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ABSTRACT

Study of White Light Cavity Effect via Stimulated Brillouin Scattering Induced Fast
Light in a Fiber Ring Resonator. (August 2009)
Ho Nam Yum, B.S., Yonsei University, Republic of Korea;
M.S., Texas A&M University

Chair of Advisory Committee: Dr. Philip Hemmer

Techniques to control dispersion in a medium have attracted much attention due
to potential applications to devices such as ring laser gyroscopes, interferometric
gravitational wave detectors, data buffers, phased array radars and quantum information
processors. Of particular interest is an optical resonator containing a medium with an
anomalous dispersion corresponding to fast-light, which behaves as a White Light
Cavity (WLC). A WLC can be tailored to improve the sensitivity of sensing devices as
well as to realize an optical data buffering system that overcomes the delay-bandwidth
product of a conventional cavity.

This dissertation describes techniques to tailor the dispersion for fast-light in
intracavity media. We present first a demonstration of fast-light in a photorefractive
crystal. When placed inside a cavity, such a medium could be used to enhance the
bandwidth of a gravitational wave detector. We then describe how a superluminal laser
can be realized by adding anomalously dispersive medium inside a ring laser. We

identify theoretical conditions under which the sensitivity of the resonance frequency to



iv

a change in the cavity length is enhanced by as much as seven orders of magnitude. This
paves the way for realizing a fast-light enhanced ring laser gyroscope, for example. This
is followed by the development of a novel data buffering system which employs two
WLC systems in series. In this system, a data pulse can be delayed an arbitrary amount
of time, without significant distortion. The delay time is independent of the data
bandwidth, and is limited only by the attenuation experienced by the data pulse as it
bounces between two high-reflectivity mirrors. Such a device would represent a
significant breakthrough in overcoming the delay-time bandwidth product limitation
inherent in conventional data buffers.

We then describe our experimental effort to create a fiber-based WLC by using
stimulated Brillouin scattering (SBS). Experimental results, in agreement with our
theoretical model presented here, show that the WLC effect is small under the conditions
supported by current fiber optic technology. We conclude that future efforts to induce a
large WLC effect would require fibers with high Brillouin coefficient and low
transmission loss, as well as optical elements with very low insertion loss and high

power damage thresholds.
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CHAPTER I

INTRODUCTION

Fast-light and slow-light have been of significant interest to scientific community
for the last decade. A number of experimental demonstrations have been reported based
on electromagnetically induced transparency (EIT) in cold atomic vapor [1], [2] or solid
[3], stimulated Raman scattering in hot atomic vapor [4] two wave mixing in
photorefractive crystal [5] and stimulated Brillouin scattering(SBS) in fibers [6], [7].
Significant research activities in these fields are still ongoing due to numerous potential
applications such as optical buffers, optical variable delay lines, optical memories,
quantum information processing, gravitational wave detection, and super-sensitive
rotation sensing.

The study presented in this dissertation is about finding the method to create
slow- and fast-light effect inside optical cavities for the application to gravitational wave
detection, data buffering system, and rotation sensing. In order to see how these
applications emerge and the related issued, it is important first to review the basic
concepts of dispersion and fast- and slow-light, the White light cavity (WLC) effect.

If light propagates in a material with refractive index n, its wavelength is given
by A/n, where A is the wavelength in vacuum. In general, the refractive index varies with
the frequency of light, a process known as dispersion. In some materials, it can be large
as well as artificially controlled by applying external optical beams. Under certain

conditions, dispersion can have significant effects on optical pulses made up of many

This dissertation follows the style and format of IEEE Transactions on Antennas and Propagation.



frequency components. Each individual frequency component feels a different refractive
index and thus experiences a different phase shift. The peak of the pulse coincides with
the point where all constituent waves meet in phase. The point where the in-phase
condition occurs can move faster (in a fast-light medium) or slower (in a slow-light
medium) than it would in free space. As such, the optical pulse is seen to propagate in
such a medium faster or slower than the speed of light in free space, corresponding to so-
called superluminal (fast-light) or subliminal (slow-light) propagation, respectively. In
the case of fast-light argument, one might worry about violating Special Relativity.
However, since information is encoded in the leading edge of a pulse, corresponding to a
bandwidth that always exceeds the bandwidth of any dispersion, information cannot be
sent faster than the free space speed of light, so that there is no violation of Special
Relativity.

The presence of a fast-light medium can modify the behavior of an optical cavity
very significantly. Consider an optical cavity consisting of two high reflectivity partial
mirrors. If the length corresponds to an integer times the wavelength of light, the cavity
is said to be on resonance, and any light incident on it will transmit fully. Now, consider
the same cavity filled with a fast-light medium. The index variation can be tailored in a
way so that a large range of frequencies would have the same wavelength. If this
wavelength fulfills the resonance condition, the cavity will resonate over the whole
frequency range. At resonance, the light intensity builds up in the cavity. In general, the
build-up factor is inversely proportional to the cavity linewidth, both being due to the

finite losses and mirror transmittance. In the presence of the fast-light medium, the



cavity linewidth becomes broader, while the buildup factor remains unchanged. In other
words, the cavity lifetime remains the same as before, since the losses and the mirror
transitivity remain unchanged. This phenomenon is called the ‘White Light Cavity’
(WLC) effect. The system described here is called a passive WLC. In contrast, an active
WLC is a cavity with similar properties, but contains an active gain material as well.

The dissertation is organized as follows. In chapter 1I, we demonstrate
superluminal and subluminal pulse propagation using a photorefractive crystal. We use
bi-frequency pumps to produce the anomalous dispersion. Fast-light in such a medium
can be used to enhance the bandwidth of a gravitational wave interferometer without
reducing its sensitivity.

In chapter III, we theoretically investigate fast-light in a laser cavity, i.e. an
active WLC. We use a narrowband depletion embedded in broadband gain to produce
the necessary dispersion for the fast-light. The broadband gain is provided by the active
gain medium. For the application to gyroscope, the resonance property of the cavity is
discussed. The active WLC exhibits high sensitivity to cavity length change such that it
provides the prospect to realize a super-sensitive optical gyroscope.

In chapter IV and V, we propose a data buffering system using a pair of passive
WLCs. The probe pulse corresponds to a data pulse. In the basic model, a Fabry-Perot
(FP) cavity is used to realize each WLC. Numerical simulation indicates that the data
pulse is delayed by thousands times the pulse duration, for a given choice of parameters.
Other choices would lead to even longer storage time. The proposed buffering system

exceeds the delay time-bandwidth product constraint encountered in a conventional data



buffer. Next, we describe the design of a buffering system based on fiber ring resonators.
The SBS process can be used to control the dispersion [6]~[9] in a fiber resonator. As
such, the fiber itself can become the fast-light medium. For the data buffer, two fiber
resonators are connected in series. The pump beams are inserted into the resonators to
turn them into passive WLCs. As in the FP based system, the delay time can be
controlled independently of the bandwidth of the data pulses. Furthermore, we describe
how the bandwidth of the system can be extended to be as large as several times the
Brillouin frequency shift of nearly 10 GHz in a typical fiber.

In chapters VI and VII, we investigate the parameter constraints in realizing a
passive WLC in fiber resonators. First, we measure the Brillouin characteristics of a
conventional silica fiber. We describe the construction of a fiber resonator and the
experimental demonstration of a passive WLC. In the experiment, the amount of
linewidth broadening (i.e., WLC effect) observed is rather small, in agreement with the
theoretical model Numerical analysis indicates that, using the current approach, a fiber
with a high Brillouin coefficient and a low transmission loss, as well as fiber
components with high damage thresholds are required to induce large WLC effect in
fiber resonators. However, current fiber fabrication techniques do not yet yield such a
fiber. For future works, we propose an alternative experimental setup to realize an

efficient WLC under conditions which current fiber technology can support.



CHAPTER 11

FAST LIGHT DEMONSTRATION IN A PHOTOREFRACTIVE CRYSTAL

A. Pulse propagation and group velocity

Scientists have discovered that a pulse can propagate extremely slower or faster
than the speed of light in vacuum [1], [2], [4], [10]. To explain this observation, it is
crucial to understand the nonperiodic wave and the group velocity.

Fig. 2.1 displays that the addition of two sine waves with different frequencies
produce the beating output wave. The amplitude of the resultant wave becomes zero
when two waves are completely out-of-phase. It gives maximum value as the two waves

return in-phase. This phenomenon occurs periodically and it is called beating.

Out of phase  In phase

X
Fig. 2.1. Superposition of two sine waves sin(3x) (green) and sin(4x) (red) produces the

beating (blue).



Let us extend this concept to a pulse made up of multiple frequencies. Fig.
2.2(a)~(e) illustrate how the localized pulse is generated [11]. As adding more frequency
components, the separation between the neighboring beats increases. Note that a carrier
frequency is equal to the average frequency of the harmonic components. If one adds
more harmonics symmetrically around @y, the beats (envelopes for the carrier wave)
separate more without changing the carrier frequency. Fig. 2.2(e) illustrates the
amplitude of the perfectly localized pulse. If the spectrum of the sinusoidal harmonics is
continuous, the sinusoids are in-phase in the localized region and out-of phase
everywhere except over such a localized region. A single solitary pulse remains i.e. the
pulse is localized. The amplitudes of the harmonics are enveloped with the Gaussian
spectrum centered at @y and thus the addition of the harmonics generates the Gaussian
enveloped pulse in time domain.

(a) e

(b)

(c)

(@)

© « .
Fig. 2.2. 1* column shows the frequency spectra. The beats in time domain are displayed

in the 2™ column.



Here, let us next consider that the pulse propagates inside the medium [12]. The
harmonic components are added up in phase at the peak of the pulse. Define the phases
of the waves ¢ =n(®)®mz/c —ot, where ® is the angular frequency of each wave, n(®) is
refractive index of the medium, c is speed of light in vacuum. Assuming that the pulse
propagates without distortion, all harmonics are in-phase at the peak of the pulse. Note
the propagation distance of z corresponds to the position where the pulse peak is present.
As such, the harmonics are in-phase for all values of ® thereby ¢ being constant with

respect to ®. It can be mathematically expressed as

dnoz nl@z  _q ;. 90 _ @2.1)
do c c do

Using this equation, we express z in terms of time t. Defining the group velocity vy, it
leads to z=v,t. Note that v, tells where the peak of the pulse is located after time t.
From Eq.(2.1), the group velocity is given by

vo=— 2.2)

dn
no + (Ddi
()]

where ng is the mean index of the material. We define the denominator

n, =n,+ o(dn/dw) as a group index. In a non-dispersive material system, i.e.
dn/dw=0, the group velocity corresponds to the phase velocity of a monochromatic

wave. We are interested in the pulse propagation inside the dispersive media. The pulse

propagates in normal dispersion medium dn/d® >0 slower than c, i.e. ve<c or in



negative dispersion medium dn/dw<0 greater than c, i.e. ve>c. In next sections, we

demonstrate pulse propagation in the dispersive medium.

B. Motivation for fast light in photorefractive crystal

In a so called fast-light medium, the dispersion is anomalous over a limited
bandwidth. In such a medium, the group velocity for a pulse made up of frequency
components within this bandwidth can be greater than the free space velocity of light.
Scientists have been exploring a range of applications for such a medium [13]~[19].
These include enhancement of the sensitivity-bandwidth product of a LIGO-type
gravitational wave detector, optical data buffering with a delay far exceeding the limit
imposed by the delay-bandwidth product of a conventional cavity, a zero-area Sagnac
ring laser gravitational wave detector with augmented strain sensitivity, and a super-
sensitive ring laser gyroscope.

These applications are all based on so-called the White Light Cavity (WLC). A
WLC is a cavity which resonates over a broader range of frequencies than ordinary
empty cavities of equal length and finesse without a reduction in the cavity lifetime. As
such, it can circumvent the tradeoff between the resonance bandwidth and the field
build-up factor that ordinary cavities entail. A WLC also has the property that if the
cavity length is moved away from the condition for empty cavity resonance, the
frequency offset needed to restore the resonance is much larger than that for a
conventional cavity, thus making it a more sensitive displacement and rotation sensor

than an empty cavity can be.



A variety of approaches have been proposed and studied for realizing a white
light cavity experimentally [20]~[22]. For example we have previously demonstrated
one approach that uses a dispersive vapor medium within the cavity [15]. Specifically,
the anomalous dispersion was produced by a rubidium vapor with bi-frequency pumped
Raman gain. WLC operating at the wavelength of the Rb-transition, however, is not
suitable for many of the applications listed above. For example, in order to apply the
WLC concept for enhancing the bandwidth-sensitivity product of a LIGO-like
gravitational wave detector, it is necessary to realize a WLC that operates at 1064 nm.

In this chapter, we show that the two wave mixing between pump and probe
pulses in a photorefractive crystal creates a double gain profile similar to that of the bi-
frequency pumped Raman gain in rubidium we have used previously, with the
corresponding anomalous dispersion. We demonstrate superluminal propagation of
pulses in such a medium. The anomalous dispersion produced in this way can also be
employed to realize a WLC. The experiment reported here used a green laser at 532 nm,
with a photorefractive crystal that has a relative slow (~seconds) response time.
However, the technique demonstrated here is generic enough so that it can be employed
with other photorefractive crystals as well. For example, a crystal of SPS [5], [23] is
sensitive at 1064 nm, and has a much faster (~msec) response time. An extension of this
technique to the SPS crystal at 1064nm could thus be used to make a WLC for
enhancing the sensitivity-bandwidth product of a LIGO-type gravitational wave detector

as mentioned above.
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C. Gain doublet in photorefractive crystal

The gain doublet and corresponding anomalous dispersion are the product of
non-degenerate two-wave mixing and angular multiplexing in a photorefractive crystal.
Here, we summarize briefly the physical model used to study this process. A space
charge field is generated by the interference of two strong pump beams with a weak
probe, so that the refraction index is modulated by the electro-optic effect. The probe is
coupled with the pump beams due to these refractive index gratings [24]. Assuming that
the intensity of each pump is much higher than that of the probe, in undepleted pumps
approximation the phase and intensity coupling coefficients can be written as functions

of the angular frequencies of the pumps and the probe [25]:

L, = Z%{ d } (2.32)

2.2
e 1+ (0, — @) T,
d(o, — 0T,

r,=Y (2.3b)
"SR 2 1+ (o, -0y’

where I'i, and Iy, are the intensity and phase coupling coefficients respectively. I;

depends on the incident angle between the jth pump and the probe [26]. T; is the rise time
of the space charge field induced by the pumps, and d is the effective interaction length.
®, and m,; are the angular frequencies of the probe and the i™ pump respectively. The
intensity gain and the phase shift of the probe are determined by these coefficients. For
our experiment, the 1* and o pump beams are up-shifted and down-shifted respectively

by Aw from the source frequency of @y, so that @p=0p+ A®, Wy =0y—A®. This creates
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two gain lines separated by 2A®, and a region of anomalous dispersion occurs between

them. The probe is pulsed, with a Gaussian spectrum centered around ®,. The group
velocity of the Gaussian pulse can be expressed as v, = c/ (n, + cxafph / 0w) [12]. If the

carrier frequency of the probe pulse is placed in the middle of the anomalous dispersion
region and the pulse bandwidth is smaller than the negative dispersion bandwidth, the
group velocity in the photorefractive medium can become larger than ¢, or may even

become negative. It is instructive to view these parameters graphically. We consider the

probe pulse to be of the form exp(—t>/t2). We choose the pump intensities to be equal
so that I, =T,=I, and 1, =1,=1, . For illustration, we consider I;)d=6 ,
Ty =1.1sec, and t, =0.6sec . Fig. 2.3(a) shows the normalized intensity and phase

coupling coefficients (I'in, I'pn), and the Fourier Transform (S) of the probe as functions
of w—my, for Aw=0. Here the two gains overlap exactly and behave like a single gain
line. The dispersion around the probe carrier frequency in this case is normal, and the v,

of the probe becomes smaller than ¢. The width of the gain here is close toT,, . In Figs.

2.3(b)~(d), we plot the same parameters for increasing separation between the pump
frequencies. For Aw=1Hz (Fig. 2.3(c)), the separation is comparable to the gain width, so
that two gain peaks are clearly distinguishable. This leads to negative dispersion between
the peaks, as shown. In Fig. 2.3(d), the separation becomes sufficiently wide so that that
negative dispersion region covers the whole bandwidth of the Gaussian spectrum of the

pulse.
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Fig. 2.3. Numerical, normalized plots of S(®), the Fourier transform of the input pulse
(solid line), I'iy(dashed line), and I',, (dotted line). The input pulse is assumed to be of

the form exp(—t?/t2) . For these plots, we have used for t=0.6sec, I;d =6 and

T, =71, =T, =l.1sec. The four sets are for four different gain separations, 2A® (a) OHz,

(b) 1Hz, (c) 2Hz, (d) 4Hz.

D. Pulse propagation in gain doublet system

For the case of the Gaussian input pulse of the formexp(— t2/ ty), the output
pulse coupled in the frequency domain can be expressed as [5], [23]°

S(d,®,) =S(0,m,)exp(L},, + [} ,)exp[i(L},, +I;,)] 2.4)

inl
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Here d is the propagation distance of the probe inside a photorefractive crystal. S(0, @)
is the Fourier transform of the input pulse at the entrance of the material. Hence, one can
obtain the total output signal intensity in the time domain by squaring the inverse Fourier
transform of S(d, ;). Figs. 2.4(a)~(d) show the numerical simulation of the normalized
output signal intensity for different gain line separations corresponding to each case in
Figs. 2.3(a)~(d). In Figs. 2.4(a) the output is clearly delayed compared to the pulse
propagating in free space, as expected. Fig. 2.4(b) shows the resultant output from
propagation under the two gain peaks configuration associated with Fig. 2.3(b). To
understand the behavior of the probe in this case, note brief that the gain in Fig. 2.3(b) is
peaked at wytAwm with a deep valley in the middle. As such, the components of the probe
spectrum at wyrAwm get amplified disproportionately, leading to a two peaked spectrum.
This leads to the beat note at 1Hz in Fig. 2.2(b). Furthermore, each of these peaks
experiences normal dispersion, which leads to slowing of the probe, also evident in Fig.
2.3(b). In the case of Fig. 2.3(c), the gain separation is large enough so that the spectrum
of the probe is almost completely within the region where the dispersion is anomalous
(i.e. negative). This leads to advancement of the probe pulse, as can be seen in Fig.
2.3(c). The advance in