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Propagation of light in a cylindrical system

of tunnel-coupled waveguides

J.Kh. Nurligareev, K.M. Golant, V.A. Sychugov, B.A. Usievich

Abstract. Propagation of light in a cylindrical system of
tunnel-coupled waveguides is studied. The waveguide system
was constructed by layer-by-layer deposition of waveguides
on the inner wall of a reference tube by the SPCVD technique
developed for synthesising fibre preforms. It is shown that the
waveguide light beam in such a system moves along a helical
wave-like trajectory and is partially emitted outside at its
‘crests’. The angular dependence of the trajectory period and
of the number of oscillations along the trajectory is measured.
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1. Introduction

The interest towards the problem of propagation, amplifi-
cation and generation of light in a tunnel-coupled
waveguide system has grown considerably during recent
years. This is mainly due to the practical need for increasing
the power of fibre and semiconductor lasers [1, 2]. How-
ever, even passive devices based on a system of channel
waveguides require a deep understanding of the peculiar-
ities of light propagation in them [3, 4]. Channel waveguide
systems can be divided into two categories: homogeneous
and inhomogeneous. The former have been studied quite
comprehensively, while the latter kind of waveguides have
not been studied so thoroughly as yet, and were reported in
only three publications [5—7]. The present paper aims at
studying the propagation of light in a coupled system of
cylindrical waveguides and at demonstrating directly the
Bloch oscillations of light emerging in them.

2. Inhomogeneous system of coupled waveguides

A channel waveguide system is called inhomogeneous if the
light propagation constant in individual waveguides varies
from one channel waveguide to another according to a
certain law. In the simplest case that will be considered
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here, this dependence is linear, which means that the
increment A =7 of the propagation constant remains
unchanged as we pass from one waveguide to another.

It was found in [5, 6] that light coupled into one channel
of an inhomogeneous system does not spread to other
channels during its propagation over the system (unlike
in a homogeneous system of channel waveguides) and
remains localised within a few waveguides W (W = 8y/y,
where y is the coupling constant between the waveguides).
Moreover, light in such a system is gathered once again into
the initially excited waveguide at distances zy = 2n/y, 2z,
3z, ... from the waveguide entrance.

Such a propagation of light is due to the fact that an
inhomogeneous system of channel waveguides with ¢ Aff =
y = const is characterised by an equidistant set of eigen-
modes whose interference generates the observed picture.

Two methods of realising an inhomogeneous system of
channel waveguides were proposed in [5, 6] and the focusing
of light in it was demonstrated experimentally. Here we
would like to draw attention to the simplest method of
realising such a system of waveguides. In this method,
(single-mode) waveguides with identical parameters are
arranged equidistantly on concentric circles with a quite
large radius (Fig. 1). Assuming that the propagation con-
stants in these waveguides are identical and all waveguides
start from one radius of curvature of the system and end at
the other, the signal at the system output will experience a
phase delay in the case of in-phase excitation during a
transition from one waveguide to another. This can be
treated as the delay associated with a variation in the light
propagation constant in each waveguide relative to the
neighbouring waveguide.

Such an approach towards the problem of light propa-
gation in a curvilinear system of channel waveguides makes
it possible to obtain a relation establishing the equivalence
between an inhomogeneous system of rectilinear waveguides
and a system of identical curvilinear waveguides. This
relation has the form [7] ASl =~ PAIl, where

AB = kAn* :kn*A?R. (1)

Here, R is the radius of curvature of the waveguide with an
effective refractive index n*; AR, and An* are the variations
in the radius of curvature of the neighbouring waveguide
and its effective refractive index, respectively; k = 2mn/;
where A is the wavelength of light. Formula (1) leads to an
expression for the focusing length of light in a curvilinear
system of waveguides excited by a point source:
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Figure 1. (a) Circular system of coupled waveguides (¢ is the angular size
of the waveguide of length / and A/ is the increment in the arc length
upon a transition from one waveguide to another); (b) propagation of a
light beam along a helical trajectory and the system of coordinates
defining this trajectory.

2n R R

W= y  wAR w'A’ 2)
where 4 = AR is the waveguide period in the structure.

The above expression for z, coincides with the one
obtained in [8], where the problem of light propagation in a
curvilinear system of channel waveguides was solved rigo-
rously.

So far, we have considered an extremely narrow light
beam entering the waveguide system and its propagation
along it. However, the propagation of broad light beams in
an inhomogeneous system of coupled waveguides is also
quite interesting for a detailed understanding of the process.
Calculations show [9] that the trajectory of propagation of
such beams is undulating in nature (Fig. 2).

It should be noted that the light pulsation length
zo = 2m/y is equal to the ‘wavelength’ of the undulating
trajectory of the light beam. Hence, while considering broad
light beams below, we shall be speaking of its pulsation
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Figure 2. Trajectory of a Guassian beam propagating in a circular
system of coupled waveguides.

length, keeping in mind the ‘wavelength’ of the undulating
trajectory of the light beam.

A homogeneous system of channel waveguides was
prepared by depositing 50 pairs of SiO, and SiON layers
with a refractive index difference An = 5 x 10”2 on the inner
surface of a quartz tube. The waveguide layer thickness was
2 um, and the separation between the layers was 1 um. A 50-
pm thick layer of SiO, was deposited over the last wave-
guide. The system of waveguides was prepared by the
surface plasma chemical vapour deposition (SPCVD) tech-
nique developed in [10] for preparing fibre preforms.

Since the method used by us for realising an inhomoge-
neous system allows us to obtain a system of optically
coupled cylindrical waveguides, propagation of light over
their cylindrical surface is an interesting subject of inves-
tigation. In particular, this pertains to angular dependences
of the period and number of light beam pulsations. Fig. 1b
shows the helical trajectory of the beam and the coordinate
system connected with it.

According to the figure, the longitudinal (i.e., directed
along the z axis of the cylinder) component of the light
propagation constant f3, is equal to kn* cos 0, (0, is the angle
at which the beam propagates relative to the cylinder axis),
while the transverse component f, is equal to kn” sin 6. In
the adjoining waveguide with a larger radius of curvature,
we have

- AR -
ﬁ'x:kn*sinel (1-"—?)7 ﬂz:ﬂz’

which leads to the expression
~ . AR\2T1/2
ﬂ:kn*{co#e, + sin%0, (1 +7H . (3)

Considering that AR/R <1, we finally obtain after
simplification

B = kn*<1 +sin201A—}5). (4)

The increment in the propagation constant for the
adjoining waveguide during propagation of light along a
helical trajectory can be presented in the form

- A
Aﬁ:ﬁ—ﬁzﬁTRsinzel. (5)
This increment determines the angular dependence of the

pulsation length z,:

AR AR
0,) = = . 6
Z0(01) n*ARsin?0, n*Asin?0, ©

The variation of the pulsation length as a function of the
angle of propagation of a light beam over the cylindrical
surface leads to a change in the number P of pulsations
along the entire length of the trajectory, i.e., in the pattern of
emission of a beam at the output. This question was
considered by us earlier in [11]. Here, we would like to
mention that the change in the pattern of emission of a
beam at the output is associated with a change in the phase
distribution of the wave across the light beam. It should be
recalled that the patterns of beam emission at the output are
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Figure 3. Radiation pattern at the output of a cylindrical system of coupled waveguides for (a) a light beam trajectory containing an integral number
of pulsations (L; = Pz,) and (b) a trajectory containing a half-integral number of pulsations [L, = (P + %)Zo], as well as photographs of radiation
patterns observed in far field for an integral (c) and half-integral (d) number of pulsations.

quite different (Fig. 3) for integral and half-integral num-
bers of pulsations P over the entire beam trajectory. This
circumstance enables one to reliably characterise the beam
trajectory

3. Experiment

We used two types of samples in our experiments:
cylindrical samples of length L = 30 mm with a waveguide
system at the inner surface of the tube, as well as samples of
the same length cut into half along the generatrix of the
tube. The inner diameter of the quartz tube in both cases
was 16 mm. The end-faces of the samples were polished in
order to allow light to enter the waveguide layers. The
purpose of the experiment was to reveal the existence of
light pulsations inside the waveguide system and to measure
the angular dependences of their number and length z.
Figure 4a shows the experimental setup with a cylin-
drical sample. Radiation from a He—Ne laser was focused
on the entrance face of the waveguide with the help of an
optical system ensuring an input Gaussian beam diameter of
30 pm. The radiation pattern (Bragg’s diffraction of light)
was observed on the screen behind the exit face of the
cylindrical sample. This pattern was an alternating distri-
bution of light or was in the form of two spots having the

Screen

Figure 4. Experimental setup with (a) cylindrical and (b) semicylindrical
geometries of samples in the waveguide system.
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same intensity (in this case it characterised the waveguide
beam trajectory with a half-integral number of pulsations)
or a single broader spot characteristic of an integral number
of pulsations. Photographs of the radiation patterns
observed in the far field and characterising the trajectory
of a light beam with integral and half-integral numbers of
pulsations are presented in Figs 3c and d.

Transition from one light beam trajectory to another
inside a waveguide system occurs as a result of variation of
the angle 6 at which light enters the waveguide system, this
variation being caused by using a G5M goniometer. Upon a
variation of the beam entrance angle from 0 to 90°, the
angular dependence of the number of pulsations could be
measured in the angular interval 0 < 0; < 42°. The first
trajectory observed by us was characterised by the number
of pulsations P = 0.5 and the last one corresponded to
P=12.

Note also that the light beam trajectory in the waveguide
system may be visually registered in a dark room and the
number of pulsations can be counted on this trajectory. This
is just what we did in our measurements.

The number of pulsations obtained in the experiment
was compared with the number of pulsations estimated
according to the formula

L, Ln'A .
P=2 =g anbisiny, @

where Ly = L/cos0; is the distance along the beam
trajectory.

Figure 5 shows the dependence P(6;) as well as the
angular dependence of the pulsation period z.
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Figure 5. Angular dependences of the pulsation period z, [curve (/)] and
the number of pulsations P [curves (2) and (3 )] obtained by calculations
(solid curves) and experiments (symbols).

By using semicylindrical waveguide samples formed by
cutting the tubes along their length, we can measure the
angular dependence of the number of pulsations P in a
slightly different range of angles. This is due to the fact that
the angle ¢, is connected with the angle 0; through the
equality ¢, + 0, =n/2 (see Fig. 4b). In this case, the
number of pulsations is defined by the relation

P=""cosg, ®)
A

where / is the length of the waveguide sample across the
semicylindrical tube. The angular dependence of the
pulsation length is defined as

AR
n*Acos’p,

zo(p1) = ©)

Figure 5 shows the experimental results of measurement
of angles of excitation of light beam trajectory in a
waveguide with a half-integral number of pulsations P.
The angular dependence of the pulsation period z, [curve
()] is determined only by the identity of samples in the
waveguide systems used in our experiments (samples with
waveguides were cut from the same tube). Hence, this
dependence is shown by a single curve [curve (/)] in
Fig. 5, while the angular dependence of the number of
pulsations P is different in different experiments and is
therefore shown by two curves [curve (2) and curve (3)]
which do not pass into each other.

However, the experimentally obtained dependences
shown by curves (2) and (3) prove unambiguously that
the pulsating nature of a helical trajectory is determined by
the motion of a beam of light in the azimuthal direction
during its propagation at an angle 0; or ¢; to the generatrix
of the cylindrical surface of the waveguide system.

4. Conclusions

Thus, the analysis of the motion of broad light beams along
an inhomogeneous system of waveguides with Af = y =
const clearly reveals their undulating trajectories and allows
an experimental measurement of the angular dependence of
the period z, of light pulsations along these trajectories and
their number P.
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