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Abstract

We analyze the physical processes in optical fibres on the basis of the radiation field emit-
ted from the output end. It is demonstrated that one can judge about the excitation coeffi-
cients of the guided modes in ideal optical fibres from the position of singularity point and
equal intensity lines. We have obtained dependence of the excitation coefficients of guided
optical vortices (OV) upon the displacement of the OV incident on the input fibre end. It is
shown that the motion of the singularity point at the output end is caused by the rotational

Doppler effect.
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1. Introduction

It is well-known [1-3] that the radiation field of
low-mode optical fibres exhibits usually a pres-
ence of singularity points, whose position de-
pends on excitation conditions [4], external
perturbations [2] and orientation of polarizer
placed after the output end of the fibre [5]. The
only way to analyze the processes in a fibre is
studying radiation field of that fibre. It is often
necessary to know the mode state and the weight
of each mode excited in the fibre. Hitherto the
mode composition has been often analyzed
qualitatively, by means of comparing the radia-
tion pattern with numerically simulated intensity
distributions [6]. The method of partial waves
has also been applied in order to calculate the
amplitude excitation coefficients of the modes
with the same azimuthal (/) and radial (m) indi-
ces, based on the radiation pattern observed in
the far field zone of a lens [7]. However, inten-
sity distributions at the output end of fibre are
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also affected by the mode dispersion arising
within the mode group. That is why the method
described in [7] does not allow one to calculate
the weights of different fibre modes with a nec-
essary accuracy. It is used while analyzing the
radiation field in multimode fibres, where the
inter-mode dispersion prevails. In low-mode
fibres, where only few (two in our case) mode
groups with the same indices can be excited, the
method is inapplicable. The technique used in
the work [8] enables one to calculate the mode
weights both for different mode groups and
within a group with the same orbital index / in
low-mode fibres, where a singularity is present
in the radiation field.

On the other hand, great efforts have re-
cently been made for studying the rotational
Doppler effect (RDE) [9], which renders differ-
ent frequency shifts for optical vortices (OV)
and Gaussian beams [10,11]. The cases studied
earlier have been concerned only with the beams
having the same homogeneous polarization.

11



Alexeyev A.N., Alexeyev C.N., Fadeyeva T.A. and Volyar A.V.

This is why the frequency of the singularity ro-
tation has been determined from the topological
charge of the OV. In case of the radiation field
of optical fibres, its constituents have different
polarizations and, therefore, the manifestations
of the RDE would also depend upon the polari-
zations and weights of the constituent modes.

The aim of the present work is to determine
dependence of the weight coefficients of modes
in an ideal optical fibre on the conditions of its
excitation. We also study manifestations of the
RDE in low-mode fibre characterized with the
waveguide parameter V<3.8 under the excita-
tions of different types.

2. Excitation coefficients of guided fibre
modes

Let a circularly polarized Laguerre-Gaussian
beam that bears a unit OV be incident at the en-
trance face of a round isotropic fibre. Let its
centre be shifted from the fibre axis and be lo-
cated at the point (x(,)9). We assume that the
angle between the fibre and the beam axes is
equal to u# and the projection of the beam axis
makes an angle & with respect to the x axis. In
the conditions of small « values (e.g., several
degrees, corresponding to quite real cases of the
fibre excitation), the field of the incident beam
may be represented in the form

2 2
E, :e*[(x—xo)ii(y—yo)]exp{— (=) +(r =) +iku(xcos€+ysin9)}, (1)

where p, is the waist radius.

The fibre eigenmodes at the input end (z=0)
written in the basis of circular polarizations read
as

ew =€ F)(R)expit ilp}, 2)
where R=r/p, r,@ denote the cylindrical po-

lar coordinates, o the core radius, and the signs

referred to the superscripts of the unit vectors
and the topological charge of OV (/=0,1) are
independent. Consider a case of parabolic distri-
bution of the

(n* =n’, (1 - 2A[r/,o]2 ), (r < p)), whereas the

refractive index

radial dependence of modes (see [12]) is defined
by

F(R)= R’exp{—;VRz}. 3)

Since the guided vortices described by

Eq. (2) form an orthogonal basis, one can de-
compose the transverse field in terms of the fi-
bre eigenmodes:

E =Y ae,. (4)
J

Upon multiplying Eq. (4) by e,, and subse-
quently integrating over the cross section S,

one can obtain the mode excitation coefficients
[12]:

a = J.Et.efl(p,gzﬁ)dS/ [leafds. ()

Let us denote hereafter the denominator of
Eq. (5) as N,

Due to orthogonality of the unit vectors &*,
circularly polarized incident beam can excite in
the fibre only three modes with the same polari-
zation. From Egs. (1)—(5) one gets the following
excitation coefficients:

+ p; (2—iku(x0 +iy, e’ )— p§ (xé +y§)

oy? (xo +ikup§ cos 6’)2 +(y0 + iku,og2 sin 9)2
a+l = 2
Vp? 1 v
3 1+ g R —
P pg[ e p; 0
(xo +ikup§ cos :9)2 +(y0 +ikup§ sin :9)2 x2 +yl
X exp - )
2021402/ p?) 2p;
12
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- P; (oo + v ){(xo +ivy)+ l'kup;em }
(6)

o2 {(xo + ikupz cos 9)+ i(y0 + ikupz sin 9)}2
a o
Py 142 Lz +
g pE Py P
(xo + iku,og2 cost9)2 +(y0 + ikupé sin 49)2 ~ Xg +yo
o 204723/ P°) 20; |
and

2V,
a, = Ps

2

X exp

Vp: 4
ﬁ (xo + l:yo >{1 - 2{1 + ;)f]} + ikup;elg
2 Pg
P [1 + ]

(xo + ikupf, cosé’)2 + (yo + ikupé sin 9)2 ~ X3 +ve .

The power per mode may be found in the

form (see [12])
2

[E. (e, ) as

XY nca ‘90 Seo

- a2
2\ o ﬂe,’, dS
S

(7

The curves for the mode power as a func-
tion of xy and u are displayed in Fig. 1. It is ob-
vious from Fig. | that the power of the excited
OV decreases with increasing either x, or u,
whereas the power of the other vortex and the
fundamental mode first increases and then de-
creases. Besides, the power of the initial vortex
is larger than the resulting power of the other

P/

0.8-
°'6'§
0.4—;

0.2

a)

=1
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20,1+ Vp; [ p?) 2p;

two modes, which agrees well with the results
[13].

Experimental investigations have been car-
ried out by means of setup shown schematically
in Fig. 2. A light from He-Ne laser (the wave-
length of A=0.63 um) passes through polarizer
P, and a quarter-wave plate A/4, which changes
the sign of polarization of the light. Then the
beam propagates in an optical wedge (OW)
formed by a covering glass OW, which gener-
ates the OV at the output [14]. After the OW,
the light passes through a semitransparent mir-
ror, a 20* microobjective MO, and is then di-
rected into a 1m quartz fibre F with the
waveguide parameter of V=3.6. A part of the

0.8
0.6

0.4

Fig.1 Power of the partial mode versus displacement x, (a) and inclination angle u (b).
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Fig. 2 Schematic representation of experimental setup. Ls — He-Ne laser, S Mr — semitransparent mir-
ror, /4 — quarter-wave retarder, P,, — polarizers, MO, — 20, 8" microobjectives, OW — optical
wedge, F — optical fibre, Sp — spyglass, CCD — CCD camera, and PC — personal computer.

beam reflected from the input face of the lens of
MO, interferes with the beam reflected from the
input face of the fibre and is put into the spy-
glass by means of semitransparent mirror. The
alignment of the laser beam and the fibre axis
could be checked using the beam reflected from
the input face of the microobjective MO,. The
tuning error has been equal to 2°. The laser spot
has been displaced with respect to the fibre face
by means of 0.5 pm-pitch microshift device,
whose input end is fixed. The excitation has
been monitored with a side-view microscope
consisting of a semitransparent mirror and a
spyglass. At the output end of the fibre, the
setup includes, one after another, another 8* mi-
croobjective (MO,), a A/4 plate and an analyzer
(P2), which transmits the initial polarization and
cuts off the orthogonal component caused by

energy transfer to the /V vortex. Then the image
is projected onto CCD camera connected with
computer. We have processed the obtained im-
ages with a special program according to the
technique described in the study [8]. The ex-
perimental values of normalization coefficients

1/2 . . .
af:ai/[a§+af+afl] are given in Fig. 3,

where the results predicted theoretically by
Eq. (6) are plotted as solid lines. As seen from
Fig. 3, there is good agreement between our
theoretical and experimental data.

3. Rotational Doppler effect in optical
fibres

Let us now consider the system consisting of the
optical fibre (the waveguide parameter V'<3.8),
which sustains only the modes with the azi-

Fig. 3. Normalized excitation coeffi-
cients of the guided OV versus dis-
placement x. Experimental results:

e —qg,, B- g/, A_ a'!. Theoreti-

14

cal curves are plotted in solid lines.
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muthal indices /=0 and 1 (HE,,, HE,,, CV )

+1
CV,, IV and IV ), polarizer and observa-
tion screen. At first, let a fundamental mode

HEY! and a single-charged OV (CV” or
1 V—(Z » with O1p = *1) be present at the output

end of the fibre. If the vortex is stable in case of
the parabolic profile of the refractive index, the
field could be written as

2

E = a(x+ialy)exp{— VR +iﬂoz}+
NC)

2
(X + iozy)R exp{— VI; + i(ﬁ’lz + ngo)}

where a means the relative amplitude of the
HE/! mode, £ and ¥ the unit linear polariza-
tion vectors, [ the propagation constant of the
mode and z the fibre length. When the polarizer
is rotated by an angle @ = Qt (with 7 being the
time and ) the rotation frequency), the equa-

tion defining the position of zero-intensity point
(ZIP) reads as follows:

a+R exp{i(Aﬂloz +0, [6’ + (p] ~0,0)i=0, (9)

with A, = B, — B,. After equating real and

imaginary parts in Eq. (9) to zero, one obtains
the ZIP coordinates:

R=a,p=(x-ABy2)0, +(00, -1). (10)

It is evident from Eq. (10) that the ZIP ro-
tates even in the non-rotating coordinate system
associated with the screen placed after rotating
polarizer. The appropriate frequency is equal to

Aa):aa(::(a]az—l)ﬂ. (11)

Upon passing to coordinate system that co-
rotates coupled with the polarizer, we have
¢ =p-0 and ¢=(7-AB,2)o,+(c,0,-2)0
for the angles, thus yielding in the following
frequency of the ZIP motion:

Aa)':aa(f:(aloz —2)0. (12)

If 0, =0,, the singularity point does not
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rotate on a stationary screen. However, in case
of 0,=-0, one has Aw =-2Q in the labora-

tory system, whereas the relation Aw'=-3Q
holds true for the rotating coordinate system.

If only the HE] mode and the V7 OV
are present in the output field, the singularity

point in the laboratory system would rotate with
the frequency

Aa):gf:(l—alo'z)ﬁ, (13)
and the relation
, 09
Aw' = =-0,0,Q. 14
o 10, (14)

would be valid for the rotating coordinate sys-
tem.
In the case of orthogonal polarizations of

the HE' mode and the /V° vortex, the ZIP

moves on a stationary screen with the angular
frequency Aw =2Q and we have Aw' =Q for
the rotating screen. This difference in the angu-
lar frequencies for the CV and [V vortices is re-
lated to the difference in the total angular mo-
menta of these fields.

In a real case, when the fibre is excited with
right-handed circularly polarized light, the three

circularly polarized modes HE,,,CV/, and IV
are excited in it. Then one has to take into con-
sideration that the OV [/ V_*1 consists of two par-

tial vortices [3],

0.051

0.054

0.1

0157

0.21

0.257

015 01 005 0 005
Fig. 4 Theoretical vortex trajectory produced by

analyzer rotation. The coordinates are normal-
ized with respect the core radius.
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. R’
E, (IV_?): {é+ exp(—ig)cos(Afk)+ie exp(igo)sm(Aﬂz)}R exp{— V2 + iﬂzz} , (15)
where Afz is the phase difference between of the circular polarizations. The field
the TE and TM modes the IV vortex consists at the output face of fibre may be represented

of, and &° stand for the unit vectors as

E = [a0é+ +&"R exp{i(p + Aﬂmz}Jr /12R{é+ exp(— iqo)cos(Aﬂz)+ e exp(i(p)sin(Aﬁz)}exp{Aﬂzoz}]

(16)
X exp{— VI; + iﬂoz}.

The position of the singularity point after the polarizer is determined by the relations

sin®,, + a, sin @, + a, sin(D, —26)

= arctan s 17
4 a,cosD,; —a, cos(d)30 - 20) —cosd,, {17
R= o
cos®,, —sin®,, tan @ + a, cos D, —a, sin D, tan @ + a, cos(D,, — 20) - a, sin(®,, — 26 )tang
where Do = AP0z, D2 =APn7> 4 Conclusions
©y = APz 4712, = Aycos(Af)  and Resulting from the results of investigations car-
a, =4, sin(Aﬂz ) The obtained trajectory of the ried out above, one can make the following con-
ZIP displayed in Fig. 4 has an elliptic form. The clusions:
singularity point performs two cycles whenever 1. We have obtained both theoretically and
the polarizer makes one revolution. experimentally the excitation coefticients
We have studied the vortex trajectory ex- for the guided OV occurring in ideal fibres.
perimentally with the modified setup, in which It is shown that, under the excitation by the
the second quarter-wave plate is removed (see OV, the beam displacement results in de-
Fig. 2). We have photographed the intensity creasing weight of the incident vortex and
distributions after each polarizer rotation by the increasing weights of the fundamental mode
angle of 5°. The trajectory of the vortex is pre- and the oppositely charged vortex in the ex-
sented in Fig. 5. cited field.
60 -
40
204
0
220 4
.40 4
-60 -
Fig. 5. Experimental vortex tra-
-80 jectory produced by analyzer ro-
. ; . . . . . ' . ; . , tation. The coordinates are
-150 -100 -50 0 50 100 150 measured in pixels.
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In what the RDE manifestation in fibres
concerns, the ZIP movement is affected not
only by the topological charge of the vortex
but also by the polarizations of the incident
vortex and the fundamental mode, whose
presence causes the displacement of the sin-
gularity point.

Excitation of fibres with circularly polarized
light gives rise to elliptic form of the ZIP
trajectory, along which the singularity point
moves with the doubled frequency. The di-
rection of that rotation is opposite to that of
the polarizer in the case of right-handed cir-
cular polarization of the incident vortex with
the positive topological charge.
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