appear for the nonlinear di�raction. It means that, mainly,
the nonlinear di�raction contributes to the solitary wave behavior at
higher power levels.

5. Conclusions

In conclusions a complete ± vector, nonparaxial ± model of (1 + 1) self-
focusing in Kerr-media is developed. New solitary wave solutions are found
analytically and numerically. The in¯uence of each of the e�ects associated
with the di�erent terms in the nonlinear wave equation is clari®ed. The
modi®cations they cause are interpreted and the limits of applicability of the
model are also given. It is shown that among the di�erent reasons ± non-
paraxiality, vector approach (i.e., a longitudinal ®eld component taken into
account) and nonlinearly induced di�raction ± modifying the spatial soliton
solutions of the NLS equation, the nonlinear di�raction predominates.

On this basis, the scalar approach to the modi®ed NLS equation is also
treated and exact analytical spatial solitary wave solutions are found. The
obtained results show that the balance between di�raction of the beam and
nonlinearity of the medium is partially controlled by nonlinearly induced
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di�raction. The latter is an e�ect which combines both the properties of the
beam and of the medium. Its appearance is related to the treatment of
the divE-term in the wave equation, which describes the spatial gradient of the
nonlinear polarization.

Di�erent mechanisms have been discussed in the literature (see, e.g., Feit
and Fleck 1988; Akhmediev et al. 1993; Chi and Qi Guo 1995) as reasons for
preventing the collapse predicted by the scalar theory of optical beam
propagation in bulk Kerr-media. These are nonparaxial e�ects and vectorial
nature of the wave as well as di�erent forms of nonlinear absorption. In the
case treated in this paper, the nonlinearly induced di�raction is identi®ed as
being the main contributor to the stabilization of the beam giving an e�ect
which prevails over those of nonparaxiality and longitudinal ®eld compo-
nent. However, its e�ect is essential when the ®fth-order coe�cient is below
the value a� �b=2� of the saturation coe�cient determined here. In the op-
posite case, the deviation from the Kerr-like behavior will be the mechanism
preventing the collapse.

Acknowledgements

The authors thank the referee for the useful recommendations made. This
work was supported by the National Science Found in Bulgaria (project no
F-514) and the Foundation for Scienti®c Research at So®a University
(project no 263/98).

References

Agrawal, G.P. Nonlinear Fiber Optics, Academic, San Diego, 1989.

Aitchison, J.S., K. Al-Hemyari, C.N. Ironside, R.S. Grant and W. Sibbett. Electr. Lett. 28 1879, 1992.

Aitchison, J.S., Y. Silberberg, A.M. Weiner, D.E. Leaird, M.K. Oliver, J.L. Juckel, E.M. Vogel and

P.W.E. Smith. J. Opt. Soc. Am. B 8 1290, 1991.

Akhmanov, S., A.P. Sukhorukov and R.V. Khokhlov. Sov. Phys. Usp. 93 609, 1968.

Akhmediev, N., A. Ankiewicz and J.M. Sotocrespo. Opt. Lett. 18 411, 1993.

Alanakyan, Yu.P. ZhTF 37 817, 1967.

Aliev, Yu. M., A.D. Boardman, K. Xie and A.A. Zharov. Phys. Rev. E 49 1624, 1994.

Aliev, Yu. M., A.D. Boardman, A.I. Smirnov, K. Xie and A.A. Zharov. Phys. Rev. E 53 5409, 1996.

Barthelemy, A., S. Maneuf and F. Froehly. Opt. Comm. 55 201, 1985.

Boardman, A.D. and K. Xie. Radio Sci. 28 891, 1993.

Boardman, A.D. and K. Xie. Phys. Rev. A 50 1851, 1994.

Boardman, A.D., P. Egan, T. Twardowski and M. Willkins, In Nonlinear Waves in Solid State Physics,

NATO ASI Series, ed. A.D. Boardman, M. Bertolotti and T. Twardowski, Vol. 247, p 1. (Plenum, New

York, 1990).

Boardman, A.D., T. Popov, A. Shivarova, S. Tanev and D. Zyapkov. J. Modern Opt. 5 1083, 1992.

Boardman, A.D., K. Xie and A.A. Zharov. Phys. Rev. A 51 692, 1994.

Buryak, A.V., Y.S. Kivshar and V.V. Steblina. Phys. Rev. A 52 1674, 1995.

Butcher, P.N. and D. Cotter. The Elements of Nonlinear Optics, Cambridge University Press, Cambridge,

1990.

INFLUENCE OF NONLINEARLY INDUCED DIFFRACTION 61



Chi, S. and Qi Guo. Opt. Lett. 20 1598, 1995.

Chiao, R.Y., E. Garmire and C.H. Townes. Phys. Rev. Lett. 13 479, 1964.

Feit, M.D. and J.A. Fleck, Jr. J. Opt. Soc. Am. B 5 633, 1988.

Kivshar, Y.S. In Nonlinear Guided Waves and their Applications, Vol. 15, p148/SaC1.-1. (Technical Digest,

1996).

Litvak, A.G. and V.A. Mironov. Izv. VUZ-Radio®zika 11 1911, 1968.

Pushkarov, Kh. I., D.I. Pushkarov and I.V. Tomov. Opt. Quant. Electr. 11 471, 1979.

Shi, T.-T. and S. Chi. Opt. Lett. 15 1123, 1990.

Shivarova, A. and S. Tanev. Pure Appl. Opt. 3 725, 1994.

Sodha, M.S., A.K. Ghatak and V.K. Tripathi. Self-focusing of Laser Beams, Tata McGraw-Hill Pub-

lishing Co, New Delhi, 1974.

Talanov, V.I. Izv. VUZ-Radio®zika 7 564, 1964.

62 A. D. BOARDMAN ET AL.


