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By performing two-wave mixing experiments in a liquid-crystal light valve, optical pulses are slowed down
to group velocities as slow as a few tenths of mm/s, corresponding to a very large group index. We present
experiments and model of the slow-light process occurring in the liquid-crystal light valve, showing that this
is characterized by multiple-beam diffraction in the Raman-Nath regime. Depending on the initial frequency
detuning between pump and signal, the different output order beams are distinguished by different group
delays. The group delay can be tuned by changing the main parameters of the experiment: the detuning
between the pump and the input wave packet, the strength of the nonlinearity, and the intensity of the pump
beam.
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I. INTRODUCTION

The ability to control the group delay of light pulses has
recently received a large interest, and slow- and fast-light
phenomena have been observed in different systems �1�. The
possibility to obtain slow light has recently been identified as
a solution to the problem of pulse buffering in optical com-
munication systems �2�. In addition, it has been pointed out
that slowing down optical pulses can be used to enhance the
spectral sensitivity of certain types of interferometers �3�,
which is expected to have a significant impact in applications
such as precision metrology and optical sensing. Moreover,
fast light has been proposed as a method to enhance the
sensitivity of gravitational wave detectors, which has been
tested either by employing bifrequency Raman gain in
atomic vapors �4� or double pumped two-wave mixing
�TWM� in photorefractive crystals �5�.

Much of the early research into slow light was carried out
using electromagnetically induced transparency in atomic
vapors �6� or ultracold atoms �7�. More recently, a consider-
able deceleration of light pulses was obtained in room tem-
perature solids, such as ruby crystals, through the quantum
coherence effect �8�, and in photorefractive crystals through
the strong dispersion of dynamic gratings in the vicinity of
Bragg resonance �9–11�. Based on the finite material re-
sponse time, slow- and fast-light effects have also been pre-
dicted in Kerr media without a pump �12�.

Recently, we have shown that slow- and indeed fast- light
phenomena are possible using liquid-crystal �LC� light
valves �13�. Liquid crystal light valves offer the potential for
slowing whole images, a slow-light feature recently demon-
strated in atomic vapor experiments �14�, and possess unique
features for practical implementations, such as a large
electro-optic response, visible and near ir transparency,
small-size operating devices, and widespread technological
impact. Slow- and fast-light phenomena were obtained in a
liquid-crystal light valve �LCLV� by performing nondegen-
erate TWM experiments and by exploiting the dispersion
properties associated with the gain features of the mixing
process. The LCLV is made by the association of a nematic
liquid-crystal layer and a photorefractive crystal �15� and has

recently been demonstrated as an attractive and versatile me-
dium for nonlinear optics �16� and beam-coupling experi-
ments �17�. In TWM experiments the LCLV operates in the
Raman-Nath regime of diffraction �18�, thus several output
orders are observed at the exit of the cell. Depending on the
diffraction order considered and on the initial frequency de-
tuning between pump and signal, different group delays are
obtained in a single experiment, with the output pulse either
anticipated or delayed.

Here, we present a theoretical model of the slow- and
fast-light processes occurring in LCLVs through the nonlin-
ear wave mixing in the Raman-Nath regime of diffraction.
The model accounts for the different group delays observed
on the different output order beams, thus allowing calculat-
ing the group velocity for each order output. The theoretical
predictions are compared with the experimental results,
showing good agreement.

The paper is organized as follows. In Sec. II, we describe
the LCLV and its working characteristics. In Sec. III we in-
troduce the equations for the beam-coupling in thin media
and in Sec. IV we present the theory of slow- and fast-light
phenomena through the nonlinear wave mixing in the
Raman-Nath regime. In Sec. V, we report the experimental
data and the comparison with the theoretical predictions. In
Sec. VI, we discuss the dependence of the group velocity on
the different experimental parameters. Finally, Sec. VII pre-
sents the conclusions.

II. LIQUID CRYSTAL LIGHT VALVE

As schematically represented in Fig. 1, the liquid-crystal
light valve is formed by the association of a LC layer with
the inorganic crystal Bi12SiO20 �bismuth silicate, usually ab-
breviated as BSO�, cut in the form of a cell wall, 1 mm
thickness, 20�30 mm2 lateral size. The other wall is a glass
�BK7� window. The BSO is well known for its photorefrac-
tive properties and here is used for its large photoconductiv-
ity and transparency in the visible range �19�. While the BSO
acts as a photoconductor, the electro-optic effect is provided
by the large birefringence of the LC layer.
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Liquid crystals are strongly anisotropic materials com-
posed of elongated organic molecules. Their main feature is
that it exists a temperature range in within they constitute
mesophases, that is, they form phases with properties inter-
mediate between solids and liquids �20�. The nematic phase
is characterized by a long range orientational order, for
which all the molecules are in average aligned along a pref-
erential direction, so called the nematic “director.” Since the
liquid-crystal molecules have a different polarizability along
their long and short axes, a nematic layer as a whole behaves
like a strongly birefringent material, characterized by an ex-
traordinary and an ordinary refractive index with typical val-
ues of ne=1.7 and n0=1.5, respectively.

When placed into contact with surfaces, liquid crystals
spontaneously assume orientations that depend sensitively on
the topography and chemical functionality of the surfaces. In
order to obtain an ordered nematic layer, the surfaces of the
confining walls have to be specifically treated with products
able to impose a strong anchoring at the boundaries, either
through electrostatic forces or through mechanical rubbing
�21�. For this purpose, before assembling the light valve both
the surfaces of the BSO and of the glass window that will be
in contact with the liquid crystals are coated with polyvinyl
alcohol �PVA�, which is then polymerized and rubbed to ob-
tain planar alignment of the liquid crystals �nematic director
parallel to the confining walls�. After this treatment, Teflon
spacers of d=14 �m are inserted between the two walls; the
gap is filled with the liquid crystal and then is sealed with uv
photopolymerizing glue.

Under the application of an electric voltage, LC tends to
align along the direction of the applied field, and, because of
the birefringence, the refractive index changes accordingly,
which is the mechanism at the basis of commercial liquid-
crystal displays �22�. In the light valve, to allow the applica-
tion of an external voltage V0 the outside surface of the BSO
and the inside of the glass window �before the PVA layer� are
coated with an indium-tin-oxide �ITO� transparent electrode.
The typical voltage applied is ac, with a rms value from 2 to
20 V and a frequency from 50 Hz to 20 kHz. Since the BSO
modulates the effective voltage across the LC as a function
of the incident light intensity, in the light valve the LC ori-
entation and thus the refractive index depend on the local
illumination on the photoconductive layer �15�.

The LC reorientation process requires the collective mo-
tion of the molecules to establish over the whole thickness d
of the nematic layer. Therefore, the LC response time is
given by

�LC = �d2/K , �1�

where � is the LC rotational viscosity and K is the splay
elastic constant �20� and is on the order of 100 ms for
d=14 �m and typical values of the LC constants. Note that,
due to the slow relaxation time, the LC molecules cannot
follow the oscillation of the ac applied field. Instead, they
perform a static reorientation, in which they reach an equi-
librium position fixed by the rms value of the applied field.
The reason for applying an ac field is that the complex im-
pedances of the photoconductive and LC layers require an
optimal frequency range in order to achieve a good contrast
of the LC voltage with and without illumination �15�.

A typical response of the LCLV is displayed in Fig. 2. It
was obtained by sending onto the valve an enlarged and col-
limated laser beam, waist of 18 mm, �=532 nm, and by
recording the fringe displacement in an interferometric setup,
where the output beam is made to interfere with a reference
beam. The phase retardation � experienced by the beam that
has passed through the light valve is plotted in Fig. 2 as a
function of the input intensity Ip. The saturation of the re-
sponse is attained when the liquid crystals are aligned along
the direction of the applied field. The full range of phase
variation is ��12�, which corresponds to the maximum
birefringence �n=ne−no=0.2 of the LC layer. In the linear
part of the response �Ip	5 mW /cm2� the LCLV behaves as
a Kerr-type nonlinear medium, with a refractive index
change �n
 Ip and a typical response time of about 100 ms.

While in conventional reflective-type light valves �23�
beam-coupling experiments were forbidden by the optical
isolation between the input and readout beams, the transmis-
sive configuration of the photorefractive LCLV can be
largely exploited for performing wave mixing experiments
�17�. In the LCLV the beam coupling takes place over a large
working area and extra optical and electric control can be
achieved through the addressing of the photoconductive BSO
layer. In the past, wave mixing phenomena have been exten-
sively studied in photorefractive materials, leading to a large
number of attractive effects, such as real-time holography
and dynamic gratings �24�, sensitivity enhanced interferom-
etry �25�, light induced waveguides �26�, and spatial solitons
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FIG. 1. �Color online� Schematic representations of the liquid-
crystal light valve and of the two-beam coupling occurring in the
liquid-crystal layer.
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FIG. 2. Phase retardation provided by the light valve as a
function of the pump intensity Ip; the applied voltage is fixed to
V0=22 Vrms and frequency f =1 kHz.
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�27�. Similar mechanisms are also at the base of the gain
process and transverse spatiotemporal dynamics in photore-
fractive cavities �28–30�.

Now that beam-coupling experiments can be implemented
in the LCLV, new performances are expected, which are re-
lated to the specific features of the LC layer, for example, the
large birefringence and the possibility of operating over thin
active layers, eventually in multipassage or cascaded con-
figurations �31�. Here, we will focus our attention on the
possibility of using two-wave mixing to obtain slow- and
fast-light phenomena by exploiting the large dispersive prop-
erties associated to the gain features of the mixing process.

III. TWO-BEAM COUPLING IN THE LCLV

Two-wave mixing experiments are performed by follow-
ing the scheme shown in Fig. 1. A signal beam, Es, is sent to
the LCLV together with a pump beam, Ep. The ratio between
the pump and signal intensities is defined as �� Ip / Is, with
Ip= �Ep�2 ad Is= �Es�2, and is a parameter of the experiment.
Usually, � is much larger than 1, so that the pump beam is at
much higher intensity of the signal beam. The two beams are
enlarged and collimated, waist 18 mm, and interfere in the
plane of the BSO giving rise to an intensity fringe pattern. In
the experiment, the fringe spacing is usually varied from 100
to 300 �m, which corresponds to an interference angle �
from 27 to 0.9 mrad.

For these small values of the interference angle, the su-
perposition region, within which the interference fringes are
the same, extends in the longitudinal direction over several
millimeters. Therefore, the fringe pattern is the same on the
whole BSO body, comprised its outer and inner surfaces. In
correspondence, the photoconductive response of the BSO
leads to a photoinduced space charge distribution that in-
duces a spatially periodic reorientation of the liquid-crystal
molecules. Due to the LC birefringence, a refractive index
grating is thus formed inside the liquid-crystal layer.

The two writing beams are diffracted by the same grating
they are inducing in the LC layer. Since the liquid-crystal
layer is thin with respect to the fringe spacing, the beam
coupling occurs in the Raman-Nath regime of diffraction and
several diffracted beams are observed at the output of the
light valve. This situation is different from the TWM occur-
ring in the Bragg regime. Indeed, it is known from
Kogelnik’s coupled wave theory �32� that, when the two-
wave mixing occurs in thick media, constructive interference
between the diffracted pump and signal can only take place
in one direction, which is the one satisfying the Bragg con-
dition. In the Raman-Nath regime, we observe multiple dif-
fracted orders distinguished by the numbers
0 , 1, 2, . . . , m. Due to the self-diffraction and beam-
coupling phenomena, the pump is transferred into the
m=0, +1, . . . orders, which receive gain, i.e., they receive
more photons than they are losing. The m=−1 order is the
pump beam that, even though depleted, remains of much
higher intensity than the other beams �31�.

More precisely, the total electric field arriving on the BSO
side of the LCLV can be written as

Ein�r�,t� = Ese
i�k�s·r�−�st� + Epei�k�p·r�−�pt� + c.c., �2�

with Es and Ep as the signal and the pump beam, respec-
tively, with wave vectors k�s, k�p and frequencies �s, �p. The
frequency detuning between pump and signal is denoted as

� = �p − �s. �3�

The two beams give rise to an intensity fringe pattern,

�Ein�r�,t��2 = �Es�2 + �Ep�2 + 2EpEs cos�K� g · r� − �t�

= Iin�1 + 2
EpEs

Iin
cos�K� g · r� − �t�	 , �4�

where Iin��Es�2+ �Ep�2= Is+ Ip is the total input intensity and

K� g = k�p − k�s �5�

is the grating wave vector. Through the photoconductive ef-
fect, the fringe pattern induces, on its turn, a molecular re-
orientation pattern in the liquid-crystal layer, hence a refrac-
tive index grating with the same wave vector Kg and spatial
period ��2� /Kg.

The amplitude n�r� , t� of the refractive index grating is
governed by a Debye relaxation equation �20�,

�LC
�n

�t
= − �1 − ld

2�2�n + nc + n2�Ein�2, �6�

which follows from the relaxation dynamics of the LC mol-
ecules, where �LC is the LC relaxation time, ld is the trans-
verse diffusion length due to elastic coupling in the LC and
charge diffusion in the photoconductive layer, and n2 is the
equivalent Kerr-type coefficient of the LCLV, the minus sign
accounting for the defocusing character of the LCLV nonlin-
earity �31�.

By coupling the above equation �Eq. �6�� with the wave
equation for the input electric field,

�2E − 
n

c
�2�2E

�t2 = 0, �7�

with boundary conditions given by Eq. �2�, E=Ein at z=0,
we obtain the output diffracted field in the Raman-Nath re-
gime. For the m order of diffraction the output field can be
written as

Ẽm = Emei�k�m·r�−�mt� + c.c., �8�

where

�m = �s − m� �9�

is its frequency and

k�m = k�s − mK� g �10�

is its wave vector. The amplitude is given by

Em = �EsJm��� + iEpJm+1���e−i�� · ei�k�nc+kn2Iin�z+m��/2−���,

�11�

where Jm is the Bessel function of the first kind and of order
m,
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� =
2kn2EpEs

��1 + ld
2Kg

2�2 + ���LC�2
d , �12�

and

tan � =
��LC

1 + ld
2Kg

2 . �13�

From the above equations �Eq. �11��, we can derive the
gain Gm and the nonlinear phase shift �m for each output
order m. By taking the usual definition for the TWM gain,
we can write the gain of the order m as

Gm =
�Em�2

Is
. �14�

On the other side, the nonlinear phase shift is given by the
phase of the m output order beam, that is,

tan �m =
Im�Em�
Re�Em�

. �15�

If we limit our analysis to the m=0 beam that coincides
with the original propagation direction of the input signal,
we have

E0 = �G0Ese
i�0ei�k�s·r�−�st�. �16�

When ��1 the TWM gain G0= �E0�2 / Is is given by

G0 = 1 + 2g sin���z + g2z2, �17�

where

g =
kn2Ip

��1 + ld
2Kg

2�2 + ���LC�2
, �18�

and the phase shift is given by

�0 = tan−1
 kn2Ip cos���z

��1 + ld
2Kg

2�2 + ���LC�2 + kn2Ip sin���z
�

+ k�nc + n2Iin�z . �19�

G0 and �0 are plotted in Figs. 3�a� and 3�b�, respectively,
as a function of the frequency detuning �. The values of the
parameters, chosen by following the typical experimental
conditions, are �LC=120 ms, ld=14 �m, �=250 �m,
n2=−6 cm2 /W, Ip=2 mW /cm2, and �=80. The maximum
gain is obtained for ��0. Note that for �=0 and in the limit
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FIG. 3. �a� Gain G0 and �b� phase shift �0 for the m=0 output
order beam as a function of the frequency detuning � between the
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ld
2Kg

2�1, a condition that is often satisfied in the experi-
ments, the above expression for G0 �Eq. �17�� reduces to the
already known formula �33�

G0 = 1 + �kn2Ip�2d2, �20�

where z=d is the thickness of the LC layer.
Experimentally, we can measure G0 as the ratio of the

output to the input signal intensity and, by using the above
expression �Eq. �20��, we can derive the nonlinear coefficient
n2.

As an example, we report in Fig. 4 the n2 measured as a
function of the voltage V0 applied to the LCLV and for dif-
ferent pump intensities. In this set of measurements the fre-
quency of the applied voltage was 1 kHz. The large value of
n2 reflects the large and slow nonlinear response of the
LCLV. Note that the nonlinear coefficient n2 is the local
slope �n /�I of the LCLV response; therefore it is not a con-
stant but depends both on the applied voltage and on the
pump intensity. Once fixed the pump intensity, the strength
of the nonlinearity can be tuned by varying the voltage V0
applied to the LCLV.

IV. SLOWING DOWN LIGHT PULSES BY THE
NONLINEAR WAVE MIXING

We now consider the general case of m output order
beams. In Figs. 5�a� and 5�b� we report the theoretical varia-
tion in Gm and �m, respectively, as a function of �m and for
different orders m. The plots in Fig. 5�a� are in log-ln scale
and are numerically calculated for �LC=120 ms,
ld=14 �m, �=150 �m, n2=−6 cm2 /W, Ip=2 mW /cm2,
and �=30.

The group delay �tm of the output order m is given by the
slope of the dispersion curve,

�tm =
��m

��m
, �21�

and the group velocity of each pulse can thus be calculated
as

vm �
d

�t�m� , �22�

with d as the thickness of the LC layer. Note that for every m
the slope of the �m curves is maximum for �=0 ��m=�p�;
hence the maximum group delay is obtained when the pump
and signal have the same frequency.

For �=0 the analytical expression of the maximum group
delay for the m output order is

�tm
�max� =

m

m + 1
�g +

1

m + 1 �
 Jm+1���
Jm���

�2

1 + �
 Jm+1���
Jm���

�2��g, �23�

where

�g =
�LC

1 + ld
2Kg

2 �24�

is the normalized response time of the liquid crystals

�g � �LC �25�

for ld
2Kg

2�1.
Theoretically, the maximum group delay is 2�g and it is

achieved for the m=−2 order, whereas for the other orders
the maximum group delay is �g. Correspondingly, the maxi-
mum fractional delays that we can achieve are 1 and 0.5 by
considering that to avoid distortions the minimum pulse
width has to be 2�g. For the fast light, the maximum group
delay is �0.5�g. The gain-dispersion features can be altered
by changing the values of the parameters, in particular by
changing �. For comparison, we plot in Figs. 6�a� and 6�b�
the group delay �tm for different orders m and for �a� �=3
and �b� �=30.

V. EXPERIMENTAL REALIZATION OF FAST
AND SLOW LIGHTS

A. Experimental setup

The experimental setup is schematically represented in
Fig. 7. Two-wave mixing is performed by interfering on the
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FIG. 6. �Color online� Theoretical variation in the group delay
�tm as a function of the frequency ��m−�p� of the m order output
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LCLV a weak signal beam together with a higher intensity
pump beam. The two beams originate from a cw solid state
laser, �=532 nm. They are enlarged and collimated; the
beam diameter on the LCLV is 18 mm. The light polarization
is linear and parallel to the LC nematic director. The inten-
sity of the pump beam is fixed to Ip=1.8 mW /cm2, whereas
the signal beam is time modulated to obtain a Gaussian wave
packet with a width larger than the LC response time. The
signal pulse is shaped by using a spatial-light modulator. Its
center frequency can be changed by a few hertz with a pi-
ezoelectrically driven mirror, its peak intensity Is is kept
much less than the pump intensity, and the ratio �� Ip / Is
being fixed to 30. The voltage applied to the LCLV is
20 Vrms at a frequency of 1 kHz.

When the two beams interfere in the plane of the photo-
conductor, they give rise to intensity fringes. In correspon-
dence, the LC molecules reorient, thus inducing a phase grat-
ing in the LC layer, which acts as a dynamic hologram
creating self-diffracted beams. The fringe spacing and, cor-
respondingly, the period of the grating vary in between 50
and 300 �m, that is, larger than the LC thickness so that we
deal with a thin grating and the beam coupling occurs in the
Raman-Nath regime of diffraction with several output order
beams.

Signal amplification originates from the self-diffraction of
the pump, which transfers photons in the multiple directions
due to the Raman-Nath regime. Depending on the frequency
detuning � between pump and signal, the m order output
pulse can be amplified or attenuated. For each output order
beam, we measure the gain as the ratio of the output intensity
with respect to the input signal intensity Is. For the param-
eters used in the experiment, the gain is �1 for m=0 and −2,
the two orders symmetrical to the pump �m=−1�, whereas is
	1 for the other orders.

B. Experimental results

In Fig. 8 we show two representative experimental data,
displaying �a� a fast-light pulse taken at the m=0 output and
�b� a slow-light pulse at the m=−2 output. The input pulse
widths were �a� 140 and �b� 180 ms, the grating spacings
were �a� �=110 �m and �b� �=300 �m, and the frequency
detunings were �a� � /2�=3 Hz and �b� �=0 Hz. For better
visualization of the temporal shift, all the intensities are nor-
malized to their peak value. In reality, the peak intensity of
the fast-light pulse is 0.2 that of the input, while the slow-
light pulse is amplified of a factor 2.2.

By fitting each pulse with a Gaussian, we have evaluated
the time anticipation as �t0=−65 ms for the fast pulse and
the time retardation as �t−2=110 ms for the slow pulse. The
corresponding fractional delay is 0.58. The effective group
velocity of each pulse can be determined as vm=d /�tm.
We obtain v0=−0.21 mm /s for the fast pulse and
v−2=0.13 mm /s for the slow pulse.

For fixed parameters, �=180 �m, �LC=120 ms, pulse
width of 290 ms, and �=30, we plot in Fig. 9�a� the maxi-
mum group delay �tm

�max� /�LC measured for different order
outputs. The experimental data �black dots� are reported to-
gether with the theoretical points �red dots�. For the same

values of parameters, we plot in Fig. 9�b� the group velocity
of the pulse vm versus the frequency detuning � for m=0 and
m=−2. A good agreement between the theoretical prediction
and the experimental points is achieved. For m=0 we ob-
serve a second branch corresponding to fast light, whereas
for m=−2 we have only the slow-light branch with a mini-
mum group velocity of less than 0.2 mm/s. Such a small
value of the group velocity corresponds to a very large group
index, on the order of 1012, which could be very attractive
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for applications in ultrahigh precision interferometry.

VI. TUNING THE GROUP VELOCITY

The group velocity can be tuned by changing the experi-
mental parameters. Here, we will focus in particular on the
behavior of the order outputs m=0, +1, and −2 since they are
of most practical use in the experiments. However, similar
behaviors can be obtained also for the other higher order
output pulses. In Fig. 10 we show the dependence of the gain
G0 and phase shift �0 on the parameter � and on the spacing
� of the refractive index grating. Both � and � are increased
by steps of 10, � changes from 10 to 1000, and � changes
from 50 to 1000 �m. The other parameters are fixed to
�LC=120 ms, ld=14 �m, and n2=−6 cm2 /W. We see that
for increasing � or � all curves cumulate on a common
profile.

Similar behaviors are obtained for the m= +1 and m=−2
orders. These are shown in Figs. 11 and 12, respectively. In
these plots both � and � are increased by steps of 10, �
changes from 20 to 1000, and � changes from 50 to

1000 �m. The other parameters are the same as for Fig. 10.
The group velocity changes accordingly with the behavior

of the phase curves. For the m=0 output order we have cal-
culated the dependence of the group delay on the pump in-
tensity Ip and on the nonlinear coefficient n2. Note that this
last one can be changed in the experiment by varying the
voltage V0 applied to the LCLV, as shown in Fig. 4. The
calculated group delay �t0 is plotted together with the ex-
perimental points as a function of Ip in Fig. 13 and as a
function of n2 in Fig. 14. Two different values of �, �=3 and
30, have been used while the other parameters have
been kept fixed to �=250 �m, �LC=120 ms, and
ld=14 �m. In Fig. 13 the value of the nonlinear coefficient
is n2=−6 cm2 /W, while in Fig. 14 the pump intensity is
fixed to Ip=1.5 mW /cm2.

We can see that increasing � allows to get a larger region
of Ip for a fine tuning of �t0. On the other side, for small �
the curve is nonmonotonic, so that �t0 can either be in-
creased or decreased when increasing the pump intensity. As
for the dependence on n2, the curves are monotonic for all
values of �. Correspondingly, the group velocity can be
finely tuned by changing the voltage V0 applied to the LCLV.
The experimental measurements are in good agreement with
the theoretical curves.
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VII. CONCLUSIONS AND PERSPECTIVES OF FURTHER
DEVELOPMENTS

In conclusion, photorefractive LCLVs are attractive de-
vices showing large and tunable nonlinear response and ex-
cellent photosensitivity coming from the association of the
photoconductive layer with the large birefringence of the liq-
uid crystals. Here, we have shown that by performing two-
wave mixing experiments in LCLVs and by using the disper-
sive properties associated with the two-beam-coupling
process, we can obtain fast- and slow-light phenomena with
very large group delay. The corresponding group index,
which is as large as 1012, could be exploited to enhance the
sensitivity of a slow-light interferometer. The group velocity
can be finely tuned by changing the control parameters of the
experiment, in particular by varying the strength of the non-
linearity. Experimentally, this is realized by changing the am-
plitude of the voltage applied to the LCLV.

During the wave mixing process the output pulse is am-
plified, thanks to the coupling with the pump beam, which
transfers photons in the direction of the original signal. In the
LCLV the process of optical amplification occurs in the
Raman-Nath regime of diffraction and, since energy is scat-
tered into several orders, this not as not as efficient as in the

Bragg regime. However, the Raman-Nath diffraction scheme
allows us to easily obtain signal multiplexing, with different
replicas of the output beam occurring simultaneously and
with different group delays. In particular, the dispersive
properties of the m=−2 diffracted order are optimized for
maximum slow light, allowing a larger group delay with re-
spect to the group delay obtained in the Bragg regime. At the
same time, fast light can easily be obtained on the m=0
order, with superluminal pulses that are only slightly de-
pleted with respect to the original signal.

The working wavelength of the LCLV here presented
ranges from 400 to 600 nm. In the future, extension to other
spectral regions could be reached by the use of other types of
photoconductive layers, such as doped photorefractive mate-
rials, semiconductors, or polymers.

The large group delay provided by the LCLV, which is a
consequence of the highly dispersive properties of the wave
mixing process, is indeed related to the slow response time
needed to build up the grating inside the liquid-crystal layer.
Such a slow response time is a limitation for certain appli-
cations, nevertheless, is well adapted for the detection of
slow and very small deformations or displacements.

Moreover, for small positive detuning we have negative
group delay on the m=0 order, while the same two-wave
mixing process can be used to inject photons inside a cavity
�34�. These two properties, fast-light associated with an op-
tical resonator, could be exploited to increase the sensitivity
of laser gyroscopes in the perspective of measuring absolute
rotations with high precision �35�.

Finally, the theoretical model here developed could be
applied to any thin Kerr medium, provided it allows per-
forming two-wave mixing experiments. Therefore, we expect
that the slow- and fast-light schemes here proposed could be
easily extended to other systems, such as thin photorefractive
materials, dye-doped liquid crystals, and photorefractive
polymers.
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