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We review progress in the development of methods for controlling the group velocity of light. These methods
allow one to create situations in which the group velocity of light is much smaller than the velocity of light in
vacuum ¢, in which the group velocity is greater than ¢, or in which the group velocity is negative. We present a
survey of methods for establishing extreme values of the group velocity, concentrating especially on methods that
can work in room temperature solids. We also describe some of the applications of slow and fast light that are

currently under development.
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1. Introduction

For the past decade or more, the optical physics
community has been fascinated by the related phe-
nomena of slow and fast light [1-3]. These names are
taken to refer to situations in which the group velocity
(roughly, the velocity at which light pulses propagate
through a material system) is very much different from
the vacuum speed of light ¢. Several of the ecarly
stunning demonstrations of slow and fast light made
use of atomic media [4-7]. More recently, it has been
realized that extreme values of the group velocity can
also be realized in room-temperature solid-state
materials, which are more suited for many practical
applications. In this article, we review some of the
physical mechanisms that can be used to induce slow-
and fast-light effects in room temperature solids [8—10],
and we describe the some of the propagation effects
that can thereby be observed [11]. We also present
some ideas for applications of slow light within the
fields of quantum electronics and photonics [12-14].

2. Slow and fast light fundamentals

The terms slow and fast light conventionally refer to

the group velocity of a light wave. The group velocity is

the velocity most closely related to the velocity at

which the peak of a light pulse moves through an

optical material [3], and is given by the standard result
dn

Ve = ¢/ng g =n+o—, (1)

where n is the refractive (phase) index and w is the
angular frequency of the carrier wave of the light field.
One refers to light as being slow light for v, < ¢, fast
light for vy > ¢ [15], and backwards light for v,
negative. Extreme values of the group velocity (that
is, v, appreciably different from c¢) invariably rely on
the dominance of the second contribution to the group
index of Equation (1). This contribution of course
results from the frequency dependence of the refractive
index, and for this reason extreme values of the group
velocity are usually associated with the resonant or
near-resonant response of material systems. This point
is illustrated in Figures 1 and 2. The left-hand column
of Figure 1 shows why slow light is expected in the
wings of an absorption line and fast light is expected
near line center. The right-hand column shows that just
the opposite is expected for a gain line. Figure 2 shows
the expected behavior for the case of a hole burned into
a gain or loss feature. We treat this situation because
just this sort of spectral behavior is observed in many
nonlinear optical interactions. We also note that
spatial dispersion, that is, the non-locality in space of
the medium response, is another mechanism that can
lead to slow light, as has been predicted [16] and
observed [17].

Early investigations of extreme propagation effects
include those of Basov et al. [18], Faxvog et al. [19],
and Chu and Wong [20]. More recent interest in slow
light was motivated strongly by the experiment of Hau
et al. [4] in which slow light (velocities as small
as 17m/s) were observed in an ultracold sodium
vapor. This report was soon followed by that of
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Figure 1. Origin of slow and fast light for an isolated absorption resonance («) and gain resonance (b).

dip in

gain

feature

/ slow light
8 4/\ [ ——

=~ fast light

dip in
absorption

feature

- slow light

w

—_—

—"
S fast light

Figure 2. Origin of slow and fast light for a dip in a gain feature (¢) and an absorption feature (b).

Kash et al. [5], who showed that ultra-slow light speeds
could also be obtained in a hot atomic vapor of
rubidium. This observation dispelled the notion that
the use of ultracold atoms was essential to ultraslow
light propagation. Since the time of these ecarly
experiments, there have been many reports [6,7,21] of
slow- and fast-light phenomena under a variety of
circumstances.

3. Slow light in a room temperature solid

Many (but by no means all!) potential applications of
slow light are much more readily addressed by slow
light methods based on the use of room temperature
solids, rather than by the use of crystals at cryogenic
temperatures [20,22], hot atomic vapors [5], or ultra-
cold atomic ensembles [4,7]. For this reason, there has
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been enormous emphasis over the past few years in the
development of methods for obtaining extreme group
velocities based on the use of room temperature solids.
Some of the methods that have been developed for
producing slow light in room temperature solids
include the use of stimulated Raman scattering in
optical fibers [23], the use of photonic crystals [24], and
exciton resonances [25]. In the view of the present
author, three methods involving room-temperature
solids have emerged that are particularly well suited
for use in applications of slow light. These methods are
reviewed in this section.

3.1. Slow light via stimulated Brillouin
scattering (SBS)

Stimulated Brillouin scattering (SBS) is a process in
which an applied laser field scatters from a retreating
sound wave to create a down-shifted Stokes wave
[26,27], as illustrated in part (a) of Figure 3. The sound
wave is itself created by the interaction of the laser
beam with the Stokes beam through the process of
electrostriction. Thus, the Stokes beam and the sound
wave are mutually reinforcing, leading to the genera-
tion of a very strong Stokes wave. In fact, ignoring
pump depletion, the intensity /; of the Stokes waves
grows exponentially, as described by the equations

dlg )/Za)2

b gnrg g=—Ye
girls & nvc3p0F3

i (@)

where y, is the electrostrictive constant, v is the velocity
of sound, pq is the mean mass density of the material,
I'p is the Brillouin linewidth and /; is the intensity of
the pump laser. However, there will necessarily (as can
be seen from Kramers—Kronig relations, for instance)
also be a contribution to the refractive index associated
with the SBS gain. Furthermore, just as there is gain
for a field detuned to the Stokes sideband of the laser
field, there will be induced attenuation for a field at the
anti-Stokes sideband. Consequently, there will be a
region of slow light at the Stokes resonance and a
region of fast light at the anti-Stokes resonance. These
features are illustrated in part (b) of Figure 3.
Simple scaling laws show that the induced time delay
AT for the slow-light situation is of the order of g I; L/
I's, where L is the length of the interaction region.
Slow light based on this process was first observed in
optical fibers at a wavelength of 1550 nm by Song et al.
[28] and Okawachi et al. [10]. A limitation to the
usefulness of this process is that the Brillouin linewidth
for typical optical fibers is only 30 to 50 MHz. This
linewidth sets the characteristic frequency bandwidth
over which slow-light effects can be observed, and a
bandwidth of 30 to 50 MHz is much too small for
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Figure 3. (a) Schematic representation of the SBS process.
(h) Origin of slow and fast light through SBS and a
monochromatic pump field. (¢) Origin of slow and fast
light through SBS and a broadened pump field.

many applications in optical telecommunications.
Several procedures have been introduced to broaden
this linewidth. One method is to use multiple pump
frequencies to produce multiple overlapping gain lines.
This idea has been implemented for the case of double
[29] and triple [13] gain lines to simultaneously increase
the bandwidth and fractional delay of SBS slow light
by factors of the order of two. Another method is to
broaden the linewidth of the laser that pumps the SBS
process by adding noise to the current that drives the
laser. This procedure was first implemented by Herraez
et al. [30] who broadened the intrinsic 35 MHz
linewidth of single-mode silica fiber to approximately
325 MHz. This methods was later extended to achieve
a 12GHz bandwidth [31] and to delay 100-ps-long
pulses by up to 3 pulse widths [32].

3.2. Slow light via coherent population
oscillations (CPO)

The second preferred method for producing slow light
in room-temperature solids is based on the process of
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Figure 4. (a) Configuration used to study CPO. (b) Energy
level diagram of a typical saturable absorber. (¢) Absorption
profile in the presence of CPO.

coherent population oscillations (CPO). This process
has been studied since the 1960s [33-35] and has
successfully been exploited for slow- and fast-light
research [8,9,11,36-42]. The idea behind CPO is
illustrated in Figure 4. If a pump beam at frequency
o and a detuned probe beam at frequency w+§
co-propagate through a saturable absorber, the
ground state population will be induced to oscillate
in time at frequency §. Detailed calculation then shows
that the absorption experienced by the probe beam will
be decreased as a consequence of these population
oscillations over a frequency range of the order of 1/77,
where 7 is the population relaxation time of the
saturable absorber. If 7 is much greater than 75,
where 75 is the conventional dipole dephasing time,
a well-defined hole will be induced in the absorption
profile of the saturable absorber, even if the absorption
profile is homogeneously broadened in the conven-
tional sense. This spectral hole then leads through the
usual Kramers—Kronig relations to a rapid spectral
variation of the refractive index and thus to a strong
slow-light effect. Detailed calculation shows that the
resulting group index is given by [8,43]
1 1

ng= EQOTICW (3)
where 7 is the intensity of the pump wave normalized
by the saturation intensity of the material medium.

In the first reported experimental study of slow
light based on CPO [8], saturation of the strong green
absorption band of ruby was used to produce the slow
light effect. Group velocities as low as 60m/s
corresponding to a group index of 5x 10° were
observed. A follow-up experiment made use of the
nonlinear optical properties of the crystal alexandrite
[9]. Alexandrite is a saturable absorber at some

frequencies but an inverse saturable absorber at
others. At frequencies at which alexandrite is an
inverse saturable absorber, it displays fast and back-
wards light as a result of the CPO effect. In one
situation, a velocity of —800 m/s was measured.

The occurrence of negative group velocities leads to
intriguing conceptual questions. To address these
matters, still another experiment was performed, this
one using an erbium-doped fiber amplifier (EDFA).
When driven into saturation, an EDFA is a saturable
amplifier, and thus shows fast light by means of the
CPO effect [36] for the reason shown in Figure 2(c).
The key feature of this experiment was to study the
time evolution of an optical pulse as a function of
position within the optical fiber. It was found [11] that
the peak of the pulse actually did propagate in the
backwards direction within the fiber, in agreement with
the standard meaning of the group velocity. These
results are summarized in Figure 5.

The CPO effect can also be understood in terms of
a time-domain description [44], as shown in Figure 6.
Here we consider a saturable absorber with non-
instantaneous response. We see that the leading edge of
the pulse will thus experience more absorption than the
trailing edge of the pulse, and that consequently the
peak of the pulse will be shifted to later times. Despite
the opinions of others [45], the present author believes
that the time domain and frequency domain treatments
of CPO are equivalent, with the frequency domain
treatment being more convenient for most
circumstances.

3.3. Tunable time delays based on group velocity
dispersion

The simplest method for controlling the velocity of
light is to make use of transmission through a medium
with a large dispersion in the group velocity [46,47].
By varying the frequency of the carrier wave of the
signal, the time delay can thereby be controlled
directly. In practice, this method is often implemented
by starting with a signal at a prescribed carrier
frequency, shifting the carrier frequency using a
nonlinear optical conversion method, passing this
frequency-shifted signal through a highly dispersive
medium, and finally converting the carrier frequency
back to the original frequency. This method is often
called the conversion/dispersion (C/D) method for this
reason. Although the C/D method is not really a true
slow-light method, it is often included in discussions of
slow light because it is related to slow light by its
reliance on highly dispersive materials and because it is
useful under many of the same conditions for which
slow light is useful.
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Figure 5. (a) Conceptual prediction and (b) experimental results (adapted from [9]) showing the backwards propagation of the
peak of a light pulse. (The color version of this figure is included in the online version of the journal.)
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Figure 6. Time-domain explanation of slow light by means
of CPO.

4. Applications of slow and fast light

In this section we review three current applications of
slow and fast light.

4.1. Applications of slow and fast light in
telecommunication

Slow light has direct usefulness in the field of optical
telecommunication for applications such as buffering
and regeneration. Figure 7 shows how a slow-light
buffer might be used to increase the throughput of a
telecommunication system. Part (@) of the figure shows
two data packets arriving simultaneously at an N-port

@ NXN
input switch  output

ANNANNNANNNN ports 7\ ports

(b)

controllable slow-light medium
o
MU 7 MU
—_—
U JJUNN

Figure 7. Use of slow light as a buffer to increase the
throughput of an optical switch.

by N-port optical switch. If these two data packets are
intended for the same output port, a problem occurs
because the switch cannot handle the two data packets
simultaneously. In the worse case, one of the data
packets is simply dropped and must be retransmitted at
a later time. This procedure of course simply makes the
problem of system overload worse, as certain data
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packets have to be transmitted more than once.
A more desirable resolution is to construct a con-
trollable delay line that can act as a buffer for a
complete data packet, as shown in part (b) of the
figure. In this scenario, one data packet is directed into
the buffer and is released only after the other data
packet has cleared the switch.

To implement this idea, the delay line needs to be
able to store as many bits of information (data pulses)
as are contained in a data packet. This number is
determined by the system architecture. In most
implementations, at least 1024 bits of data would be
contained in each data packet. In fundamental terms,
the number of stored pulses is known as the delay-
bandwidth product of the delay line. There have been a
number of analyses of the theoretical limit to how large
the delay-bandwidth-product of a slow-light delay line
can be [48-55]. The general conclusion of these
analyses seems to be that there is no fundamental
limit to how large the delay-bandwidth product can be,
although there can be serious practical problems
involved in obtaining a large value of the delay-
bandwidth product. In fact, to date, the largest value of
the delay-bandwidth product obtained using true slow
light is the value of 80 pulse widths reported by
Camacho et al. [56]. However, the C/D method has
been able to achieve a storage capacity of 440 bit slots,
or approximately 880 pulse widths, which is large
enough to prove useful in actual communication
systems.

Another application of slow and fast light is in the
area of data pulse regeneration. An example of such a
procedure is shown in Figure 8. In an optical commu-
nication system, each pulse needs to be centered in its
time widow. However, due to environmental effects and
optical sources of noise, individual pulses might become
displaced from the centers of their time windows. The
use of slow- and fast-light methods could provide a
useful means for the real-time centering of pulses in
their time windows. For both buffering and regenera-
tion, it is crucial that the pulse shape does not become
distorted as a result of the slow- or fast-light effect.
Various methods have been demonstrated for minimiz-
ing pulse-shape distortion [29,57].

4.2. Applications of slow and fast light in
interferometry

The performance of many types of interferometers can
be dramatically improved by placing a highly dis-
persive material within the interferometer. Here we
review some of the resulting modifications in device
performance.

e S

time window \

advance or delay

Figure 8. Use of slow and fast light to center an optical pulse
in its time window.

beam splitter slow light medium

i — L —

tunable detector

laser | D?_
I

beam splitter

Figure 9. Use of slow-light to modify the properties of an
interferometer. (The color version of this figure is included in
the online version of the journal.)

Let us first consider the situation in which a highly
dispersive material is placed in one arm of a Mach-
Zehnder interferometer, as shown in Figure 9.
We consider what happens as one measures the
output of the interferometer as the input wavelength is
scanned. We note that the output of the interferometer
depends on the phase difference between the two arms
of the interferometer. If, for simplicity, we assume that
the pathlengths of the two arms differ only by means of
the pathlength through the slow-light medium, we find
that the phase difference is given by A¢ =nwlL/c. Thus,
the rate at which the phase difference changes as the
input frequency is changed is given by

dA¢ d noL L dn

%=%T=?(n+w%)=—. 4)
This quantity is a measure of the spectral sensitivity of
the spectrometer, and we see that the spectral sensitiv-
ity scales with the group index of the material within
the interferometer.

A slow light spectrometer of this sort was
constructed by Shi et al. [13], and it achieved an
increase in spectral sensitivity by a factor of approx-
imately 2. More recently, Shi et al. [12] have demon-
strated an improved design in which the sensitivity was
enhanced by a factor of 100. More advanced modeling
of slow-light interferometers [58] and the demonstra-
tion of a slow-light interferometer based on the
properties of photonic crystals [59] have recently been
reported.

An entirely different concept has been introduced
by Shahriar and co-workers [60,61]. They consider the
situation in which a fast-light medium is placed within
the interferometer. In this case, the spectral sensitivity
of the interferometer is actually decreased, but the
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Figure 10. Use of slow light in a phased- and synchronized-
array laser-radar system. Beam steering is accomplished by
adjusting the phase difference between successive apertures,
and slow-light methods are used to ensure that the pulses
leaving each aperture arrive simultaneously in the far field.

sensitivity of the interferometer to changes in the
positions of the end mirrors is dramatically enhanced.
Interferometers of this sort hold promise for applica-
tions such as the detection of gravitational waves and
for rotation sensors based on laser gyros.

4.3. Applications of slow light for laser radar

Another application of slow light has recently emerged
in the context of laser radar. For many applications of
laser radar, it would be desirable to steer the launched
laser beam electro-optically rather than mechanically.
Under many conditions, it would also be desirable to
use a number of small sub-apertures rather than a
single (and necessarily large and expensive) aperture.
A standard procedure is to use a phased array of
emitters [62] to steer the output beam. However, if one
needs to launch short pulses, it is necessary also to
ensure that the pulses leaving each sub-aperture are
synchronized so that they arrive simultaneously at a
target in the far field. To achieve these additional
conditions, slow-light methods are expected to prove
extremely useful. The concept of such a design is
shown in Figure 10. Here we see that by controlling the
phase shift imposed on each channel it is possible to
steer the output beam. However, to ensure synchroni-
zation of the output pulses, it is also necessary to
control the group delay of each channel. The author
and his students are currently constructing such a
system in their laboratory.

5. Summary

Slow light methods have advanced dramatically in
recent years. Many of the fundamental aspect of slow
and fast light are currently well understood. Thus, slow

light research has turned to the equally exciting task of
developing applications of this new technology.
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