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ABSTRACT

A theoretical investigation of the design of a rib waveguide using highly
nonlinear As,Se; based chalcogenide glass has been carried out for slow light
generation based on stimulated Brillouin scattering (SBS). The effective-mode-
area and confinement loss of the proposed waveguide structure has been
obtained for single-mode operation and their variation with the geometrical
parameters has been observed. It has been found that the time delay of ~251 ns
can be achieved at a pump power of 800 mW for a 10 cm long rib waveguide.
Next we have designed a modified ridge waveguide with optimised parameters
to obtain approximately similar time-delay with low pump power. Maximum
allowable pump power and the time delay experienced by the pulse propagating
in the ridge waveguide operating at a wavelength of 1.56 um have been
calculated. A maximum delay of ~249 ns has been achieved for a 10 cm long
ridge waveguide at a pump power of 390 mW. It is observed that time delay can
be tuned with input pump power and length of the proposed ridge waveguide.
Such tunable features of the slow light can have potential applications in

realization of an all-optical network.
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CHAPTER 1

Introduction

1.1. Thesis Approach:

This thesis consists of the design of highly non-linear, single mode chalcogenide rectangular
waveguide for the generation of slow light and to study several features of the slow light
based on stimulated Brillouin scattering phenomenon. All the analysis and calculations in the
project are done at the wavelength of 1550 nm i.e. in the third optical window. The modal
analysis of the proposed structure has been performed using commercially available software
‘COMSOL Multiphysics’ which is based on finite element method. The finite element
method is used to calculate the effective mode area and confinement loss of the waveguide.
The waveguide is studied for slow light applications and the time delay of the output pulse is
calculated and its variations with different parameters of the waveguide are obtained by
developing MATLAB codes. The waveguide design is modified to lower the input pump
power requirements and enhancing the figure of merit of the waveguide for slow light

applications.

1.2. Thesis Objectives:
The main objectives of the thesis are given as follows:

e Study of the basics of slow light, methods to achieve slow light and its applications in
the optical field.

e Study and analyse the slowing down of optical signals using the non-linear effect
called stimulated Brillouin scattering and study the various modelling methods used
for modelling of optical waveguides.

e Design and analysis of As;Ses-chalcogenide rib waveguide for generation of slow
light.

e Analysis of the modified As,Ses-chalcogenide ridge waveguide design to lower pump
power requirements.

e Study the variation of time delay with pump power and other structural parameters of
the waveguide to obtain tunable features.
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1.3. Thesis Organisation:

The outcome of the work carried out in this project is organised in six chapters. Chapter 1
consists of the overview and objective of the thesis. Chapter 2 includes the understanding of
the term ‘slow light’, literature review of the topic of the project, basics of slow light,
stimulated Brillouin scattering and non-linear processes in optical waveguides. Chapter 3
includes study of optical waveguides and various numerical methods for waveguide analysis.
Chapter 4 deals with design of As>Sesz- chalcogenide rib waveguide, its modelling method
and its analysis for slow light applications. Chapter 5 deals with the modified As,Ses-
chalcogenide ridge waveguide design for generation of slow light with tunable features. The
project work is concluded in Chapter 6 along with the suggestions to the future work that can

be done in this field.
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CHAPTER 2
Understanding of the Slow Light

2.1.  Introduction

The propagation of light has been a topic of study for researchers since a very long time.
Regmer and Huygens were the first ones to carry out the estimation of speed of light in 1676
and 1678 using astronomical time delay observations [1]. Since then, a lot of research is
being carried out to study the velocity of light [2-5]. Even in recent years, the phenomenon of
speed of light is an interesting topic. Researchers are working on the reduced and accelerated
speed of light. In 1877, Lord Rayleigh gave a complete description of group velocity [2].
The major breakthrough in this field happened in 1999 with the observation of dramatic
reduction in the group velocity [6]. The group velocity was reduced to as low as 17 m/s, to
the speed of slowly moving bicycle. This alteration in the group velocity raised several
interests since then [7-9]. There has been a lot of experimental work on reducing and
increasing the group velocity, or on stopping it altogether [10-20]. The negative group
velocities have also been reported in non-linear optic materials [21- 23].

The alterations in the group velocity are caused by introducing non-linear optical
resonances in the medium. It modifies the complex susceptibility at the vicinity of the
resonance, thus dramatically changing the group velocity in several different ways, making
possible the phenomenon of slow and fast light. This concept of slow and fast light came into
picture from the work of Sommerfield and Brillouin in the 20" century [5]. Since then it is a
topic of increasing interest. Slow light (reducing the speed of light) is a rapidly growing area
in recent times because of its several applications in optical field. The ability to slow down
the light has find applications in the field like optical delay lines, optical buffers, all optical
memories, and non-linear optics etc. The term “slow light” basically means reducing the
group velocity of light. Slow light helps in enhancing the light-matter interaction and thus
replacing a bulky device into a smaller, compact structure.

A lot of work has been done in observation of slow light in optical fibers. Initially,
silica-based fibers were used for generation of slow light, but to obtain suitable delay in these
fibers long length of fibers (in order of kilometres) was required. Scheinder et. al. employed a
silica-based fiber for generation of millimetre waves [24]. Later, to reduce the fiber length
and to lower power requirements, materials having large Brillouin gain (gs) were obtained.

Tellurite and chalcogenide are two such materials having high non-linearity and high
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refractive index [25-27]. Abedin et. al. observed strong Stimulated Brillouin scattering in
single-mode As>Ses chalcogenide fiber [28] and in single-mode Tellurite fiber [29]. Song et.
al. reported very efficient slow light generation in AszSes chalcogenide fiber [30]. Abedin et
al. reported generation of slow light in single mode Er-doped Tellurite fiber [31]. Recently,
Saini et. al. showed slow light generation in single-mode tellurite fibers [32]. Photonic crystal
fibers have shown to be an excellent medium in slowing down light. Yang et. al. reported
large delay slow light based on Stimulated Brillouin scattering in a short length of small-core
pure silica photonic crystal fiber [33]. Recently, tunable slow light generation in photonic
crystal fiber structure is reported by Sinha et. al.[34]. Slow light can also be achieved in
optical waveguides. Pant et. al. reported the maximum delay of~23 ns for a 7 cm long

chalcogenide rib waveguide [35].

2.2.  Velocities of Light

Now, before studying about slow light and other alterations of the speed of light, we first
need to know about the different velocities of light. When we refer to the speed of light, we
are generally referring to its phase velocity in vacuum, i.e c. It is the speed of the constant
phase front of a monochromatic light. Whenever this wave front travels inside a medium, its
phase velocity decreases to an amount c/n, where n is the refractive index of the medium.
This reduction in speed is not slow light. Slow light is the reduction in the group velocity of
light. Group velocity is the speed of the light pulse which is the packet of several
monochromatic lights travelling at slightly different frequencies. Different definitions of
velocity of light have been defined [36-38]. We are defining the two most important

velocities in the following section.

2.2.1. Phase velocity:
Phase velocity of a plane wave is defined as the velocity at which all the points of the wave
having a constant phase travel [39]. Consider a monochromatic wave having an electric field,

as a function of distance z and time t, defined as

1,
E(z,t) = E(Ae‘("(‘")z“"t) + c.c) (2.1)

Where, o is the angular frequency of the wave, A is the amplitude, k(®) is the wave number
defined as k(w)= o/cxn(m), n(m) is the frequency dependent refractive index and it is related
to the dispersion properties of the material. c.c is the complex conjugate term.

Here the phase of the wave is defined as,
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®(z,t) = k(w)z— wt (2.2)
For all the points having a constant phase, d¢/dt = 0. Putting it in equation (2.2) we get the
phase velocity, vp, of the wave as
dz w c
T kw) T nw)

Phase velocity is a function of refractive index. This is referred to as a dispersion relation. As

(2.3)

the refractive index of the medium increases, the phase velocity decreases and vice versa. The
refractive index of most materials decreases with an increasing frequency (wavelength),
causing the phase velocity to increase. This is termed as normal dispersion. However if the

refractive index increases with increasing frequency, it is called as anamolous dispersion.

2.2.2. Group velocity:

If a pulse consists of a span of plane waves each having different frequency, then each
frequency component (wave) will travel with its own phase velocity in the medium. The peak
of the resultant wave is the point at which all the frequency component interfere
constructively as shown in figure 2.1. The velocity of the result impulse is called its group
velocity.

As we know, the phase of the pulse is given in equation 2.2. For the pulse to propagate
without distortion it is required that there be no change in phase to the first order in o, i.c.,

d¢/dw=0. Putting it in equation 2.2, we get the group velocity of the pulse as:

_ c _dw 24
o = dn(w) ~ dk (24)
n(w) +w o
We can also write vg=c/ng, where nq is the refractive index given as :
d
ng = n(w) + w n(w) (2.5)

dw

The second term in this equation is the measure of dispersion. If dn/dw is positive, then the
group refractive index increases with . This is called as normal dispersion and if this value

IS negative, then it is referred to as anomalous dispersion.
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Fig2.1: Sinusoidal component waves interfere to create a pulse of light.

In the optical regime, the value of o is quite large, thus even if there is a slight increase in the
magnitude of the dispersion the group refractive index increases to a large amount and thus
reducing the group velocity astonishingly. This is the theory behind the slow light in optical
medium. This alterable behaviour of the group velocity in optical medium can be used to

engineer structures with large externally controllable dispersion.

2.3. What is the Slow Light?
As discussed earlier, slow light is the propagation of an optical pulse at a very low group

velocity. Although the ultra high speed of light, with which it travels in vacuum, has a great
advantage in the field like communication for the transmission of data from one point to
another. However, at such high speeds it is very difficult to control the light. Thus to have a
better control over it, there is a need of “slow light”. Slow light has become a topic of
increasing interest in the recent years, because of its huge practical potential, along with the
fundamental physical interests. An all-optical network without the need of any O-E-O
conversions could reduce the size of optical devices considerably smaller, along with
reducing lot of energy requirements. Also, the requirements of high bandwidth internet
services also rely on all-optical networks. All this can be achieved by slowing down the light
to a considerable amount. Thus slow light is a backbone of communications and information
systems [40, 41]. Slow light also has applications in signal processing. It helps in increasing
signal bandwidth and carrier frequencies without incurring any significant losses. Slow light
also has numerous potential applications in optical information processing, such as optical
data storage, quantum computing, optical memories, optical communication systems, data
synchronization and optical buffering [42-44]. On-chip all-optical processing of signals with
less wasted heat is possible by storing the light and enhancing the nonlinearity.

Slow is achieved in a non-linear medium by tailoring the dispersion in a narrow

spectral resonance. As explained in the previous section, to generate slow light effect in the
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medium it is necessary to introduce a large change in refractive index with respect to
frequency in the narrow spectral region. When the different frequency components of the
optical signal travel inside such medium, they travel with different velocities, thus causing a
significant change in the group velocity. This significant reduction in group velocity is
referred to as slow light and the increase in it is called fast light. In the normal dispersive
medium where the group velocity is less than phase velocity, the energy density in the
medium is inversely proportional to the group velocity of light. This is done to maintain the
conservation of energy. This way the group velocity controls the flow of photons. This is
shown in figure 2 below that the intensity of light is enhances by squeezing the spatial pulse

length.

Optical pulse
_—

NS\ NNNN

I€ " 21
Slow light waveguide

Fig. 2.2: Schematic diagram of a pulse entering a slow light waveguide

As shown in figure 2.2, the optical pulse is passed through a non-linear medium having
length L. It experiences a slow light effect in the medium due to its dispersion properties. The

time taken by the signal to pass the medium is called group delay, given by:

T L Lng 26
Ty (2.6)

For the signal to achieve large delay, it is required to have a large group refractive index
change in a narrow spectral region. It can be achieved by introducing a strong dispersion in
the medium in the vicinity of resonance. This cause group velocity to decrease, thus a large

tunable delay is achieved.

2.3.1. Methods to achieve slow light
This section gives an overview of different approaches to achieve slow light. As mentioned

earlier, slow light is an inter-disciplinary topic and thus it deals with a vast variety of methods
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for slow light generation. However there are two basic classifications of these methods, one
called the microscopic approach and other macroscopic approach. In the following paragraph,

we study about these two approaches in detail and various methods under these approaches.

[ Approaches ]

/\

Microscopic Macroscopic
- Electromagnetically induced transparency (EIT) Coupled resonator structures
> Coherent population oscillation (CPO) Photonic crystal fibers

-» Stimulated Raman scattering (SRS)
—» Stimulated Brillouin scattering (SBS)

> Parametric amplification
Fig 2.3: Different methods to achieve slow light

Microscopic approach to generate slow light involves those processes in which the group
index changes mainly because of the interaction of light and matter at the atom or molecule
level. They are based on material resonances. On the other hand, macroscopic approach of
slow light generation is basically based on material structure. It includes the processes in
which the change in the group velocity is contributed to the interaction of light with structural

geometry of the material, and the structural geometry is of the order of optical wavelength.

2.3.1.1. Microscopic approach

Since for slow-light medium, group index has a strong dependence on the term ‘wdn/dw’,
that means, this quantity can significantly affect the group index. Now, refractive index n(w)
and absorption coefficient a(w) are dependent on susceptibility of the medium y(w), where
susceptibility denotes the degree to which a material may be polarised in an electric field.
This is given by:

P =g, xE (2.7)
Where, ¢ denotes permittivity of free space and E denotes electric field strength.

Also,
n(w) = Re{+/e,} = Re {w/ 1+ )((w)} (2.8)

8
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a(w) = ZTwIm{\/er} = 2Twlm {\/ 1+ )((w)} (2.9)

Here, &r = 1+ y(w). It is the permittivity of the medium. Kramers and Kronig has given the
relation between the real and imaginary part of susceptibility [45]. These equations are
famously called Kramers-kronig relations (KKR). These relations have given some important
conclusions. Firstly, material exhibiting absorption must also possess dispersion and
conversely, the spectral variation in the absorption has to be present in a dispersive medium.
It can also be derived that the real and imaginary parts of the complex refractive index satisfy
the Kramers-Kronig relations [46]. Thus, at the vicinity of some absorption or gain
resonances, large dispersion of wdn/dw occurs.

Some slow light methods use this approach of introducing absorption or gain resonances to
attain large dispersion in the medium. This approach is called microscopic approach. There
are several methods that use this feature of material resonance for achieving slow light effect.
Coherent population oscillations (CPO) [47], electromagnetically induced transparency (EIT)
[48], parametric amplification [49], Stimulated Raman scattering (SRS) [50], and Stimulated

Brillouin scattering (SBS) [51, 52] are some of these microscopic methods.

2.3.1.2. Macroscopic approach

As mentioned earlier, the macroscopic approach of slow light generation involves the
interaction of light with the structural geometry of the element in the medium. The geometry
of the element is equal or larger than the wavelength of the light wave. This slow light effect
is mostly based on the material structure. It can also be explained using the concept of
waveguide dispersion.

Light entering the optical waveguide is mostly guided in the core of the waveguide; however,
a small fraction of the energy in the propagating mode is leaked into the cladding. The ratio
of the energy guided in the core to that in the cladding is the parameter on which effective
refractive index of the propagating mode depends. This ratio changes for different
wavelengths, thus the effective index also varies with the frequency. The dispersion that we
get due to this variation is the intramodal or intermodal waveguide dispersion. In typical
optical waveguides, this dispersion is not large enough to experience any slow light effect.
However, if we modify the structure of the waveguides such that there is a large variation of

index with the frequency and thus in return getting greatly enhanced waveguide dispersion,
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we can achieve slow light effect. This approach of slow light generation is called the
macroscopic approach.

These novel structures based on macroscopic slow light include coupled resonator optical
waveguide (CROW), Photonic bandgap structures, fiber or waveguide structures etc. Some of
these structures are shown in fig 2.4 below. Photonic crystal structures basically have
periodical patterning of dielectric media. Photonic crystals are so called because they have a
similarity to a crystal lattice in a solid material. Photonic crystals have a discrete translational
symmetry in its structures. This symmetry is responsible to strong dispersive properties in it,

which contributes to slow light effect in photonic crystals.

(©)

Fig2.4: Various types of macroscopic slow-light structures. (a) Photonic crystal waveguide [53].

(b-c) coupled-resonators optical waveguides (b) based on silicon grating resonators [54] (c)

photonic crystal resonators [55].

2.3.2. Applications of the slow light

Researchers have found slow light as an excellent method to conduct several interesting
studies of fundamentals of propagation of light. Along with that, slow light also has several
exciting potential practical applications. The applications of slow light have been inter-
disciplinary, covering various different areas like communications, optical signal processing,
quantum optics, spectroscopy and RF photonics. However the applications can basically be

10
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clubbed into three categories: tunable optical delay lines, enhancement of non-linearity, and

interferometry.
Slow light applications
\ 4 \ 4 ) 4 v \ 4
Optical Optical signal Quantum optics Spectroscopy RF photonics
Communications processing

e Optical switches

v v v v !

* Optical memories ¢ Optical synchronizer ® Quantum e Pump probe e phased-array
e Optical buffers e Optical equaliser information experiments/time-  antennas
* Optical routers processing resolved e optical filters

e Optical logic gates

e Optical multiplexers spectroscopy

e Optical
interferometers
¢ Nonlinear processes

Fig2.5: Applications of slow light in different fields.

2.3.2.1. Tunable optical delay lines:

Tunable optical delay line is perhaps the most obvious application of slow light. They are
basically small devices that can buffer or store optical pulses for considerable amount of
time. The time taken by an optical pulse to propagate through the slow light medium can be
controlled as we are able to control its group index. These all-optical controllable delay lines
can be of use in various fields. In the field of optics communication, it has applications like
data resynchronisation, optical buffering, jitter correction, etc. RF photonics [56], optical
signal processing [57], and slow-light laser radar are some other fields where all-optical
tunable delay lines are used.

Optical delay lines have been proposed to be used in optical routers. These routers would be
used to create an all-optical network that could increase the performance of communication
networks [58]. At present times, electric routers are used, that means to perform routing
functions there is a need to convert optical signals to electrical and then back to optical after
processing. This OEO conversion requires additional power in the transmission along with

adding delay to the network.

11
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2.3.2.2. Enhancement of optical nonlinearities:

Optical nonlinearities can be generated and enhanced using the slow light effect. Generally,
there is a requirement of large interaction time and length with the medium and high optical
powers for generation of nonlinear processes in non-slow light medium. This implies
expensive and large equipments are required for generating nonlinearities. Since slow light
effect increases the optical intensity inside the medium, thus a higher strength of nonlinear
interaction [59]. This feature of slow light causes low optical power requirements for efficient
nonlinear generation, thus enabling use of inexpensive equipments and miniaturization of
devices.

In optical communication, enhanced nonlinear interaction has another application —
the optical regenerator. Regenerator is a device that recreates the signal removing any
distortion or noise that might have added into the signal while propagating over a long
distance. Regenerator uses the principle of optical transfer function. In present times, this
process of regeneration is costly, requiring high optical powers. So mostly electric
regenerators are used instead of optical regenerators, but they require optical-electrical-
optical (OEQ) conversion. The slow light effect could, however, as explained earlier could
reduce the power and cost, thus optical regenerators could be made possible [59, 60]. Slow
light effect finds another application for nonlinear optics in improving the phase matching
condition. It can be achieved by delaying or accelerating various optical channels. It was
demonstrated how the Brillouin slow light effect in optical fibers is used in FWM processes

to obtain all optical control of phase-matching conditions [61].

2.3.2.3. Slow light interferometry:

As we know that the refractive index of the medium in the slow light effect is a function of
frequency [62]. This implies, a slight deviation in the frequency can affect the wave number
in a large way. This property of slow light has lead to another application in the field of
spectroscopy. The performance of spectroscopic interferometers can be enhanced using the
spectral properties of slow light. In such interferometers, placing a slow light medium can
increase the frequency sensitivity of one path by a factor of the group refractive index [63].
This causes the change in the optical path difference between the two paths in
interferometers. Effect of introducing slow light in Mach-Zehnder interferometer is shown in
figure below. The similar effect of slow light in sensitivity can also be observed in Fabry-
Perot cavity, where the linewidth of cavity is changed [64]. Further, Interferometric rotation

12
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sensing [65, 66] and Fourier-transform interferometry [67] have also been proposed to use

slow light effect.

2.4.  Stimulated Brillouin Scattering
2.4.1. Non-linear processes in optical waveguide
Light wave entering the optical waveguide is mostly linear, i.e. the polarisation P(t) of the
incident light is proportional to its electric field E(t), as given by,
P(t) = e, xE(t) (2.10)
Where, & is the permittivity of vacuum, y is the linear susceptibility. This is known as linear
polarisation. However, if the small core area of optical waveguide confines a high intensity
light wave, the light-matter interaction becomes non-linear. The polarisation relation deviates
from the simple linear relation, it now also include higher order terms of electric field [45].
These higher order terms result in the non-linear optical processes. Now polarisation is given
as:
P(t) = e,(1E(®) + x2E@®)? + x3E@)3 + v, ) (2.11)
Here, 2 and y3 are second and third order susceptibilities.
Non-linear response is fundamentally associated with the “anharmonic motion of
bound electrons due to interaction with the applied field”. In optics, the term ‘non-linear’
basically means intensity-dependence of refractive index. In non-linear optics, the output

light wave does not linear depend on the input, as explained from the graph below [68]:

A

Linear

Output
Nonlinear

A\

Input
Fig2.6: Linear and non-linear interaction in optical waveguides.
(taken from ref [68])

The non-linear effects are mostly related to non-linear refraction which is given by,
n(w,I) = n(w) + n,I = n(w) + n,|E|? (2.12)
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The first term n(w) is the linear part, nz is the non-linear index coefficient. It is related to the

third order susceptibility as:

3
n, = %Re()@) (2.13)

Here, Re means the real part of susceptibility, n is the linear refractive index. The non-linear
effect in optics basically occurs due to two reasons. Firstly, due to variation in refractive
index due to intensity, and secondly due to inelastic scattering phenomenon. Self Phase
Modulation (SPM), Cross Phase modulation (CPM), and Four Wave Mixing (FWM) are
some of the non-linear effects that occur due to intensity dependence of refractive index. The
inelastic scattering phenomenon generates effects like Stimulated Brillouin scattering (SBS)
and Stimulated Raman scattering (SRS). Non linear effects can majorly impact the
propagation of light in optical waveguides. Though these effects are detrimental to optical
transmission, they enable some new functionalities which have great benefits in various fields
of optics. Some of these phenomenons are slow light, supercontinuum generation,

wavelength conversion etc.

2.4.2. Physical processes of the SBS

Stimulated Brillouin scattering (SBS) is an efficient non-linear method because it is
compatible with optical fiber communication systems, operates at room temperature and has
tunable working wavelength. It is a third order non-linear effect in which the light incident to
an optical waveguide scatters in the backward direction. It involves the generation of Stokes
wave, which travels in the backward direction and carries most of the input power, after
reaching a certain threshold. The scattering of light by acoustic waves was first investigated
by the French scientist Leon Brillouin in 1920s. However, it was not until the invention of
laser source in 1960s that Brillouin scattering gained attention, since high intensity light is
required to achieve large scattering.

SBS is basically a nonlinear process in which the pump, Stokes and an acoustic wave
interact through the electrostriction process [45]. Acoustic wave is initially thermally
generated and it produces density modulations in the medium, which causes variations in the
refractive index producing index grating. This grating causes the incident pump wave to
scatter through the process of Bragg diffraction. The scattered light experiences the Doppler
shift (caused by the grating), due to which there is a downshift of frequency in the scattered
light. In terms of quantum mechanics, this process can be viewed as if a Stokes photon and an

acoustic phonon are created due to the annihilation of a pump photon. Let wp and wsare the
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frequencies; and ke and ks are the wave vectors of pump and Stokes wave respectively. Since
for each scattering event, the energy and momentum must be conserved, we can define the
relation of the three waves as:

Qp =wp — wg; ky= kp— ks (2.14)
Where, Qg and ka is the frequency and wave vector of acoustic phonon, respectively. They
are related using the dispersion relation as,

Ng = vylky| = 2v4|kp| sin(6/2) (2.15)
Here, vais the acoustic velocity and 0 is the angle between the Stokes and pump wave. We
have also assumed that ke and ks are approximately same. It can be seen that the frequency of
acoustic phonon depends on the scattering angle. It implies that the frequency shift in the
Stokes wave is maximum when 6=, i.e. in the backward direction, and zero when 6=0, i.e. in
the forward direction. This is the reason why SBS effect occurs only in backward direction in
optical waveguides. Brillouin gain spectrum is a Lorentzian gain curve that defines the

growth of the Stokes wave, which has a peak at the acoustic frequency, Qs.

2.4.3. Theory of SBS based slow light

SBS based approach is very practical and feasible technique for slow-light-based devices
because of its wavelength independent nature, large signal bandwidth range (MHz to GHz),
and possibility to control the pulse delay all optically only by tuning the pump power [69-71].
This section deals with how SBS process generates slow light in optical waveguide.

SBS is a nonlinear process in which the light incident to an optical waveguide scatters
in the backward direction. This backward scattering can be used for amplification of the
signal travelling in the direction opposite to the pump. The high intense pump wave is made
to interact with the counter propagating weak signal wave resulting in the generation of slow
travelling intensity wave which causes travelling density variations (variations in the
refractive index) in the medium. This wave is called the acoustic wave. This occurs when the
travelling intensity wave has the frequency equal to the difference between the frequencies of
the pump wave and signal wave. The travelling refractive index grating can cause coupling of
power between pump and signal waves at phase matching condition. The grating diffracts the
light from the higher frequency pump wave to the weak signal wave, which as a result,

experiences a gain.
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Fig2.7: Schematic of the principle of stimulated Brillouin scattering in optical waveguide.

Let wp and ws are the frequencies of pump wave and signal wave, respectively and I, and
Is their intensities. Phase matching condition states that the difference in their frequencies
should be equal to the brillouin frequency shift (Qg), i.e., wp - ws= Qg. The signal frequency

is much smaller than pump frequency.

The coupled nonlinear differential equations for the pump and the signal waves are given

by the equations below [72]

dlp
E = _gBIPIS — (XpIp (216)
di,

—E = +gBIPIS - asls (217)

where, gg is the Brillouin gain coefficient, ap and os are material losses at pump and signal
frequencies, respectively. If we assume that the pump wave is undepleted, then op = as= a,

thus the solution to the above equations is given by

PL
1,(0) = I,(L) exp (M - aL) (2.18)
At

Here, Py is the input pump power, Ae is the effective-mode-area of the propagating mode, «
is the attenuation constant of the waveguide, L is the real length of waveguide and Le is the
effective length of waveguide which is given by the equation 2.19 below.

[1 — exp(—aL)]

Legr = o (2.19)

Effective-mode-area, Acts is defined as

_ B dx dy)?
I EI dx dy)

(2.20)

16



RW-GSL | 2014-16

where, E denotes electric field distribution in the waveguide. The Brillouin gain coefficient

is defined as
T_B 2
_ 9 ( 2 )
95(2) = — (2.21)
@ -05)2+ ()
Here, gp is the maximum value of the gain at Q = Qg and is given by
2nn’p,,2
gp =" (2.22)
C;\,p VAAVB

where, n is the refractive index of the material used in waveguide, pi2 is the longitudinal
elasto-optic coefficient, c is the velocity of light in free space, /p is wavelength of the pump
wave, Va is the acoustic velocity, and Avg is the Brillouin gain bandwidth. Non-linear

parameter is calculated using the formula

21n,
y =
Mg

Where, n; is the non-linear refractive index of the material. We require a minimum pump
power to initiate the SBS effect. It is when the brillouin gain is larger than the losses of the
waveguide, and is given by
aAeffL
Ppin = —— 2.23

Also, there is a maximum power above which the output signal gets distorted. When the
pump power reaches this maximum allowable power, the backscattered waves are generated
from the background noises in the waveguide which leads to output signal distortion. It is
given by the following relation [31]

Acrr

_Ceff (2.24)
K ggLless

Prax = 21

where, K is the polarization factor, the polarisation properties of the waveguide decides its
value. If the polarization is maintained, its value is 1, and it is O if not maintained. It is shown

from some results that K = 0.667 is an appropriate value for low birefringence waveguide
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with high polarization beat length [31, 73]. The time-delay per unit length per unit pump

power induced due to SBS effect in the slow light devices is expressed as [70]

Atd . gBK

(2.25)
PpLeff Tp

Here, s is the Brillouin line width (78 = 2nAve, where Avg is the Brillouin gain bandwidth as
mentioned above) [74]. Brillouin gain is an another parameter which depends on the input

pump power and it is expressed as [75]

Gain [dB] = 10log(exp (gBK (%) Leff) —al (2.26)

Theoretical value of the gain is given by

K X1mW X L
g8 eff) (2.27)

Gy = 4.34(
t Acfr

Another important parameter that defines the suitability of waveguide to be used as a slow
light medium is figure of merit (FOM). It is defined as [30]

Gain[dB KL
roum = S4Bl oy <g’3—eff> (2.28)
PpLeffn AeffnL
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CHAPTER 3
Optical Waveguides and its Modelling Methods

3.1. Introduction

The field of integrated optics emerged in late 1960°s [76] which replaced the electrical wires
and radio links with light guiding optical fibers, and electronic integrated circuits by
miniaturized optical integrated circuits. This approach of integrated optics offers significant
advantage in signal processing and transmission in terms of cost as well as performance.
Thus the fabrication of optical waveguides has gained much attention because of the broad
scope in integrated optics. Guided wave optics has several applications, be it in terms of
optical fibers or in planar technologies. Optical fibers are the fundamental backbone of
telecommunication networks, also used for high speed computer interconnects, in medical
and manufacturing laser applications. Planar optical waveguides find applications in
production of amplifiers and lasers, in modern sensor and measurement systems. They also
have potential in production of compact optical components at very low cost.

It is a difficult process to examine electric field in a waveguide and special
mathematical knowledge is required for its calculation. To calculate parameters like mode
field distribution and the propagation constant, we need to analyse the guiding of light in
optical waveguides. There are different approaches to mathematically analyse the waveguide,
like analytical approach, numerical approach etc. These methods are very important for
modelling of optical waveguides to study different phenomenon of light propagation in
waveguide. In this chapter, we have given theoretical details of optical waveguides, their
types and guiding mechanisms. Then we have discussed the methods used for analysis of

these waveguides.

3.2. Optical Waveguides

Optical waveguides are physical structures that guide and transmit electromagnetic waves in
the direction parallel to their axis. The electromagnetic waves are in the optical spectrum. The
optical waves are mostly guided using total internal reflection (TIR), in which the light is
confined in the high index material and bounces on the interfaces with lower index material.
Figure 3.1 shows the optical waveguide in rectangular coordinate system abruptly terminated
by the dielectric discontinuity. The lateral dimensions of these waveguides are in the range of

nanometre or micrometre. They comparatively have very large longitudinal dimensions
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ranging upto 100,000’s of wavelength. These waveguides are building blocks of various
optical devices like fiber amplifiers, fiber lasers and all-optical photonic integrated circuits.
They are also used as the transmission medium in optical systems like fiber optics

communications. These optical waveguides can be analysed by solving Maxwell’s equations:

oB
AXE=——= (3.1)
oD
AXH=—+] (3.2)
AD=p (3.3)
AB=0 (3.4)

Here, B and D are the electric and magnetic flux densities, E and H are the electric and magnetic
fields, p is the electric charge and J is electric current densities. Applying these electromagnetic wave
equations with appropriate boundary conditions based on the material of core and cladding, and on

the properties of waveguide, determines the characteristics of the light travelling in the waveguide.

K

3
KCr

v Cladding
'."'Q
Q z

X

Fig 3.1: Light propagating in optical waveguide. (Taken from ref. [77])

3.2.1. Classification

This section briefly describes several optical waveguides that are used in photonic devices
and integrated optics. The functional elements of integrated optical circuits require optical
waveguides that provide optical confinement in the transverse direction. Photonic devices use
optical waveguides that meet the certain design specifications using a selected fabrication
technique and device applications. There are several different ways in which we can classify

optical waveguides. An optical waveguide may be classified based on:
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o waveguide geometry: planar and non-planar waveguides

e guiding mechanism: total internal reflection, photonic bandgap, antiguiding, and
antiresonant guiding etc.

e mode structure: single-mode or multi-mode,

« material used: semiconductor, glass, polymer, metal, artificially created materials.

On the basis of geometry, optical waveguides are of two types, planar and non-planar. The
planar waveguides are the ones that provide confinement of light in only one transverse
direction, say x. In this the cladding layers surround the core in only one direction. The core
is called the film of the waveguide, which is sandwiched between the upper and lower
cladding layers, that are called cover and substrate, respectively. The effective index n(x) is
only a function of x coordinate. On the other hand, non-planar waveguides have optical
confinement in two dimensions. Cladding surrounds the core in all transverse direction, and
effective index n(x, y) is a function of both x and y. This geometry based classification of
waveguides is shown in the flowchart in fig. (3.2) below.

[ Optical waveguides

|
v v

[ Planar ] [ Non-planar ]

|
v v

Channel waveguides Optical fibers

Rib waveguide

Ridge waveguide
Strip-loaded waveguide
Buried rib waveguide
Diffused waveguide

Fig 3.2: Classification of optical waveguides based on their geometry

Non-planar waveguides have a distinctive property that along with TE and TM modes, they
also support hybrid modes. These hybrid modes are not supported by planar waveguides.
Optical fibers are non-planar waveguides that have cylindrical structure. These types of
waveguides exhibiting special geometrical structures can be analysed analytically. However

channel waveguides are generally analysed numerically since there are no analytical solutions
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for their guided mode characteristics. The non-planar channel waveguides find various
applications in photonic optics. Different channel waveguides are shown in fig. (3.3).

A buried channel waveguide has a high refractive index waveguiding core that is
buried in a low-index cladding surrounding it. The core of the waveguide can have any cross-
sectional geometry; however the rectangular shape is the most common. A strip-loaded
waveguide consists of a planar waveguide that gives optical confinement to the light in one
direction, which is loaded with a dielectric strip of index less than that of the core of the
planar waveguide, or with a metal strip to provide optical confinement in the other direction.
Strip waveguide has the waveguiding core region that is the region under the loading strip. A
ridge waveguide structure is similar to that of the strip waveguide, but the high index region
is actually the ridge or the strip that is on top of the planar structure. This high index acts as
the waveguiding core. A ridge waveguide is surrounded by air on three sides which acts as
the cladding material having low-index. It provides strong optical confinement. In rib
waveguide, the strip is the part of the waveguiding core as it has the same index as the high
index planar layer beneath it. Apart from this difference, the structure of the rib waveguide is
similar to that of a strip or ridge waveguide. These four waveguides discussed above are also
termed as rectangular waveguides though they do not have exactly rectangular shapes. A
diffused waveguide involves creating a high-index region in the substrate itself by diffusing
dopants in it. In this waveguide, the boundaries of the core are not sharply defined in the

substrate.

B e e

Ridge Buried ridge Rib Buried rib

- —=

.
Inverted rib Strip-loaded Diffused

Fig 3.3: Different types of channel waveguides based on total internal reflection (darker colour
indicates higher index region). Taken from ref. [78]
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3.2.2. Guiding Mechanism and Propagating Modes of the Optical Waveguides
Waveguiding in optical waveguide generally involves three guiding mechanisms:

e Index guiding

e Low loss leaky wave guiding

e Gain guiding
The index guiding mechanism is the most common guiding mechanism which is based on
total internal reflection (TIR). The channel waveguides like rib, ridge waveguide etc, follow
this guiding mechanism. So they have a high refractive index core surrounded by lower
refractive index cladding layers. This requires selection of suitable waveguide material and
fabrication methods. The next guiding mechanism is basically based on guiding low loss
leaky waves. This does not put restrictions on the selection of material for optical
waveguides. Anti resonant Optical waveguides (ARROW) particularly use this guiding
mechanism. The third guiding mechanism is gain guiding. It is used in semiconductor lasers,
where a positive gain medium is created in the active region of laser diode due to the current
flowing through it. This gain medium laterally guides the light, and thus called the gain
guiding mechanism.

Waveguide mode is the light wave that is propagating inside the waveguide with a
particular group velocity, electric-field distribution and polarization. Thus it has the electric
and magnetic field components of the form f(x, y)e*?, where z is the direction parallel to
waveguide axis. These modes totally depend on the structure and characterize it in terms of
electromagnetic resonances, and have no relation to the source of radiation of the waveguide.
Thus these modes are called the ‘characteristic waves’ of the structures. Modes propagating
inside the waveguide can also be defined as the superposition of plane waves that are
travelling at a fixed angle with the axis of the waveguide.

According to the principle of total internal reflection, there are only a limited set of
angles that are possible inside a waveguide, each of which corresponds to a propagating
mode of the optical waveguide having a particular optical field distribution. Thus, depending
upon the number of modes the waveguide can support at a particular wavelength, the
waveguide can be said to be single-mode or multimode. Both types have their own
applications and advantages. The single-mode waveguides exhibit low dispersion, thus they
are usually preferred for telecommunication and sensing applications. Multimode waveguides

find their application in illumination etc. The number of modes that are supported in a
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particular waveguide can be controlled by changing its dimensions. Smaller waveguides
support less propagating modes. The rectangular waveguide basically show the following two
types of mode, the transverse electric or the TE mode, and the transverse magnetic or the TM
mode [79]. These are based on the polarization of the light propagating in the waveguide, TM
mode has electric field component parallel to the substrate and TM mode has magnetic field
component parallel to the substrate.

Channel waveguides are known to be one of the most important passive elements in
integrated optics. They are the fundamental building blocks in all-optical photonic integrated
circuits. When the channel waveguides are used in optical systems, we should ensure single
mode propagation because they are further coupled with the single-mode fibers, which are
used for communication. Soref, Schmidtchen, and Petermannl reported the first single-mode

condition for silicon rib waveguides using a mode matching technique. It was given as

r

t < a +—(1—r2)1/2;

a=03; r> 05 (3.5)

Where, t=W/H, r=h/H, h is the slab height, H is the rib height, and W is the rib width, as
shown in Fig. (3.4). Pogossian et. al. later predicted the same condition as equation () but
with a=0 using the effective index method of analysis. This result agreed more favourably

with the experimental data [80].
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Fig 3.4: Schematic of a rib waveguide structure. (taken from ref. [80])
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3.3. Modelling Methods for Waveguide Analysis

There are several techniques of solving the field problems, which we can classify as
experimental, analytical and numerical. Experimental techniques are generally time
consuming and expensive. They are also not flexible in terms of parameter variation. The
analytical techniques provide exact solutions, but they involve difficult and lengthy
calculations which require the knowledge of higher mathematics. Numerical techniques [81],
on the other hand, let the operators carry out the actual work. They, however give the
approximate solutions to the problem. Numerical techniques have applications in solving
problems in fields like electromagnetics, fluid, acoustics and heat-transfer. These techniques
are implemented using commercial software packages like COMSOL, RSoft etc. This section
covers different numerical techniques that are used to solve the electromagnetic problems.
Finding the numerical solution of a problem strategically has two approaches. The first
approach deals with developing homemade numerical codes which has the advantage of
flexibility in code modification due to full control over the code. The second approach
involves the use of commercially available softwares like Computer Added Design (CAD).
This approach is reliable, applicable to diverse physical problems and optimised in terms of

memory, speed etc. Some of the numerical techniques are:

3.3.1 Finite difference method:

It is the technique that is based on replacing the differential equations by finite difference
equations. It is a method of approximations, developed in 1920s by A.Thom. Initially it finds
application in solving nonlinear hydrodynamic equations. This technique can now however
be used to solve problems in different fields. The solution region is first divided into grid of
nodes. Then the finite difference equivalent is approximated for a differential equation that
relates the dependent variable located in the solution region to its neighbouring values. Then
the suitable initial and boundary conditions are applied to solve the difference equations. The
difference equations that are approximated are algebraic in form.

Finite difference time domain (FDTD) method is a time-domain numerical analysis
method for solving scattering problems. In this the Maxwell’s equations are solved using
central-difference approximation to calculate the electromagnetic field in depressive media of
different properties for the wide range of wavelength. It is a versatile and robust approach to
solve for complex propagation constants. Few drawbacks of this method are memory
complexity of algorithm and time consuming approach.

3.3.2 Variational method:
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It is a numerical technique that gives accurate results with less usage of computer time and
storage. In this technique, the complex problem of integrating the differential equation is
replaced by equivalent variational problem. The other numerical techniques like finite
element method and method of moment find a base in this method. The variational problems
can be solved using two different methods. The first method is called the direct method which
is a classical Rayleigh-Ritz method. The other method is called the method of weighted
residuals or indirect method. The solution of a partial differential equation using the indirect
variational method involves: first replacing the integral into variational form, then using the

suitable method to find the approximate solution to the problem.

3.3.3 Method of moments:
The method of moments (MOM) is a general technique of solving an inhomogeneous
equation of the form L$=g, where L can be integral, differential or intro-differential operator.
® is the function to be solved and g is the excitation function. It is basically a method of
weighted residuals. This numerical technique may be used to solve a variety of problems
which include scattering problems, analysis of lossy structures and microstrip, radiation due
to thin wire elements and other problems of practical interest. It involves finding the
weighing function and then taking moments by multiplying with that function and then
integrating. The procedure of solving problems using method of moments involves the
following steps:

i. Using the weighing and basis function, conversion of the derived integral equation

into a matrix equation.
ii. Evaluation of each matrix element.

iii. Finally, getting the parameter of interests by solving the matrix equation.

3.3.4 Finite element method:

Finite element method (FEM) is a versatile and more powerful numerical technique than
previously discussed techniques, even though these techniques are easier to program and
conceptually similar. FEM is an efficient method to solve problems that involve
inhomogeneous media and complex geometries. This method can be applied to solve
problems in various areas of physics like electromagnetics, waveguide problems, structural
analysis, microstrips, semiconductor devices, etc. FEM is used to find the propagation
constants and the electric field distribution in the guided modes. It basically involves
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discretizing the solution region into subregions which are called finite elements. Analysing a

problem using FEM technique involves few steps as described below:

i. Dividing the solution region into sub-domains or finite elements
ii. Solving a particular element to obtain governing equations.
ii. Assembling all sub elements to obtain the system of equations.

iv. Solving the system of equations.
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CHAPTER 4
Chalcogenide Rib Waveguide Design for Slow Light Applications

4.1. Introduction

Realisation of slow light in optical fibers is known to have several applications and a lot of
work is being done in this area as mentioned earlier. However on-chip realisation of SBS
slow light is still very less explored. Pant et. al. reported for the first time the maximum delay
of~23 ns for a 7 cm long chalcogenide rib waveguide [35]. It is difficult to observe slow light
effect in an optical waveguide because to achieve a significant delay (ATg) in a small length
(L), we require a large group refractive index change (Ang) since ATq= LAng/C. In this work,
we have attempted to improve the time delay of the SBS based slow light and study other
features of slow light in optical waveguides. We have designed an As>Ses based chalcogenide
glass rib waveguide for the generation of SBS based slow-light. The modal analysis of the
proposed structure has been performed using commercially available software ‘COMSOL
Multiphysics’ which is based on finite element method. We have solved two non-linear
coupled SBS equations for the chalcogenide rib waveguide structure using the optical
properties of As,Ses based chalcogenide glass [82]. Effective-mode-area and confinement
loss have been calculated using the imaginary part of the effective index of the propagating
mode at the pump wavelength of 1.56 pm. Time delay of the propagating pulse and figure of
merit has been calculated, thereafter, variation of the time delay with pump power and
brillouin gain has been obtained by developing MATLAB codes.

4.2. Method of Analysis
We have used the finite element analysis method to simulate the waveguide model to
calculate the guide loss and effective mode area. Finite mode analysis for the waveguide
design is carried out using COMSOL Multiphysics 4.2. COMSOL is a simulation package
that solves systems of coupled nonlinear partial differential equations in one, two and three
dimensions. It is platform independent and has several add on module which can solve
problems in different fields like electromagnetics, MEMS, chemical engineering, mechanics,
etc.

The complex propagation constant of the fundamental mode is determined using a 2D
full-vector eigenvalue solver. The fields localised in the core of the waveguide rather than

distributing in the simulation boundaries, ensure that a true guiding mode is being
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propagated. For a guided mode to exist, in the absence of free charges and currents, the
boundary conditions are as shown:

Eu = Ep (Parallel Electric field is continuous across the boundary)

€1En1 = &2En2  (Perpendicular component of €E is continuous across the boundary)

Bu = B (Parallel Magnetic field is continuous across the boundary)

Bn1 = Bn2 (Perpendicular Magnetic field is continuous across the boundary)
The mode field is solved using the wave equation that is given by:
A, ™A x H)- k2pH = 0 (4.1)

The waveguide is discretized into smaller elements, then the electric and magnetic field
across each element is solved for, separately. The boundary conditions mentioned above are
applied between those elements with different properties. Then the propagation constants are
solved for. The finite element method gives solutions for the electric mode with complex
propagation constants f. Since some of the light entering in the core of the waveguide is
propagating, while some is evanescent, the real part of the propagation constant gives the

effective index, while the imaginary parts gives the loss.

Nerr = Re (g), loss = Im(2p) (4.2)

Here, k=2m/A is the wave vector, A is the free space optical wavelength. Loss is incurred due
to the constant flow of power from the core to the cladding or substrate. The guide design can
be adjusted using this method to minimize the fundamental mode loss. [83,84]. The
confinement loss is defined using the imaginary part of the effective index of the modes and
it is given by

L (d_B) 401

= ——Im(ngss) = 8.686k,Im(ngs) (4.3)
ln107\

m

4.3. Rib Waveguide Design

We have proposed an As»Ses based chalcogenide rib waveguide for single mode operation
for the generation of slow light based on stimulated brillouin scattering. The cross sectional
view of the proposed rib waveguide is shown in Fig. 4.1. The substrate material used is silica
(n=1.444). The core material used in the rib is As,Sez based Chalcogenide glass.

Chalcogenide has a refractive index of 2.815 for operating wavelength of 1.56 um. The
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optical properties of As>Ses based chalcogenide material are taken from the Ref. [82] and

represented in the table 4.1.

Table 4.1. Optical properties of As2Ses based chalcogenide glass at 1.56 pm.

Parameters Chalcogenide (Asz2Ses)
Refractive index, n 2.815
Brillouin gain coefficient, gs(m/W) 6.75x10°
Brillouin gain bandwidth, Ave (MHz) 13.2
Loss (dB/m) 0.90
2a=6um
Air cladding Ic =2 pm
2b =24 pm
As2Ses core d=3pum
Silica substrate e=2um |

Fig 4.1: Cross sectional view of As;Ses based chalcogenide rib waveguide

4.4. Result and Discussion

For optimum single mode operation with low loss we have taken the rib half width i.e.‘a’ as 3
pm and trench height as 2 um. For these values, we have found the effective mode area of the
waveguide to be 17.10 pm?2. The electric field distribution of the fundamental mode of the
proposed structure is shown in Fig. 4.2 at pump wavelength. It can be observed that the mode
is well confined within the rib. The effect of the variations in the width and the trench height
of the waveguide on effective mode area are shown in Fig. 4.3. It is shown that effective
mode area increases on increasing the width of the waveguide and also on increasing the

trench height.
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Fig 4.2: Electric field distribution of fundamental mode in proposed rib waveguide at pump
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Confinement loss of the waveguide is another important parameter of the optical waveguide.
The effect of changing the core width on confinement loss is shown in Fig. 4.4. 1t shows that
the confinement loss decreases on increasing the core width. It so happens because as the
core width increases, the core-cladding refractive index difference increases. This causes the
electric field to be more confined in the core of the waveguide, thus higher confinement of

light in core and lower confinement loss.
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Fig 4.4: Variation of confinement loss with core half width.

From the previous results, the value of polarization factor K is taken to be 0.667 to find
various parameters of slow light like minimum and maximum input pump power, time delay,
Brillouin gain and figure of merit (FOM). For the operation at 1.56 pum wavelength, the
minimum input pump power to initiate SBS effect and maximum input pump power for
undistorted output is found to be 0.79 mW and 806 mW, respectively. Thus we have taken
the pump power Pp as 800 mW in simulation. At this pump power, for a waveguide of 10 cm
length, time delay is calculated to be ~251 ns. The effects of the variation of the pump power
and the brillouin gain on the time delay of the waveguide are shown in Fig. 4.5. The figure of

merit (FOM) of the proposed design is calculated and comes out to be 401.58.
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CHAPTER 5
Modified Ridge Waveguide Design for Generation of Slow Light

5.1. Introduction

In the previous chapter, we have analysed the As»Ses based chalcogenide rib waveguide for
slow light applications. Generation of slow light in that structure required quite large pump
power. We have obtained the max power for undistorted output to be 809 mW. The pump
power can be lowered by changing the design of the structure alone, to obtain more optimised
parameters. In this chapter we have designed and analysed the modified waveguide design for
generation of slow light with tunable features. The As,Ses based chalcogenide glass ridge
waveguide has been designed to obtain SBS based slow light effect. The pump wavelength is
taken to be 1.56 um. Effective mode area and confinement loss have been calculated. Then
the time delay and its variation with the pump power and Brillouin gain have been obtained.

Here we have also obtained the variation of time delay with the length of the waveguide.

5.2. Method of Analysis
The proposed waveguide is simulated and analysed using the simulation software COMSOL
multiphysics 4.2 using finite element method. This method of analysis is similar to that used

for chalcogenide rib waveguide design and is discussed in section 4.2 of chapter 4.

5.3. Ridge Waveguide Design

The cross-section of the modified ridge waveguide is shown in fig. 5.1. The material used for
the ridge or the core of the waveguide is As,Ses based chalcogenide glass having a refractive
index of 2.815 at the pump wavelength. The substrate is made of silica. The optical properties
of As2Ses based chalcogenide are mentioned in Chapter 4 in table 4.1. The ridge width ‘@’
and height ‘C’ are the parameters that are varied to calculate the effective-mode-area Aef’
and confinement loss of the fundamental mode of the waveguide. Nonlinear parameter ‘y’ is
calculated and its variation with the half width of the core is observed. Further, the time-delay
is observed and its variation with the pump power, gain and length of the waveguide are

shown. The length of the waveguide is taken to be 10 cm.
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Fig 5.1: Cross-sectional view of the As,Se; based chalcogenide ridge waveguide structure.

5.4. Numerical Result and Discussion
The design parameters shown in fig. 5.1 are the optimised parameters for single mode
operation. The normalised electric field distribution of fundamental mode at ridge half width

(i.e.‘@’) as 3 um and trench height (i.e. ‘c’) as 3 um is shown in fig. 5.2.
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0

Fig 5.2: Normalized electric field distribution of fundamental mode in proposed ridge waveguide

at pump wavelength.

The effective-mode-area of an optical waveguide enhances its nonlinear effect.
Nonlinearity of the waveguide is inversely proportional to the effective-mode-area. Thus it is
considered a very important parameter in the study of slow light in ridge waveguide. The
effect of the variations in ridge width on effective-mode-area is shown in Fig. 5.3(a). It is
shown that effective-mode-area increases on increasing the width of the waveguide since the
core size increases. At a = 2 um, the value of the Aef is found to be 5.64 um? and increases
for higher values of core half width. Since for optimum single mode operation with low loss,
we have taken core half width as 3 um, at this core width, the effective mode area of the

propagating mode is 8.42 pm?.
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Confinement loss and its variation with changing the design parameters of the waveguide
is now observed. At core half width of 3 um, the confinement loss of the propagating mode is
found to be as low as 4x10* dB/m. It is a very desirable result as it ensures very low-loss
operation of the waveguide at the optimized dimensions. The effect of changing the core
width on confinement loss is shown in Fig. 5.3(b). It shows that the confinement loss

decreases on increasing the core width, thus more confinement of light in the waveguide core.
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Fig 5.3: (a) Variation of effective mode area with half width of the ridge waveguide. (b) Variation

of the confinement loss with half width of the ridge waveguide.
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The effect of changing the trench height of the ridge waveguide on the effective-mode-
area and confinement loss of the waveguide is also observed. The effective-mode-area
increases on increasing the trench height ‘c’ and the effect is shown in Fig. 5.4(a). As the
height increases, effective refractive index difference also increases. Hence similar to the
variation of confinement loss with ‘@’, confinement loss also decreases with increase in

height as shown in Fig. 5.4(b).
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Fig 5.4: (a) Variation of the effective mode area with trench height of the ridge waveguide. (b)

Variation of the confinement loss with trench height of the ridge waveguide.

Nonlinearity of a ridge waveguide is another parameter that is taken into consideration while
observing slow light in the medium. To get an enhanced SBS based slow light effect, it is
necessary to have high non-linearity in the medium. For chalcogenide, this value is found to
be 2.4x10"Y m?W when the input signal wavelength ‘A’ is 1.56 pm []. For single mode
operation at core half width of 3 pm, nonlinearity comes out to be 11.56 m™*W-. Variation of
nonlinear parameter with the core width is shown in fig. 5.5. It can be seen that nonlinearity

decreases with increase in core half width.
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Fig 5.5: Variation of nonlinearity with half width of ridge waveguide

The effective length of 10 cm long waveguide is calculated and it comes out to be 9.9 cm.
Taking these values of Lessr and Aefr for single-mode operation and considering the optical
properties of As>Ses, we have calculated maximum and minimum power. We get Pmax = 396
mw and Pmin= 0.3 mW. In our simulation, we have taken the pump power (Pp) as 390 mW to
avoid distorted output for SBS based slow light operation. Here we observed that there is
reduction in the max pump power requirement in this design. The value of polarization factor

K is taken to be 0.667 as taken in the previous design.

Finally, the time-delay in output pulse is calculated. We have achieved a maximum delay
of ~249 ns for a waveguide of length 10 cm and input power of 390 mW. The time-delay is
varied for different values of P, ranging from 0.5 to 390 mW. The linearly increasing
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variation time delay with pump power is shown in Fig. 5.6(a). At higher input powers, the
optical field substantially contribute to the phonon population. This simulated effect is the
reason for linear increase of time-delay with pump power. Similarly, variation of the time-
delay with Brillouin gain and with length of the waveguide is shown in Fig 5.6(b) and 5.6(c),
respectively. The time-delay linearly increases with maximum delay reaching to 249 ns at 90
dB. The maximum time-delay of 493 ns is achieved for 20 cm long waveguide. Thus we can
get the required time-delay by tuning the pump power, Brillouin gain and length of the

waveguide.
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Fig 5.6: Time delay as a function of (a) pump power. (b) Brillouin gain. (c) length of the ridge

waveguide.

The theoretical gain (Gw) and figure of merit of the waveguide is also calculated to check
the suitability of the waveguide for slow-light operation. We obtained the theoretical gain of

0.229 and FOM equal to 815.9 for the proposed structure.
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CHAPTER 6

Conclusion and Future Scope

6.1. Conclusion

In this project, we have designed and analysed an As>Ses based chalcogenide rib waveguide
for tunable slow-light generation based on stimulated Brillouin scattering. To obtain the high
nonlinearity, effective mode area of the rib waveguide has been controlled by varying the
structural parameters of the waveguide. For the single mode operation, effective mode area of
17.10 pm? has been calculated. We have shown the variation of time delay with respect to
input pump power and Brillouin gain. The maximum delay of ~251 ns has been calculated for
10 cm long waveguide at the input pump power of 800 mW. The stimulated results indicate
that, in comparison to the previously reported work, much larger time delay has been
achieved by changing the structural parameters and using higher nonlinear material.

Later we have proposed a modified ridge waveguide design to lower the input pump
power requirements. For this waveguide design, we have obtained the effective-mode-area of
8.42 um? and confinement loss as low as 4x10* dB/m for optimum single-mode operation.
The max pump power required for SBS based slow light effect has been reduced to 390 mW.
The time-delay up to ~249 ns has been achieved for this waveguide of length 10 cm. The
variation of time delay with pump power, Brillouin gain and length of the proposed
waveguide has been observed. . Finally we obtained a theoretical gain equal to 0.229 and
FOM of the waveguide to be 816. The simulated results indicate that the slow-light can be
obtained with tunable features by tuning the time-delay of the output pulse with pump power
and other structural parameters of the waveguide. Thus it can be concluded that with high
gain and FOM, the proposed ridge waveguide is suitable for SBS based slow-light

applications with tunable features.

6.2. Future Scope

Stimulated Brillouin scattering based slow light effect has potential applications in compact
slow light based photonic devices. A slow-light device is required to have a large and tunable
slowdown factor, low loss, low power consumption, room temperature operation and
compact device size. Focus needs to be done in improving each of these parameters.
Increasing the non-linearity and delay of the slow light waveguide helps in realization of

compact slow light devices. Integration of these structures with other photonic devices can

41



RW-GSL | 2014-16

eventually make the concepts of “slow-light engineering” and “chip-scale optical or quantum
information processing” viable. Lots of improvement is needed in increasing the effective
mode area of the fundamental mode for highly non-linear applications. Lowering of pump
power requirement and enhancing nonlinearity can help in realization of all-optical devices

using SBS based slow-light.

42



RW-GSL | 2014-16

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

References
C. Schiller. (2007, Nov.) Motion mountain - The Adventure of Physics. 21st ed.
[Online]. Available: http://www.motionmountain.net [Accessed: Nov. 7, 2009].
Lord Rayleigh, “On Progressive Waves," Proc. London Math. Soc., vol. 9, no. 1, pp.
21-26, 1877.
J. B. Khurgin and R. S. Tucker, Eds., “Slow Light: Science and Applications (Optical
Science and Engineering),” 1st ed. CRC Press, 2008.
P. W. Milonni, Fast Light, Slow Light and Left-Handed Light (Series in Optics and
Optoelectronics). New York: Taylor & Francis Group, 2005.
L. Brillouin, Wave Propagation And Group Velocity. New York: Academic Press,
1960.
L.V. Hau, S.E. Harris, Z. Dutton, and C.H. Behroozi. Light speed reduction to 17
metres per second in an ultracold atomic gas. Nature, 397:594-598, 1999.
A. B. Matsko, O. Kocharovskaya, Y. Rostovtsev, G. R.Welch, A. S. Zibrov, and M. O.
Scully, “Slow, ultraslow, stored and frozen light,” Advances in Atomic, Molecular, and
Optical Physics, vol. 46, pp. 191-242, 2001.
R. Y. Chiao and P. W. Milonni, “Fast light, slow light,” Opt. Photon. News, vol. 13, pp.
26-30, 2002.
Special Issue of IEEE J. Sel. Top. Quantum Electron., vol. 9, no. 1, 2003.
S. Chu and S.Wong, “Linear pulse propagation in an absorbing medium,” Phys. Rev.
Lett., vol. 48, p. 738, 1981.
A. M. Steinberg, P. G. Kwiat, and R. Y. Chiao, “Dispersion cancellation in a
measurement of the single-photon propagation velocity in glass,” Phys. Rev.Lett., vol.
68, p. 2421, 1992.
A. M. Steinberg and R. Y. Chiao, “Subfemtosecond determination of transmission
delay times for a dielectric mirror (photonic band gap) as a function of the angle of
incidence,” Phys. Rev. A, vol. 51, p. 3525, 1995.
C. Spielmann, R. Szipocs, A. Stingl, and F. Krausz, “Tunneling of optical pulses
through photonic band gaps,” Phys. Rev. Lett., vol. 73, p. 2308, 1994.
L. V. Hau, S. E. Harris, S. E. Dutton, and C. H. Behroozi, “Light speed reduction to 17
metres per second in an ultracold atomic gas,” Nature, vol. 397, pp. 594-598, 1999.

43



RW-GSL | 2014-16

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

D. Budker, D. F. Kimball, S. M. Rochester, and V. V. Yashchuk, “Nonlinear magneto-
optics and reduced group velocity of light in atomic vapor with slow ground state
relaxation,” Phys. Rev. Lett., vol. 83, pp. 1767—70, 1999.

M. M. Kash, V. A. Sautenkov, A. S. Zibrov, L. Hollberg, G. R. Welch, M. D. Lukin,
Y. Rostovtsev, E. S. Fry, and M. O. Scully, “Ultraslow group velocity 165 and
enhanced nonlinear optical effects in a coherently driven hot atomic gas,” Phys. Rev.
Lett., vol. 82, no. 26, pp. 5229-5232, 1999.

L. Thévenaz. Slow and fast light in optical fibres. Nature Photonics, 2(8):474-481,
2008.

R.W. Boyd and D.J. Gauthier. “Controlling the velocity of light pulses.” Science,
326(5956):1074-1077, 20009.

D.J. Gauthier, A.L. Gaeta, and R.W. Boyd. “Slow Light: From Basics to Future
Prospects - How can the speed of light be reduced a millionfold, and why does this
matter? The answers to these questions are intriguing and important.” Photonics
Spectra, 40(3):44-51, 2006.

M. S. Bigelow, N. N. Lepeshkin, and R. W. Boyd, “Observation of ultra slow light
propagation in a ruby crystal at room temperature,” Phys. Rev. Lett., vol. 90, p. 113903,
2003.

L. J. Wang, A. Kuzmich, and A. Dogariu, “Gain-assisted superluminal light
propagation,” Nature, vol. 406, p. 277, 2000.

A. Dogariu, A. Kuzmich, and L. J. Wang, “Transparent anomalous dispersion and
superluminal light-pulse propagation at a negative group velocity,” Phys. Rev. A, vol.
63, p. 053806, 2001.

D.R. Smith and N. Kroll. “Negative refractive index in left-handed materials.” Physical
Review Letters, 85(14):2933, 2000.

T. Schneider, D. Hannover and M. Junker, “Investigation of Brillouin scattering in
optical fibers for the generation of millimeter waves”, J. Lightw. Tech. 24, 295- 304,
2006.

V. Shiryaev and M. Churbanov, “Trends and prospects for development of
chalcogenide fibers for mid-infrared transmission”, J. Non-Cryst. Solids 377, 225 —
230, 2013.

B. J. Eggleton, B. L. Davies, and K. Richardson, “Chalcogenide photonics”, Nature
Photon. 5, 141 — 148, 2011.

44



RW-GSL | 2014-16

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]
[38]

[39]

[40]

T. S. Saini, A. Kumar, and R. K. Sinha, “Broadband mid-infrared supercontinuum
spectra spanning 2 — 15 um using As2Se3 chalcogenide glass triangular-core graded-
index photonic crystal fiber”, J. Lightwave Technol. 33(18), 3914 — 3920, 2015.

K. S. Abedin, “Observation of strong stimulated Brillouin scattering in single-mode
AsSes chalcogenide fiber”, Opt. Exp. 13, 10266-10271, 2005.

K. S. Abedin, “Stimulated Brillouin scattering in single-mode tellurite glass fiber”,
Opt. Exp., 14(24), 11766-11772, 2006.

K.Y. Song, K. S. Abedin, K. Hotate, M.G. Herraez, L. Thevenaz, “Highly efficient
brillouin slow and fast light using As>Ses chalcogenide fiber”, Opt. Exp. 14, 5860-5865,
2006.

K. S. Abedin, G. W. Lu and T. Miyazaki, “Slow light generation in single mode Er-
doped tellurite fiber”, Electron. Lett. 44(1), 16-U21, 2008.

T. S. Saini, A. Kumar, R. K. Sinha, “Slow light generation in single mode tellurite
fibers,” J. Modern Optics. 62(7), 508 — 513, 2015.

S. Yang, H. Chen, C. Qiu, M. Chen, M. Chen, S. Xie, J. Li and W. Chen, “Slow-light
delay enhancement in small core pure silica photonic crystal fiber based on Brillouin
scattering”, Opt. Lett. 33, 95-97, 2008.

R. K. Sinha, A. Kumar, T. S. Saini, “Analysis and Design of Single-Mode As>Ses-
Chalcogenide Photonic Crystal Fiber for Generation of Slow Light with Tunable
Features” |EEE Journal of Selected Topics in Quantum Electronics 22(2), 2016
4900706.

R. Pant, A. Byrnes, C. G. Poulton, E. Li, D. Y. Choi, S. Madden, B. L. Davies, and B.
J. Eggleton, “Photonic-chip-based tunable slow and fast light via stimulated Brillouin
scattering”, Opt. Lett. 37(5), 969-971, 2012.

R. L. Smith, “The velocities of light," Am. J. Phys., vol. 38, no. 8, pp. 978-984, 1970.
S. C. Bloch, “Eighth velocity of light," Am. J. Phys., vol. 45, no. 6, pp. 538-549, 1977.
M. S. Bigelow, “Ultra-slow and superluminal light propagation in solids at room
temperature,” Ph.D. dissertation, University of Rochester, Rochester, USA, 2004.

T. Schneider, “Nonlinear Optics in Telecommunications (Advanced Texts in Physics).”
Berlin, Heidelberg: Springer-Verlag, 2004.

R. S. Tucker, J. Baliga, R. Ayre, K. Hinton, and W. V. Sorin, “Energy consumption in
IP networks,” in 34th European Conference on Optical Communication (ECOC) 2008.
Brussels, Belgium: IEEE, Sept. 2008, paper Tu.3.A.2.

45



RW-GSL | 2014-16

[41]

[42]
[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

J. Baliga, R. Ayre, K. Hinton, W. Sorin, and R. Tucker, “Energy consumption in optical
IP networks," J. Lightw. Technol., vol. 27, no. 13, pp. 2391-2403, 2009.

J. T. Mok and B. J. Eggleton, “Expect more delays”, Nature, 433, 811-812, 2005.

M. Santagiustina, G. Eisenstein, L. Thevenaz, J. Capmany, J. Mork, J.P. Reithmaier, A.
D. Rossi, S. Sales, K. Yvind, S. Combrie and J. Bourderionnet, “Slow light devices and
their applications to microwaves and photonics”, IEEE Photon. Soc. Newsletter, 5-12,
2012.

S. Rawal, R. K. Sinha and R. M. De La Rue, “Silicon-on-insulator photonic crystal
miniature devices with slow light enhanced third-order nonlinearities”, J. Nanophoton.
6, 063504, 2012.

R. W. Boyd, Nonlinear Optics, “Academic Press, Burlington”, MA, USA, third ed.
2008.

R. D. L. KRONIG, “On the theory of dispersion of x-rays"”, J. Opt. Soc. Am. 12, 547-
556 ,1926.

M. S. Bigelow, N. N. Lepeshkin, and R. W. Boyd, “Observation of ultra slow light
propagation in a ruby crystal at room temperature,” Phys. Rev. Lett. 90,113903, 2003.
S. E. Harris and L. V. Hau, “Nonlinear optics at low light levels,” Phys. Rev. Lett. 82,
4611-4614, 1999.

D. Dahan and G. Eisenstien, “Tunable all optical delay via slow and fast light
propagation in a Raman assisted fiber optical parametric amplifier: a route to all optical
buffering”, Opt. Exp. 13, 6234-6248, 2005.

J. Sharping, Y. Okawachi and A. Gaeta, “Wide bandwidth slow light using a Raman
fiber amplifier, Opt. Exp.13”, 6092-6098, 2005.

E. P. Ippen and R. H. Stolen, “Stimulated Brillouin scattering in optical fibers,” Appl.
Phys. Lett. 21, 539-540, 1972.

A. Kobyakov, M. Sauer, and D. Chowdhury, “Stimulated Brillouin scattering in optical
fibers,” Adv. Opt. Photon. 2, 1-59, 2010.

B. Corcoran, C. Monat, C. Grillet, D. J. Moss, B. J. Eggleton, T. P. White, L.
O'Faolain, and T. F. Krauss, "Green light emission in silicon through slow-light
enhanced third-harmonic generation in photonic-crystal waveguides,” Nature Photon. 3,
206-210, 20009.

46



RW-GSL | 2014-16

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

S. Nishikawa, S. Lan, N. Ikeda, Y. Sugimoto, H. Ishikawa, and K. Asakawa, "Optical
characterization of photonic crystal delay lines based on one-dimensional coupled
defects,"” Opt. Lett. 27, 2079-2081, 2002.

M. Notomi, E. Kuramochi, and T. Tanabe, "Large-scale arrays of ultrahigh-Q coupled
nanocavities," Nature Photon. 2, 741-747, 2008.

J. Mork, R. Kjaer, M. van der Poel, and K. Yvind, “Slow light in a semiconductor
waveguide at gigahertz frequencies,” Opt. Express 13, 8136-8145, 2005.

A. Willner, B. Zhang, L. Zhang, L. Yan, and 1. Fazal, “Optical signal processing using
tunable delay elements based on slow light,” IEEE J. Sel. Topics Quantum Electron. 14,
691-705, 2008.

J.R. Lowell and E.Parra, H.J. Coufal, Z.U.Hasan, and A.E.Craig, “Applications of slow
light: A DARPA perspective,” in Advanced Optical and Quantum Memories and
Computing I, Eds., Proc. SPIE 5735, 80-86, 2005.

T. F. Krauss, “Why do we need slow light?" Nature Photonics, vol. 2, no. 8, pp. 448-
450, 2008.

J. B. Khurgin and R. S. Tucker, Eds., “Slow Light: Science and Applications (Optical
Science and Engineering)”, 1st ed. CRC Press, 2008.

E. Mateo, F. Yaman, and G. Li, “Control of four-wave mixing phase-matching
condition using the Brillouin slow-light effect in fibers", Opt. Lett., vol. 33, no. 5, pp.
488-490, 2008.

M. Soljaci¢, S. G. Johnson, S. Fan, M. Ibanescu, E. Ippen, and J. D. Joannopou-los,
“Photonic-crystal slow-light enhancement of nonlinear phase sensitivity,” J. Opt. Soc.
Amer. B 19, 2052-2059, 2002.

Z.Shi, R.W.Boyd, D.J.Gautheir, and C.C.Dudley, “Enhancing the spectral sensitivity of
interferometers using slow-light media,” Phy. Rev. Lett. 99, 240-801, 2007.

G.S.Pati, M.Salit, K.Salit, and M.S.Shahriar, “Demonstration of a tunable-bandwidth
white-light interferometer using anomalous dispersion in atomic vapor,” prl 99, 133-
601, 2007.

G.S.Pati, M.Salit, K.Salit, and M.S.Shahriar, “Demonstration of a tunable
displacement-measurement-sensitivity using variable group index in a ring resonator,”
oc 281, 4931-4935, 2008.

47



RW-GSL | 2014-16

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

M.S. Shahriar, G.S.Pati, R.Tripathi, V.Gopal, M.Messall, and K.Salit, “Ultra
enhancement in absolute and relative sensing rotation sensing using fast and slow light”
Phy. Rev A 75, 053-807, 2007.

Z. Shi, R.W. Boyd, R.M. Camacho, P.K. Vudyasetu, and J.C Howell, “Slow-light
Fourier transform interferometer,” Phy. Rev. Lett. 99, 240-801, 2007.

S. P. Singh and N. Singh, “Nonlinear effects in optical fibers: origin, management and
applications”, Progress In Electromagnetics Research, PIER 73, 249-275, 2007.

T. Baba, “Slow light in photonic crystals”, Nature Photon. 2, 465-473, 2008.

K. Y. Song, M. Gonzalez Herraez, and L. Thevenaz, “Observation of pulse delaying
and advancement in optical fibers using stimulated Brillouin scattering”, Opt. Exp. 13,
82-88, 2005.

L. Y. Ren and Y. Tomita, “Transient and nonlinear analysis of slow-light pulse
propagation in an optical fiber via stimulated Brillouin scattering”, J. Opt. Soc. Am. B
26, 1281-1288, 20009.

G. P. Agrawal, “Nonlinear Fiber Optics”, V ed. San Diego, CA: Academic, 355-388,
2013.

M. O. Van, Deventer and A. J. Boot, “Polarization properties of stimulated Brillouin
scattering in single-mode fibers”, J. Lightw. Tech. 12(4), 585-590, 1994.

G. M. Gehring, R. W. Boyd, A. L. Gaeta, D. J. Gauthier, A. E. Willner, “Fiber-based
slow-light technologies™, J. Lightwave Technol. 26(23), 3752 — 3762, 2008.

G. Qin, H. Sotobayashi, M. Tsuchiya, A. Mori, T. Suzuki and Y. Ohishi, “Stimulated
Brillouin scattering in a single mode tellurite fiber for amplification, lasing and slow
light generation™, J. Lightw. Tech. 26, 492-498, 2008.

Miller, S. “Integrated optics: An introduction”. Bell Syst. Tech. J., 48, 20-59, 19609.
Stawomir Sujecki, “Photonics modelling and design”, CRC press, 55-90, 2015.

Franck Chollet, Devices Based on Co-Integrated MEMS Actuators and
OpticalWaveguide: A Review, Micromachines, 7, 18; doi:10.3390/mi7020018, 2016.
N.S. Kapany, J.J.Burke, “Optical waveguides”, Academic press, 1972.

Souren P. Pogossian, Lili Vowescan, and Adrian Vonsovici, “The Single-Mode
Condition for Semiconductor Rib Waveguides with Large Cross Section,” journal of
lightwave technology, vol. 16, no. 10, October 1998.

Mattew N.O. Sadiku, “Numerical Techniques in Electromagnetics”, 2nd ed., 2001.

48



RW-GSL | 2014-16

[82] K. Ogusu, H. Li and M. Kitao, “Brillouin-gain coefficients of chalcogenide glasses”, J.
Opt. Soc. Am. B 21, 1302-1304, 2004.

[83] B.M.A. Rehman, “Finite element analysis of optical waveguides,” Progress in
electromagnetics research, PIER, 10, 187-216, 1995.

[84] N. Mabaya, P.E. Lagasse, P.Vandenbulcke, “Finite element analysis waveguides of
optical waveguides”, IEEE Transactions on microwave theory and techniques, Vol.
Mtt-29, No. 6, June 1981.

49



