
Formation of an isolated wavefront dislocation 
M. Ya. Darsht, B. Ya. Zel'dovich, I. V. Kataevskaya, and N. D. Kundikova 

Technical University, 454080 Chelyabinsk, Russia 
(Submitted 11 October 1994) 
Zh. ~ k s ~ .  Teor. Fiz. 107, 1464-1472 (May 1995) 

We proposed, studied theoretically, and realized experimentally the possibility of the formation 
of a wavefront with an isolated screw dislocation of a given sign during the passage of 
circularly polarized light through a multimode optical fiber. O 1995 American Institute of 
Physics. 

1. INTRODUCTION 

When scalar waves are scattered by stationary objects, 
singular points appear in the wavefront. These points are, in 
many respects, analogous to two-dimensional defects of a 
crystal lattice and they have the same name-  dislocation^.',^ 
Wavefront dislocations, as dislocations in a crystal, can be 
edge and screw dislocations as well as dislocations of a 
mixed type. Screw dislocations can be left- handed (nega- 
tive) or right-handed (positive).1 The possibility of the exist- 
ence of wavefront dislocations was first demonstrated in Ref. 
1, where solutions exhibiting the properties of dislocations 
were presented for the scalar wave equation. Dislocations 
can arise in ultrasonic waves3 and in tidal waves in the 
ocean4 Wavefront dislocations in different nonoptical fields 
are studied in Refs. 5 and 6. 

The possibility of dislocations in optical fields with 
speckle structure was first pointed out in Ref. 7. Such spa- 
tially nonuniform fields arise during the scattering of coher- 
ent light by a nonuniform surface and during the passage of 
radiation through a nonuniform phase screen8 or a multi- 
mode optical fiber? The intensity distribution in the speckle 
fields is granular, and screw dislocations exist at those points 
where the modulus of the complex amplitude vanishes, i.e., 
the imaginary and real parts vanish simultaneously. The sur- 
face of constant phase near a point of zero amplitude is a 
single-threaded screw surface (right- or left-handed). At the 
point of zero amplitude the phase is indeterminate, and it 
changes by 27r for every circuit of the wavefront surface 
about zero. In Ref. 7 the properties of dislocations were in- 
vestigated theoretically in detail, and it was shown that dis- 
locations can appear and disappear only in pairs of opposite 
sign, i.e., trajectories of dislocations start and end at points 
where dislocations of opposite sign merge. Wavefront dislo- 
cations in a speckled laser wave were recorded experimen- 
tally in Ref. 10. The density of wavefront dislocations in 
speckled light fields was investigated experimentally in Ref. 
11. In the light fields investigated, dislocations of opposite 
sign were observed in pairs, and the number of dislocations 
was approximately equal to the number of speckles. 

Studies of the influence of dislocations on the nonlinear 
interactions of light raises the problem of the formation of 
light waves with isolated (solitary) wavefront dislocations of 
definite sign. Such light waves can be obtained by passing a 
plane wave through a computer-generated 

In the present paper we consider the possibility of the 

formation of a wavefront with an isolated dislocation of 
given sign in a physical experiment without using computers. 

2. PROPAGATION OD CIRCULARLY POLARIZED LIGHT 
THROUGH AN OPTICAL FIBER 

Let light propagate in an axisymmetric optical fiber with 
a stepped index profile n(r): 

Here, r =  lrl, (x,y) = r are the transverse coordinates, p 
is the radius of the core, and nco and ncl are the refractive 
indices of the core and cladding, respectively. 

In the paraxial approximation, corresponding to the trun- 
cated wave equation, polarization does not affect diffraction. 
Because of the nonunifomity of the refractive index, the 
spatial structure and polarization of the field are coupled. The 
symmetry conditions13 make it possible to write down four 
polarization modes in the following form for any orbital an- 
gular momentum m ( m a  0) and radial quantum number N: 

Here, ex and ey are unit vectors, x =rcos cp, and y =rsin q. 
The radial function FrnyN(r) has the form 

Here, J, and K, are Bessel functions, and the quantities 
UN and W, are determined for each value of m from the 
equation 

v2=w:+Ui, V= pk~2nco(nco-ncl), k=27rlA, and A is 
the wavelength of light in air. 

If the orbital angular momentum m takes on the values 0 
and 1, then the polarization corrections a,&:, to the propa- 
gation constant P m , N  are13 
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and A . ~ ( n , , - n , ~ ) l n , ~ .  
For values of the orbital angular momentum m> 1, the 

polarization corrections a,@::, acquire the following form:13 

Any linear combinations of the modes e 2 , i  and eE,L for 
all values of m and any linear combinations of the modes 

( 2 )  ern,, and e z ) ,  in the case m # 1 will also be eigenrnodes . It is 
easy to show that the combinations eg,), +ie?,i and 

+ ie(4) 
m , ~ -  m , ~  are modes with constant circular polarization 

ex+iaey throughout the fiber. Here a= 1 for light with 
right-hand circular polarization and a =  - 1 for light with 
left-hand circular polarization. These new modes are: 

Let a circularly polarized wave, with a= 1, for example, 
enter the fiber: 

Here, the coefficients C+,m,N and C-,, , ,  determine the con- 
+ tribution of the modes e;,,,,(r,cp) and e-,,,,(r,cp) to the 

light field at the fiber entrance. The distribution of the field at 
the fiber exit is 

A similar expression can be obtained when circularly polar- 
ized radiation with a= - 1 enters the fiber: 

It follows from (13) and (14) that when circularly polarized 
light propagates in a multimode fiber, only the eTN and e;N 
modes contribute to the "foreign" polarization. The e:N and 
e;',, modes are indeed special modes, since in the geometri- 
cal optics interpretation they correspond to meridional rays 
for which circular polarization is not conserved because of 
symmetry  consideration^.'^"^ 

If a "circular analyzer" that transmits circular radiation 
opposite in sign to a at the fiber entrance is placed at the 
fiber exit, it will pass only the corresponding modes with 
m= 1. We shall study in greater detail the field passing 
through the "circular analyzer." This field is described by the 
last term in the sums (13) and (14). If light with a =  1 enters 
the fiber the field E + -  that passes through the "circular ana- 
lyzer" has the following form: 

818 JETP 80 (5), May 1995 Darsht et a/. 818 



The factor eiq indicates that the wavefront of the field 
(15) contains one positive screw dislocation. 

If the entrance to the waveguide is illuminated with cir- 
cularly polarized radiation with a= - 1 and circularly polar- 
ized radiation with a= + 1 is extracted at the waveguide 
exit, the field E-+ after the "circular analyzer" will have the 
form 

i.e., the light field (16) will contain a left-handed screw dis- 
location. 

It follows from (15) and (16) that the distribution of the 
intensity I+-  = E+- - (E+ -) * across the fiber does not de- 
pend on cp, i.e., it is axisymmetric. In the special case of an 
optical fiber with a small number of modes, such that 
Nm,= 1 for m = 1 ,  the intensity of the "foreign" polarization 
is a periodic function of the fiber length: 

The intensity I+-  is maximum for fiber lengths 

Therefore, if circularly polarized radiation with a definite 
sign of a is fed to a multimode fiberwith a stepped index 
profile and circularly polarized radiation of the opposite sign 
is extracted at the output the transmitted radiation will con- 
sist of a light wave with an isolated wavefront dislocation, 
and a sign change in a at the fiber input together with a 
corresponding sign change in the "circular analyzer" will 
result in a change in the sign of the screw dislocation. 

All arguments presented above are also valid if separate 
modes do not interact with one another when light propa- 
gates through an optical fiber. This assertion is certainly ap- 
plicable to the propagation of -5 mW He-Ne-laser light in 
a quartz fiber.13 The validity of this approximation was also 
demonstrated in Ref. 15, where very good quantitative agree- 
ment was obtained between the computed and experimen- 
tally measured angle of rotation of the speckle pattern in 
observations of the optical analog of the Magnus effect. 

We now consider what the interference pattern of a ref- 
erence plane wave and a converging wave with a positive or 
negative unit screw wavefront dislocation looks like on a 
screen. Figure la  displays the computed lines of maximum 
intensity of the interference pattern on a screen in the case of 
a plane wave and a converging wave E-~(r ,z , t )e"  with a 
positive dislocation, and Fig. lb  displays the computed lines 
of maximum intensity of the interference pattem obtained 

FIG. 1 .  Curves of maximum intensity in the interference pattem formed by 
a plane wave and converging waves: a - ~ - ~ ( r , z , t ) e ' ~ ;  b-E 
-A( r ,~ , t ) e -~v .  

with a plane wave and a converging wave E-A(r,z,t)e-'' 
with a negative dislocation. As one can see from the figure, 
the interference pattern is a spiral which unwinds in the 
clockwise direction in the case of a positive screw disloca- 
tion and in the counterclockwise direction if the wave con- 
tains a single negative screw dislocation. It follows from Fig. 
1 that when the sign of the screw dislocation changes, so 
does the direction in which the spiral unwinds. This means, 
in turn, that when the sign of the circular polarization at the 
input and output changes, the direction in which the spiral 
unwinds should also change. 

3. FORMATION OF A WAVEFRODNT WITH AN ISOLATED 
DlSLOCATiON 

To produce a light wave experimentally whose wave- 
front contains an isolated dislocation, we chose a an optical 
fiber with a stepped index profile and the following param- 
eters: fiber core diameter 2p=9 pm, difference between the 
index of refraction of the core and cladding 
An= n,,- nCl=0.004. 

The solution of Eq. (4) for a fiber with such parameters 
gives the values m = 0,1,2. The quantity N= 1,2 for m = 0 
and N = 1 for m = 1,2. Therefore, twelve modes can propa- 
gate in the fiber: 

Since Nm,= 1 in the experimental fiber with m = 1 ,  the op- 
timum fiber length can be determined in accordance with 
(18). The polarization correction 8&, determined from the 
expression (7), was found to be 0.20526 cm-'. The chosen 
fiber length z, corresponded to n = 7 and was approximately 
114 cm. This length also made it possible to work essentially 
independently with either end of the fiber. 

A Mach-Zender interferometer scheme was used to 
record the wavefront with an isolated dislocation. 

The experimental setup is shown in Fig. 2. The linearly 
polarized radiation from He-Ne-laser I with wavelength 
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X = 0.63 p m  was divided into two beams J o  and J ,  by beam- 
splitter 2. The beam J o  passed through a telescopic system 
consisting of an objective 3 and lens 4. The telescopic sys- 
tem expanded the beam diameters to 2.5 cm. 

The beam J ,  passed through polarizer 7 and quarter- 
wave plate 8. We emphasize that a tunable polarization 
deviceL6 that could be tuned to the required wavelength im- 
mediately prior to and in the course of the experiment was 
used as the quarter-wave plate. The device employed in this 
experiment16 provided up to 98% circular polarization. The 
circularly polarized light (a= 1 or a= - 1 ) was focused by 
lens 9 onto the fiber input 10. The radiation transmitted 
through the fiber consisted of a speckle pattern. The lens 11 
made it possible to change the divergence of the speckle 
pattern at the fiber output and the speckle pattern was then 
transmitted through a wide-aperture "circular analyzer." 
This analyzer consisted of a tunable quarter-wave plate 12 
(Ref. 16) and a polarizer 13, and made it possible to separate 
circularly polarized radiation with a= - 1 or a= 1. In accor- 
dance with the results (17), the intensity distributions I + -  
and I - +  must have the form of a uniform ring, but in reality 
the speckle pattern is only reminiscent of a ring, in which 
several nonuniformly illuminated regions could be identified. 
The interference of the beams J o  and J ,  was observed on the 
screen 15. 

Figure 3 shows photographs of the interference pattern 
on the screen 15 for the case in which the beam J o  is essen- 
tially parallel and the beam J ,  is converging. Figure 3a cor- 
responds to the situation in which circularly polarized light 
with a= 1 is incident on the fiber and a circularly polarized 
light wave with a= - 1, containing a positive screw wave- 

FIG. 2. Optical layout: I-He-Ne-laser; 2-beam 
splitter; 3--objective; 4, 9, 11-lenses; 5, 6- mir- 

15 rors; 7, 13-polarizers; 8, 12--quarter-wave plates; 

front dislocation, is isolated by the "circular analyzer." As 
one can see from the figure, the interference pattern is a 
clockwise spiral. Comparing with Fig. l a  shows that this 
result agrees completely with theory. Figure 3b displays a 
photograph of the interference pattern obtained when a plane 
wave and a wave with a negative wavefront dislocation 
formed when circularly polarized light with a= - 1 passes 
through the fiber and the crossed "circular analyzer" inter- 
fere with one another. The interference pattern is a spiral 
which, like the spiral in Fig. lb, unwinds in the counter- 
clockwise direction. Therefore, this result also agrees com- 
pletely with the expected result. We emphasize that only one 
spiral is observed in the interference pattern in Figs. 3a and 
3b; this corresponds to an isolated wavefront dislocation. To 
check whether or not the dislocation is indeed the only dis- 
location, the wavefronts J o  and J ,  were smoothed, and only 
one "extra" fringe was observed in the interference pattern. 

Comparing Figs. 1 and 3 shows that the observed inter- 
ference patterns correspond to the result expected from (15) 
and (16). 

7 13 

4. CONCLUSIONS 

IGfiber; 14-wedge; 15-screen. 

As a result of this work, the possibility of the formation 
of a light wave with an isolated wavefront dislocation having 
a fixed sign was proposed and studied theoretically. Such a 
wave is formed when circularly polarized radiation passes 
through a multimode fiber-optic waveguide. The proposed 
scheme was realized experimentally. The result of the inter- 
ference of a reference plane wave and the waves passing 
through a multimode optical fiber between crossed "circular 

FIG. 3. Photographs of the interference pattern on 
the screen. a-Circularly polarized radiation with 
a= 1 incident at fiber input and circularly polarized 
radiation with a= - 1 extracted from fiber output. . 
b--Circularly polarized radiation with a= - 1 inci- 
dent at fiber input and circularly polarized radiation 
wi!h a= ! extr~c!~r! from fiber output. 

820 JETP 80 (5). May 1995 Darsht et a/. 820 



polarizers" showed that such waves have a single positive or 
negative wavefront dislocation. It was demonstrated that the 
sign of the dislocation changes when the sign of the "circular 
polarizers" at the entrance and exit from the waveguide 
changes. The experimental results agree with the theoretical 
predictions. 
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