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Abstract

All-optical devices have attracted many research interests due to their ultimately low
heat dissipation compared to conventional devices based on electric-optical conver-
sion. With recent advances in nonlinear optics, it is now possible to design the optical
properties of a medium via all-optical nonlinear effects in a table-top device or even
on a chip.

In this thesis, I realize all-optical control of the optical group velocity using the
nonlinear process of stimulated Brillouin scattering (SBS) in optical fibers. The SBS-
based techniques generally require very low pump power and offer a wide transparent
window and a large tunable range. Moreover, my invention of the arbitrary SBS res-
onance tailoring technique enables engineering of the optical properties to optimize
desired function performance, which has made the SBS techniques particularly widely
adapted for various applications.

I demonstrate theoretically and experimentally how the all-optical control of group
velocity is achieved using SBS in optical fibers. Particularly, I demonstrate that the fre-
quency dependence of the wavevector experienced by the signal beam can be tailored
using multi-line and broadband pump beams in the SBS process. Based on the theo-
retical framework, I engineer the spectral profile to achieve two different application
goals: a uniform low group velocity (slow light) within a broadband spectrum, and
a group velocity with a linear dependence on the frequency detuning (group velocity

dispersion or GVD).
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In the broadband SBS slow light experiment, I develop a novel noise current mod-
ulation method that arbitrarily tailors the spectrum of a diode laser. Applying this
method, I obtain a 5-GHz broadband SBS gain with optimized flat-topped profile, in
comparison to the ~ 40 MHz natural linewidth of the SBS resonance. Based on the
broadband SBS resonance, I build a 5-GHz optical buffer and use this optical buffer to
delay a return-to-zero data sequence of rate 2.5 GHz (pulse width 200 ps). The fast
noise modulation method significantly stabilizes the SBS gain and improves the signal
fidelity. I obtain a tunable delay up to one pulse-width with a peak signal-to-noise
ratio of 7. I also find that SBS slow light performance can be improved by avoiding
competing nonlinear effects. A gain-bandwidth product of 344 dB-GHz is obtained in
our system with a highly-nonlinear optical fiber.

Besides the slow light applications, I realize that group velocity dispersion is also
optically controlled via the SBS process. In the very recent GVD experiment, I use a
dual-line SBS resonance and obtain a tunable GVD parameter of 7.5 ns?/m, which is
10° times larger than the value found in a single-mode fiber. The large GVD system
is used to disperse an optical pulse with a pulse width of 28 ns, which is beyond
the capability for current dispersion techniques working in the picosecond and sub
picosecond region. The SBS-based all-optical control of GVD is also widely tunable
and can be applied to any wavelength within the transparent window of the optical
fiber. I expect many future extensions following this work on the SBS-based all-optical
GVD control using the readily developed SBS tailoring techniques.

Finally, I extend the basic theory of backwards SBS to describe the forward SBS
observed in a highly nonlinear fiber, where asymmetric forward SBS resonances are
observed at the gigahertz range. An especially large gain coefficient of 34.7 W™ is ob-
served at the resonance frequency of 933.8 MHz. This is due to good overlap between
the optical wave and the high order guided radial acoustic wave. The interplay from
the competing process known as the Kerr effect is also accounted for in the theory.
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1

Overview

1.1 Motivation: Slow light and design of the optical properties of ma-
terials

Slow light has become a highly researched topic since the discovery of a dramatic re-
duction of the group velocity in 1999 [1]. The group velocity, which refers to the speed
at which a light pulse travels in the medium, was reduced to 17 m/s, and later com-
pletely stopped [2] in nonlinear optical materials. This interesting optical phenomena
is generated by optically induced nonlinear optical resonances, which modify the com-
plex susceptibility of the material dramatically at the vicinities of the resonances. By
using different kinds of resonances, the group velocity can be dramatically changed in
different ways. In fact, the group velocity can be made very small, known as “slow
light,” or very large (larger than the speed of light in vacuum), known as “fast light,”
or even negative [3-6]. The unprecedent small and large values of group velocities
have attracted a lot of research interests. For example, there has been a lot of research
on the fundamental physics of the information speed in fast light materials, which is
verified to be non-superluminal, thus does not violate casuality [7].

Moreover, the control of group velocity in fast and slow light experiments has al-



lowed the design of optical properties of materials via nonlinear optical interactions.
While initial slow/fast light experiments control the group velocity via natural non-
linear optical resonances, advanced techniques, starting from broadband slow light,
have been developed to artificially engineer the profile and resonant frequency of the
optical resonances. Using advanced techniques that tailor arbitrarily nonlinear optical
resonances and that I developed, it is now possible to modify the optical properties of
materials with a high degree of control, designing the resonance wavelength, band-
width and wavevector profiles at will. As a result, I am able to design functional op-
tical material with properties that optimize function performance [8, 9]. In addition,
this technique has been extended to general optical property design beyond fast/slow
light. As one example, I have successfully made the group velocity linearly dependent
on the frequency, resulting in a huge group velocity dispersion 10° times larger than
that in normal optical fiber [10].

Optical control of the optical properties of medium is important also due to its
implications for all-optical computation [4, 11]. The manipulation of an optical pulse
using another light beam enables interesting all-optical applications, such as all-optical
switching [12], all-optical buffer [13] and all-optical storage [2, 14]. Traditionally, op-
tical signals transferred through the telecommunication channels need to be converted
into electronic signals and then processed by electronic devices. After the processing,
the electronic signals are converted back into optical pulses to be sent through opti-
cal channels again. Heat dissipation from the conversion procedure is considered as
the ultimate limit of processing speed [15]. All optical devices solve this problem by
eliminating the need for optical-electric-optical conversion, and thus are expected to
greatly enhance the speed.

The control of the group velocity was first demonstrated in atomic gases [1], but
the technique has only become popular and widely applicable after the recent demon-
stration of slow and fast light in optical fiber via simulated Brillouin scattering (SBS),

2



in which our group is a major contributor [8, 9, 16-18]. Compared to the atomic
gas system, optical fiber based SBS slow light system enjoys a much simpler table-top
configuration. It is also much more flexible in terms of resonant frequency, which
is tunable over the whole transparent range of the optical fiber, while the resonance
frequencies of the atomic resonances are usually fixed. The incoherent nature of the
SBS resonance is also key to the development of the arbitrary SBS tailoring technique.
Using this technique, we are able to realize bandwidths up to tens of gigahertz, a
bandwidth that is compatible with the data rates of modern optical communication
channels. As mentioned before, the technique I developed also enables arbitrarily re-
shaping of the profiles of SBS resonance, extending the fast/slow light techniques into
general optical property design.

In this thesis, I present my contributions in the recent development of group veloc-
ity control using SBS in optical fibers. This is still a rapidly emerging field, and many

of the techniques and applications I present in the thesis are still in progress.

1.2 Background

1.2.1 Stimulated Brillouin scattering in optical fiber

Brillouin scattering is a nonlinear opto-acoustic coupling process in which an incident
pump beam is scattered by propagating acoustic vibrations in a nonlinear material,
most commonly an optical fiber. The scattered optical beam acquires a frequency shift
characterized by the Brillouin frequency, 25, in the material. From a quantum mechan-
ical standpoint, the photons in the counter-propagating optical beams are coupled to
the excitation quanta of phonons in the medium. In an optical fiber, where light waves
and acoustic vibrations are tightly confined, a self-reinforced process occurs between
the optical and acoustic waves, giving rise to the stimulated Brillouin scattering (SBS)

process. In this process, the interference beat between the two optical waves stimu-



lates acoustic vibrations, and the acoustic waves in turn scatters light wave from the
higher frequency beam into the lower frequency beam, thereby reinforcing the optical
interference beat. The SBS process can be very efficient in optical fibers even at low
power levels (~ mW), giving rise to strong gain and/or absorption resonances.

SBS was first reported by Chiao et al. since 1964 [19, 20] and has been extensively
studied even since [20, 21]. SBS is the dominant nonlinear scattering process in an
optical fiber [22] and plays a limiting role in passive optical fiber transmission chan-
nels. SBS detracts a large amount of power from the input beam into the backward
direction, and thus limits the maximum amount of power that can be transmitted over
a fiber [22, 23]. On the other hand, SBS is useful when utilized in active applications
such as fiber-based Brillouin amplifiers and lasers.

In this thesis, I intentionally utilize the SBS process to modify the refractive index
and group velocity in the optical fiber. Techniques based on SBS in optical fibers
benefit from the low power requirement, tunable resonant frequency, wide range of
transparent window, inexpensive setup and room-temperature operation, all of which
makes all-optical fast and slow light applications easy and accessible, leading to a

boom of research interest in this field [4].
1.2.2 Group index and slow light

The propagation of a light wave in optical materials is characterized by the refractive

index n, defined as

n=—, (1.1

c
VP
where c is the speed of light in vacuum and v, is the phase velocity of light wave in
the material. As a result of phase retard of the reemitted waves from the atoms of

the material, the overall phase propagation of the light wave is slightly delayed. For

common materials, such as air, water and silica, the refractive index value usually falls



into the range of 1 < n < 3 at visible and infrared wavelength ranges. For example,
diamond has a large refractive index of 2.46.

However, the phase velocity cannot accurately describe the propagation of the in-
tensity profile of a temporally-varying optical wave. To characterize the propagation

of an optical pulse in materials, I refer to the group index n,, defined as
n,=—, (1.2)

where v, is the group velocity of the light wave in the material. The group index is

obtained by

dn
ng=n+co£, (13)

where w is the frequency of the light wave.

Usually, refractive index has little dependence on the frequency of the light wave,
and therefore the value of group index is similar to that of the refractive index, i.e
n~n,.

In 1999, however, Professor Hau’s group has successfully reduced group velocity
of a light wave to 17 m/s in atomic gases, corresponding to a group index of 1.7 x 10’
(Fig. 1.1). Such a dramatic reduction of group velocity is known as the slow light.
The extremely small group velocities are found at the vicinity of an optical resonance,
where large dispersion occurs in a narrow spectral region. We see from Eq. (1.3) that
a large normal dispersive term dn/d w results in a small v,.

Slow light with remarkably low group velocity is a promising solution for spa-
tial compression of optical energy and the enhancement of linear and nonlinear op-
tical effects. The continuously tunable delay lines also provide great opportunities
in optical telecommunication for data buffering, synchronization and jitter correction
[13, 14, 24], as well as in interferometry for scanning a reference arm without mov-

ing parts [25-27] and slow light radar [28]. As a result, achieving slow light in a
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FIGURE 1.1: Slowlight in atomic gases.

wide variety of material systems using different physical mechanisms is a topic of in-
tensive study [1, 29, 30]. Among various slow light approaches, stimulated-Brillouin-
scattering-based slow light in single-mode optical fibers has attracted much interest
since 2006, when our group and Professor Thévenaz’s group demonstrated the idea of
broadband SBS [5, 31]. Because of the optically controllable delay time and tunabil-
ity of the bandwidth [31, 32], stimulated Brillouin scattering (SBS) slow light devices
demonstrate great potential for all-optical applications and many research works have

followed in recent years [2, 3, 8, 9, 16, 18, 33].
1.2.3 Optical buffer

A direct application of slow light is the optical buffer. Buffering refers to the temporal
storage of information by the delay of signal flow (see Fig. 1.2). It is a fundamental
function in the telecommunication and data processing systems [13, 34]. While ordi-
nary buffers delay electronic signals, an optical buffer is a device that delays optical
pulses. By bypassing the step of converting optical signals to the electrical ones, as
needed for conventional buffering, optical buffers offer the potential for faster optical
communications. Recently, research interest in slow-light has boosted the develop-
ment of all-optical slow-light based optical buffers [4, 9, 13]. Large optical pulse
delay has been observed in several slow-light experiments [1, 29, 30].
Among various slow-light buffering approaches, SBS-based slow-light optical buffers

provide optically tunable resonance wavelength and delay time, which has been shown
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Ficure 1.2: An optical buffer delays the propagation of optical pulse sequences. T; is
the delay time of the optical buffer

to benefit applications such as optical packet switches and data synchronization [13,
24].

In SBS slow light devices, the bandwidth is determined by the linewidth of the SBS
resonance. The intrinsic linewidth, I'y, of the resonance in a normal single-mode fiber
is ~40 MHz (FWHM), which is determined by the decay rate of acoustic phonons in
the optical fiber [35]. The data rate in such a system is limited to ~I'p, insufficient
for modern optical communication applications with GHz data rates. To solve this
problem, broadband SBS slow light has been developed, in which the linewidth of the
SBS resonance is broadened using a multi-frequency laser source as the pump beam
[33, 36-38]. Specifically, a multi-channel SBS slowlight system has been demon-
strated by passing an incoherent pump laser source through a spectral-slicing filter
[33].

Professor Gonzalez-Herraez et al. and our group first demonstrated broadband
SBS by tailoring the pump spectrum in 2006 [31] and 2007 [16]. Using the well-
known Brillouin spectrum broadening technique by direct current modulation of a
semiconductor pump laser [39], Gonzalez-Herraez increased the SBS bandwidth to

~325 MHz [31]. Since then, a number of research groups have successfully broadened

7



the bandwidth of the SBS slow light, making it much larger than the intrinsic linewidth
of SBS resonance [9, 16, 40]. Broadband SBS slow-light has been demonstrated with
bandwidths up to tens of GHz [8, 18, 41], a data rate compatible with modern optical
communication systems.

Applying the arbitrary tailoring technique I developed to the broadband optical
buffer, I find improvement of delay and reduced distortion under pump power con-
straints [18, 42]. Fractional delays as large as three have been demonstrated recently

[18].
1.2.4 Competing effects

In broadband SBS slow light applications, performance of the device can be degraded
due to competing optical nonlinear effects. These nonlinear effects are enhanced by
the large pump power required to generate the broadband SBS resonance. Amplified
spontaneous Brillouin scattering has been discussed as an intrinsic limitation on SBS
in many previous works [43-45]. Other competing effects such as stimulated Raman
scattering [39], Rayleigh backscattering [46]. Recently, I also find that modulation
instability caused by Kerr nonlinearity [8] also degrades slow light performance in
broadband SBS systems.

The competing processes affect the SBS slow light in two ways.

e Depletion of the pump power. Competing effects can transfer power in the pump
beam into non-optical forms, counter-propagating directions, or into other fre-
quency ranges. The depletion of the pump power reduces the attainable SBS

gain and thus limits the slow light delay.

e Generation of noisy beams that mix with the signal. Some of the competing ef-
fects generate beams that co-propagate with the signal beam. Because these gen-

erated beams are initiated from amplification of thermal and quantum noises,
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Ficure 1.3: An input transform-limited optical pulse broadens temporally and devel-
ops a linear frequency chirp as it propagates through a material with group velocity
dispersion parameter f3,
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they are noisy in nature and reduce the signal-to-noise ratio for the slow light

operation.

A good SBS-based device needs to eliminate and/or suppress the completing effects

to optimize its performance.
1.2.5 Group velocity dispersion

Group velocity dispersion (GVD) refers to the linear dependence of group velocity
on frequency. Upon propagation in a GVD material, different frequency components
travel at different group velocities, and are relocated to different temporal positions. A
transform limited optical pulse with a short temporal duration (thus a broad spectrum)
will get broadened propagating in a GVD material, as shown in Fig. 1.3. In addition,
the spectrum of the optical wave is displayed in the temporal domain. GVD material
is widely used in various applications such as short pulse manipulation [47, 48], tem-
poral domain Fourier optics [49, 50] and quantum information processing [51-53].
Breakthrough research over the past decade has demonstrated unprecedented control
over the frequency-dependent refractive index of optical materials. For example, it is
now possible to obtain negative values of the refractive index using metamaterials [6]

and extremely large or negative values of the group index using laser-induced mate-
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rial resonances or photonic crystals [4]. In contrast, engineering the group velocity
dispersion (GVD) is limited to the domain of broadband, ultra-fast light pulses [54].
Yet, emerging applications, such as quantum key distribution [49, 50], quantum [51]
and classical [48, 52, 55] information processing, and temporal cloaking [56], require
or can benefit from large GVD that can disperse longer duration pulses. I demonstrate
giant values of the GVD parameter 3, are obtained by arranging the SBS resonances

and placing the amplifying resonance next to an absorbing resonance.
1.2.6 Forward SBS

Besides the commonly used backwards SBS, the unconventional SBS in the forward
direction has attracted research interest in recent years. Forward spontaneous Bril-
louin scattering (FSBS) in optical fibers was first discussed by Shelby et al. [57] in
a process known as guided acoustic-wave Brillouin scattering (GAWBS). Since then,
GAWBS has been extensively explored in fibers with different core dimensions and po-
larization properties [58-61]. The FSBS process between two non-degenerate optical
modes was first characterized by Russell et al. [62], where the frequency shift was of-
the-order-of 17 MHz. More recently, highly efficient FSBS at gigahertz frequencies has
been demonstrated by Kang et al. [63] using a small-core (diameter 2 yum) photonic
crystal fiber (PCF) coupling to the torsional and radial modes. Current researches on
FSBS at gigahertz frequencies suggest that the process may be used in a wide variety
of photonic applications, such as frequency comb generation, active phase modula-
tion, optical frequency conversion, and high-frequency mode locking of fiber lasers

[58, 59, 64].

1.3 Outline

The rest of the thesis is organized as follows. In Ch. 2, I present the theory of SBS in

an optical fiber. In this chapter, I derive the effective wavevector K, which represents
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FiGure 1.4: Slow light performance using periodic modulation method in HNLE Av-
eraged output signal profiles at pump power P, = 350 mW for a single pulse (black
solid line), together with the undelayed pulse profile at P, = 0 mW (red dashed line)
in HNLE A delay of 160 ps is shown at this pump power.

the modified optical properties of the optical fiber under the modulation of the SBS
resonance. The refractive index and group velocity are obtained from the real part of
the wavevector K. Particularly, I derive the SBS resonance with multiple pump lines
and broadband pump beams. This is the theoretical framework for the SBS resonance
tailoring and optimization technique.

In Ch. 3, I present the theory for the broadband slow light using a rectangular-
shaped SBS gain profile. I describe my experiment where I generate and optimize
such a flat-topped gain profile using periodic current modulation of the diode pump
laser source. I experimentally demonstrate a delay for an optical pulse of 200-ps width
(shown in Fig. 1.4). The delay time is in good agreement with the prediction of model.

In Chapter 4, I introduce my arbitrary SBS tailoring technique using noise current
modulation. I apply the novel technique into the optimization of a broadband SBS
optical buffer. The experiment I performed shows significant improvement compared
to previous methods in that the arbitrarily tailored resonance yields much more stable
output signals. The data fidelity measurements of the broadband optical buffer show
that this method profoundly reduces SBS gain fluctuations and improves signal data

fidelity, while maintaining the delay performance. A preview of the eye diagram for
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Ficure 1.5: Eye diagrams of delayed and amplified data sequences for (a) slow and (b)
fast modulation waveforms at P, = 350 mW in HNLE The arrows in the figure show
the EO for each case. A 50% increase of EO is demonstrated in the fast modulation
method.

the fast and slow modulation method is shown in Fig. 1.5, where the improvement of
data eye-opening is significant.

In Chapter 5, I introduce common competing processes and analyze their effect
on the broadband SBS slow light system. Particularly, I discover that pump depletion
occurs as a result of the modulation instability (MI) in a LEAF fiber and quantify the
limitation on delay-bandwidth product in the experiment. To my knowledge, this is
the first analysis of the modulation instability in SBS experiments. The results show
that MI is suppressed in a normal dispersive optical fibers in the SBS fast/slow light
experiments. The criterion is useful in future design of fiber based SBS applications.

In Ch. 6, I extend the arbitrary SBS resonance tailoring technique into general opti-
cal property design beyond slow/fast light. Instead of designing a resonance to obtain
a large group velocity, I obtain an SBS modified material with an unprecedent large
group velocity dispersion. The recent experiment on the exceptionally large group
velocity utilizes a dual-lined SBS resonance in an optical fiber. The GVD parameter,
fB,, is 10° times larger than that in silica fibers without the SBS resonance. This is
the first demonstration of using SBS to optically control the group velocity dispersion.

The large GVD in this experiment greatly enlarges the range of dispersion values that
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we can obtain, enables dispersive techniques for optical pulses in the nanosecond (ns)
region. Similar to the invention of slow light using SBS in optical fiber, this work is
expected to greatly reduce the complexity of experimental setup and thus makes GVD
control widely applicable, even in previously unconsidered temporal scales.

In Ch. 7, I reconsider the fundamental aspects of the SBS process and describe the
observation of the forward stimulated Brillouin scattering in a highly nonlinear optical
fiber. In this process, co-propagating optical beams are coupled to the radial guided
modes of acoustic vibration in the optical fiber. The strong coupling between the
guided radial acoustic wave and the optical wave in a single mode fiber was previously
considered unlikely. I prove both theoretically and experimentally that the strong
FSBS resonances in the application-favorable gigahertz range do exist. The findings
significantly lower the cost and increase the accessability for the FSBS applications.
The many different modes of guided acoustic vibrations in a cylindrical waveguide
give rise to multiple FSBS resonance peaks with different resonant frequencies. I
calculate the coupling strength for these multiple resonances. Additionally, interplay
with Kerr effect is accounted for in our theoretical model and experiment.

Finally, in Ch. 8, I summarize the main results and suggest future work directions.
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2

Theory of stimulated Brillouin scattering in
optical fiber

This chapter covers the theoretical framework for stimulated Brillouin scattering (SBS)
in an optical fiber. I will first review nonlinear optical processes in an optical fiber, in-
cluding a number of competing nonlinear effects other than SBS that will become
relevant in the following chapters. I will then present the theory of acoustic-optical
coupling in an optical fiber and derive the solution for a stimulated Brillouin scatter-
ing resonance pumped by a monochromatic laser beam. The presence of SBS change
dramatically the effective refractive index profile as experienced by the signal beam.
Furthermore, by tailoring the SBS resonance profile with multiple-line or distributed
broadband pump beam, the optical properties of the SBS resonance can be controlled
and optimized for specific applications. The theoretic framework laid out in this sec-

tion is used throughout the rest of the thesis.

14



Cladding 125 pum

FiGURE 2.1: structure of a highly nonlinear optical fiber

2.1 Nonlinear optical processes in an optical fiber

2.1.1 Optical fiber

Optical fiber is the most widely used optical waveguide in the modern world [19,
65, 66]. An optical fiber is a transparent waveguide typically made of high quality
extruded glass (silica). It is composed of the large cladding and a small core area
(see Fig. (2.1)), where the refractive index is slightly larger than that in the cladding
material. The refractive index difference causes internal total reflection that confines
light tightly in the core of the fiber. Power in the light wave is thereby confined inside
the transparent fiber and is transmitted over large distances with minimum loss [19,
65]. Particularly, in a single mode fiber, the optical field is only allowed in one mode
called the HE;; mode [65], which is a nearly azimuthally symmetric radial profile
concentrated in the core area.

Apart from its important role of passive optical signal transmission in fiber-optic
communications [66], optical fiber is also a very popular and important waveguide for
the study of active nonlinear optical processes [19, 66]. Nonlinear optical phenomena

are usually enhanced in optical fiber due to the tight confinement of the optical wave
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that dramatically increases the light intensity for a given power, and also due to the
propagation distances that enables long interaction length. For example, a typical
highly nonlinear optical fiber confines the light field to a mode area of ~ 10 um?
through a distance of several km, while the length of a nonlinear crystal is typically
on the order of a few millimeters and the focal light field area is ~ 100 um?. As a

result, nonlinear effects can be evident at much lower power levels inside an optical

fiber [19].
2.1.2 Nonlinear susceptibility

The response of an optical fiber to a light wave is mostly linear and fast, i.e, the
polarization P(t) of the material is proportional to the amplitude of the input light
field E(t) by [67, 68]

P(t) = eox E(D), @2.1)

where €, is the permittivity of vacuum, and y is the linear susceptibility. While E and
P are vectors in general, I simplify the description by limiting E and P in one of the
two orthogonal polarization modes inside the optical fiber [65]. This polarization is
called the linear polarization PX. The time-varying material polarization P(t) is the
source for generating new optical fields.

However, with high intensity light waves confined in the small core area of an
optical fiber, the fiber response P deviates from the simple linear relation. In this case,
the polarization P contains both linear and nonlinear parts, P = P + PN [68].

Nonlinear optical processes are treated by expanding the polarization to include
higher-order contributions [19]. In doing that, we assume that the response of the
polarization P to the higher-order terms of light field E is important, but small enough

so that the nonlinear response can be treated as a perturbation. In this case, the
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polarization is expanded as
P(t) = eo( 1 E(t) + 1:E()* + 2:E(t)* +..), (2.2)

where the nonlinear susceptibilities y, and y; are called the second and third-order

susceptibility, respectively. Here, the nonlinear polarization PNt = y,E(t)?+ y,E(t)3+

Usually, the second-order nonlinearity is the leading nonlinear term. However,
only materials with asymmetric orientations (such as noncentrosymmetric crystals)
are capable of demonstrating a second-order susceptibility [68]. Optical fibers made
of amorphous silica have zero second-order susceptibility and hence the leading-order
nonlinearity is proportional to third-order susceptibility (y5), giving rise to the optical
Kerr effect and third-harmonic generation, for example [19].

In the Kerr effect, an intense optical wave modulates the refractive index of the
material and induces light scattering from the refractive index variations. For example,
in a four-wave-mixing process, two intense pump waves modulate the refractive index
of the optical fiber and create a moving refractive index grating at the beat frequency
of the two pump beams. A weak beam input into the waveguide scatters off the
grating, and is converted into light beams with new frequencies up or down shifted by
the frequency difference of the two pump beams. This kind of process is known as the
parametric processes because the final status of the material is unchanged; thus only
"parametricly" involved in the light scattering process

The optical Kerr effect gives rise to processes such as self phase modulation, cross
phase modulation, four-wave mixing and the modulation instability. These effects are
readily observable in optical fibers and I will discuss them as competing processes in
Chs. 3 and 7.

Apart from parametric Kerr effects, nonlinear light scattering takes place when the

final state is different from the initial state. This type of nonlinear process alters the
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states of the optical fiber and induces inelastic light scattering that couples light field
with the internal states of the fiber material. It is called nonlinear light scattering,

including [68]

e Raman scattering, interaction of light with the vibrational modes of the molecules

in optical fiber, or optical phonons,

e Brillouin scattering, interaction of light with the propagating pressure/density

wave, or acoustic phonons,
e Rayleigh scattering, interaction of light with static density distribution

A full description of the nonlinear light scattering processes thus involves both op-
tical and vibrational waves in the optical fiber and an optical-acoustic coupling theory

is required.

2.2 Stimulated Brillouin scattering

2.2.1 Overall interpretation

Brillouin scattering is light wave scattering from a propagating sound wave in optical
fiber [19, 68]. In typical Brillouin scattering processes, the light wave and sound waves
are coupled via electrostriction and the density-induced refractive index changes in
the optical fiber medium. (A less common type of Brillouin scattering is caused by
absorption of light that induces temperature changes and hence density changes.) On
one hand, a strong optical field induces material density variations via electrostriction,
which makes the material more dense in areas with high optical intensity. On the
other hand, density variations change the refractive index of the material, which in
turn act as optical gratings that scatters light wave into the down-shifted (Stokes) and
up-shifted (anti-Stokes) frequencies. When there is only one external beam applied,

the sound wave and the scattered light field are generated from noise (thermal noise
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FIGURE 2.2: Geometry of the SBS processes. Two counter-propagating beams (sig-
nal beam frequency w; and pump beam frequency w,) are coupled to the longitude
acoustic wave (frequency Qj).

and/or quantum noise) [45, 68, 69], and such a process is called spontaneous Brillouin
scattering.

When there is an additional external seeding signal beam, a resonant stimulated
Brillouin scattering (SBS) process can occur [19, 68] in both the backward direction
(Fig. 2.2) and the forward direction (to be discussed in Ch. 7). Stimulated Brillouin
Scattering takes place when a signal beam of frequency w, and a strong pump beam of
frequency w,, are coupled to an acoustic wave in an optical fiber [68]. The interaction
between the three fields leads to strong coupling when the frequency difference of
the light waves matches the frequency of the acoustic excitation (Brillouin frequency
Qg) in the medium. When the frequencies are matched, the beating from the interfer-
ence of the two optical waves produces a propagating density wave in the fiber. This
acoustic wave then in turn acts as a refractive index grating that scatters the higher-
frequency beam into the lower-frequency beam, inducing an amplification/absortion
of the signal beam. When the signal beam is on the lower-frequency side, i.e, the
Stokes side, the amplification of the Stokes beam increases the intensity of the beat sig-
nal between the optical waves and thus reinforces the sound wave. The self-enhanced
feedback results in an exponential increase of the signal beam, efficiently transferring

optical power into the signal beam until depletion of the pump beam sets in.
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FiGURE 2.3: Energy and phase matching conditions for the backward SBS. The solid
curve is the optical dispersion relation. The green and red arrows denote the optical
beams, and the blue arrow denotes the acoustic wave.

2.2.2 Energy and phase matching conditions and Brillouin frequency Qg

We can obtain the value of Brillouin frequency Q5 through simple energy and phase
matching conditions. In order to obtain a strong coupling, the frequency and wavevec-
tor of the beating between the optical fields must match that of the acoustic wave. The

energy and phase matching conditions are given by [19]
N=w,—w,
(2.3)
q=k, — ks
respectively, where Q is the frequency of the acoustic wave, k,, k; and q are the
wavevectors of the optical beams and the acoustic wave. Note that a negative sign
of wavevector is assumed when it counter-propagates with the pump beam. Figure
2.3 shows the energy and phase matching conditions for the backward SBS process.
The phase matching conditions cannot be fulfilled for arbitrary w, and w, due to

constraints on the dispersion relationship for optical and acoustic waves. In the case
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of backward SBS, these dispersion relationships are given by [19]

k| =nw;/c, (j=s,p)
(2.4)
q=20/v,
where c is the speed of light in vacuum, n is the refractive index of the optical fiber

and v is the speed of sound in the material. Combining Eq. (2.3) and Eq. (2.4), energy

and phase matching are achieved when

2y

C/nwp _ 2y
Q= T+ :QBmc/—na), q=2nw/c, (2.5)
c/n

where w = w, ~ w,. Note that the approximation is valid because v < c¢/n in an

optical fiber.
2.2.3 Acoustic-optical coupling in optical fiber

To describe the acoustic-optical coupling between optical field E(t) and material den-
sity variation p(t) in full detail, we refer to the coupling equation between P and E
derived from the Maxwell equations, given by [19, 68]

n*0*E 1 o*pMt

V2E - — = , 2.6
c2 dt?  €,c? Ot? (2.6)

and the acoustic wave equation [68]

2

2°p 0 —
2z AT V=V f, 2.7

where I' is a damping parameter. The driving source is the divergence of the force per

[—Y
unit volume f = Vp,,, where p,, is the pressure. In the case of electrostriction, p;, is

determined by the optical field E given by [68]

1 —
Ps¢ = _EGOYeEZJ (28)
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where 7y, is the electrostriction constant and E? represents the averaged value of E>
over time.
On the other hand, the nonlinear polarization PN! in Eq. (2.6) is determined by

the density variation p, given by
P"' = e,6 xE = €4p, '1.PE, (2.9)

where p, is the background material density.
Using the density variation expression and inserting into the nonlinear polarization
equation, we obtain the coupling equations that describe the evolution of the optical

and acoustic fields, which are given by

n? 02E v, 0%(pE)
’E— — = = 2.1
c2 ot? c2p, Ot? (2.10)
2%p ) el 1 —
— - I'—)V?p = —=€,7.V*(E? 2.11
Jt2 (v + at) P 5 €oYe (E?), ( )

The optical and acoustic fields can be solved from these equations with boundary
conditions. I next solve for the backward SBS resonances using the coupled equations.

More discussions on forward SBS is given in Ch. 7.
2.2.4 Single-lined SBS resonance

Now consider the case for a monochromatic pump beam E, and counter-propagating
monochromatic probe beam E;, coupling with a single-frequency acoustic wave p (fre-
quency Q = w, — wg,wavevector q), as shown in Fig. 2.5.

The optical field E is given by
E(z,t)=E, + E, =A,e/ e +h?) 4 A elot™ka) e e (2.12)
and the acoustic field given in term of the material density variation p is given by

p(z,t) = po+ [pe ¥ 4 ¢ c]. (2.13)
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Inserting the expression of E into Eq. (2.8), and only keeping the beat term with the

correct frequency 2, the source term on the right side of Eq. (2.7) is thus given by

- 2 i(gz—0
V- f =ey.q [Aijel(qZ_ 94c.c.]. (2.14)
Inserting Eqgs. (2.13) and (2.14) into the acoustic wave equation (2.7), we obtain

p

%)
3: +(Q% - Q* —iQly)p — 2iqv2—p = €07 .4 AA! (2.15)

—2i0 s
0z s

where the acoustic amplitude is assumed to be slowly varying, I'; = ¢°I" is the Brillouin
linewidth, the inverse of the phonon lifetime.

This equation is greatly simplified when the propagation of phonons is ignored. In
conventional optical fibers, the damping of acoustic phonons are indeed very strong

and acoustic vibrations only affect optical fields locally [19]. Therefore it is legitimate
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to drop terms with dp/dz. Furthermore, considering the steady-state situation by

dropping term with d p/dt as well, the acoustic field is obtained that

AA
N 2.16
02 — 02— QT (2.16)

p(z,t)=e€y.q*

We further use the slowly-varying assumption for the optical amplitude, i.e, the
envelope of the optical wave A, and A vary slowly in time and space compared to a
period or wavelength. Inserting Eq. (2.16) into the right side of Eq. (2.10), we obtain

coupled equations for the amplitudes of the optical beams

aAp naAp i“IA 517
%z "o T 28 (2.17)
0A, N n oA, _ i - (2.18)
dz ¢ ot ng $? )

where the beam intensity is defined as I; = 2ne,nc|A;|* (i =s, p) and

—iwg?y? 1

2.19
2n%cp, Q2 — Q% —iQly (2.19)

g=

is the SBS complex gain factor with g, = y?w?/nvc®p,I'y. The expression is simplified

to
~ 8o
= 2.20
71 2isw/T, (2.20)
when the detuning, 6w = —w; + w, — Qp, is much smaller than the bandwidth I';.

A similar derivation is also applied to the anti-Stokes SBS at the detuning 6 w = w, —

w, — Q. In this case

&o

—_— 2.21
1-2i6w/Ty (2.21)

g =
In the case where the pump beam is strong with little power transferred to the
signal beam, I, is considered as a constant. This is called the non-depleted pump

assumption. The solution to Eq. (2.17) is given by
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A (z) = A (0)eHor8h/2)2, (2.22)

where k, = nw/c is the back ground wavevector. We can define the SBS wavevector
K =ky—igI,/2 so that

A (2) =A,(0)e™, (2.23)

where it is straightforward to see that the optical properties of the waveguide expe-
rienced by the probe beam is modified as a result of the SBS process. The physics

interpretation of the SBS wavevector K will be discussed in detail in Section 2.3.
2.2.5 Coupled intensity equations

Note that the coupled equations Eq. (2.17) contains no explicit phase term. We can
therefore separate the phase and intensity evolution. Most of the time, the intensity
is the quantity being measured in the experiment and we can obtain the evolution of
intensity alone. Substitute amplitude with intensity in Eq. (2.17), assuming slowly-

varying quantities, the intensity coupled equations are given by

dr,
dI,
E = ngIS, (225)

where g is the real part of the SBS gain factor g given by

1
1+ (26w/T,)2

g2=28o (2.26)

Using the assumption of an undepleted pump beam, the intensity of the pump

beam is considered constant and the solution for the probe beam is given by
I.(z) = 1,(0)eC, (2.27)
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where G = gl,z is the SBS intensity gain. This is a gain resonance with a Lorentzian
profile, bandwidth of the resonance is I'g, which is full width at half maxima (FWHM).
A probe Stokes beam injected at one end of the fiber will experience exponential in-
tensity growth as it propagates through the waveguide, shown in Fig. 2.4(a).

The derivation is also valid for an anti-Stokes probe beam, if we flip w; with w,. In
this case, the probe beam will experience exponential decay as it propagates through
the waveguide

I(z) = I,(0)eC, (2.28)

where G = —gI,z. The probe beam is attenuated as it propagates through the fiber,
shown in Fig. 2.4(b).

The intensity equations given by Eq. (2.24) and the real gain coefficient g are
usually used to describe SBS processes where only the optical intensity is of interest.
However, as discussed later in the thesis, it is sometimes also important to look into
the phase evolution of the probe beam. It is therefore desired to use the amplitude
evolution equations given by Eq. (2.17) and the SBS wavevector K with both real and

imagery part for a full description of the SBS process.
2.2.6 SBS with multiple-line and distributed broadband pump beam

Now consider pump beams with more than one frequency components in the back-
ward SBS process. Let’s first consider two pump beams with frequency w,; and w,,
coupled to a counter-propagating probe beam w, at the Stokes frequency, accord-
ing to Eq. (2.16). The interaction gives rise to density variations with frequencies
2, = w,; — w; and Q, = w,, — w,, which are generated due to beating between the
pump and probe beams. However, since the two pump beams are propagating in the
same direction, the fast propagating beat signal between the two pump beams does
not match the phase for the acoustic wave, and thereby does not contribute to the SBS
process. Note this is not true for the forward SBS case, as discussed in Ch. 7. The
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amplitude evolution equation of the probe beam is therefore given by

0A, nodA, i_ i
—=. T o g7 = ghlnAt S &l (2.29)
where
§="12 21‘(9;%— oy, ) = b (2.30)
The solution to Eq. (2.29) is
A (2) = A;(0)etortEilp+ealpa)z (2.31)

This conclusion is easily extended to the situation of N pump beams with discrete

different frequency w,;, w,, - w,y, Where

pl> ®p2°

A (z) = A,(0)eFom 2] &l (2.32)

The SBS wavevector is given by K = k, — izy(gjlpj).

We further extend this result to a broadband pump beam with continuous fre-
quency distribution I, = f tp(w,)dw,. In this case, the summation is substituted by
an integral

A,(z) = A (0)e!ko~ig®h) (2.33)

where ® is the convolution operator. The SBS wavevector is given by K = kg —ig ®t,,.
This allows us to engineer the SBS wavevector K by tailoring the spectrum of the
pump beam. We will see this technique applied to SBS-based broadband slow light

and group velocity dispersion in Chs. 3 and 4 and Ch. 5, respectively.

2.3 Physics interpretation of the SBS wavevector K
2.3.1 Imaginary and real part of wavevector K

The expression for the probe beam E(z) given by Eq. (2.23) shows that we can inter-

pret the effect of SBS as a change of optical properties experienced by the probe beam.
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The result is a modified wavevector K, given by

—igyl /2
K =ky+ Solp/

— 2.3
071 -2i6w/Ty (2.34)

To study the optical properties of the SBS modified materials, we first separate the

real and the imagery part of the wavevector as
K =ko+ k" —ik'

gl, 25w/l —i (2.35)

=k
0ot 1+(25w/r3)2+1+(25w/r3)2]

The imaginary part k' = gI,/2 is responsible for the intensity gain and/or absorption,
as discussed in Sec. 2.2.5. It has a Lorentzian profile with resonance full-width at
half-maxima I';. The SBS intensity gain G is obtained by G = gI,,L. The profile of G
for a single-lined SBS is shown in Fig 2.5(a).

The real part k” modifies the refractive index of the optical fiber and is responsible
for phase modulation of the probe beam. The modified refractive index n is given by
n=1+k"/k,. The profile of n for a single-lined SBS is shown in Fig. 2.5(b).

The real and imaginary parts of the SBS wavevector K are interdependent on each
other by the Kramers-Kronig relations [68]. As a result, the associated SBS refractive
index and SBS gain profiles are also interdependent. While we make use of one part
of K for desired optical functions, we should not forget to consider and minimize the
side effect coming from the other part of K. A good engineering design of an SBS
optical material must consider the optimization of both the real and imaginary parts

of K.
2.3.2 Group velocity and group velocity dispersion

In the following chapters, I will discuss two interesting SBS materials. One has very

large group refractive index and demonstrate slow light effect, while the other has
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FIGURE 2.5: SBS resonance for a monochromatic pump laser in an optical fiber. Taken
from Fig. 1 in [4]. (a) SBS gain G, (b) refractive index n and (c) group index ng
as functions of the frequency in SBS Stokes and anti-Stokes resonances. The spectral
location of the pump beam is also shown.

very large group velocity dispersion. The concepts of group index and group velocity
dispersion come from expanding the wavevector in term in a Taylor series about the

central signal frequency w, [19]:

1
K(e) = o+ Br(eos — o) + 5 fale; — w4+, (2.36)
where
d’p .
Bi= —lo-wp—0r (1=10,1,2...). (2.37)
dw;

For materials that are essentially transparent so that K is pure real, the parameters

f3; is the inverse of group velocity v, and is related to the group index n, by

1 n
/51 =- ===
Vg c
(2.38)
1 dn
=-(n+w-—).
c dw

The profile of the group index for a single-lined SBS resonance is seen in Fig. 2.5(c).
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Similarly, the parameter f3,, is the group velocity dispersion (GVD) parameter. It
represents the dispersion of the group velocity. The parameter f3; is called the 3rd
order dispersion parameter and so on.

The parameters 3; and 3, have important physical meanings. f3; determines the
group velocity at which the envelope of an optical pulse propagates. By manipulating
B, through the SBS process, group velocities can be made very small, and hence the
effect of slow-light can be obtained, to be discussed in Chs. 5 and 6. On the other
hand, 8, determines the group velocity dispersion, which broadens an optical pulse
by relocating its frequency components linearly in the temporal domain. Similarly, by
tailoring the SBS resonance, I can obtain very large f3,, resulting in large chirping of
optical pulses, to be discussed in Ch. 5. The theoretic framework provided in this
chapter lays foundations for the pursuit of extreme optical properties enabled by the

SBS modified materials.
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3

Broadband SBS slow light

From this chapter onward I move into the application of SBS in optical fibers. I use
SBS resonances to modulate the refractive index of the optical fiber that enables appli-
cations such as