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ABSTRACT

A nonlinear optical medium results by the collective orientation of liquid crystal molecules tightly coupled to a
transparent photoconductivelayer made of a BSO photorefractivecrystal. The nonlinear medium, called photorefractive
liquid crystal light-valve, gives a large two-wave-mixing gain, thus, when inserted in a ring cavity, it results in an
unidirectional optical oscillator. Dynamical regimes with many interacting' modes are made possible by the wide
transverse size and the high nonlinearity of the liquid crystal gain medium. In particular, we show the generation of
spatiotemporal pulses, coming from the random superposition of many longitudinal and transverse modes simultaneously
oscillating in the cavity.
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1. INTRODUCTION

A laser 1s a positive feedback optical amplifier. The active medium with population inversion acts as the light amplifier
by means of stimulated emission and the cavity supplies the feedback [1]. The two-wave mixing in photorefiactive
crystals provides another mechanismof light amplification[2] and has been intensively used in the past to observe arich
variety of spatiotempora dynamics of the transverse cavity modes [3]. Because of the limited transverse size of
photorefractive crystals, the number of activated modes is relatively small, typically about few tens. Recently, we have
introduced a new optical oscillator based on a liquid crystal light valve (LCLV) as a gain medium [4]. The large
transverse size and high gain of the LCLV alows a large humber of longitudinal and transverse modes to be
simultaneously amplified in the cavity, thus giving rise to dynamical regimes remained inaccessibleup to date.

We report different dynamical regimes, in particular high amplitude spatiotemporal pulses that appear in random space
points and are confined along the three space directions. Even though several theoretical predictions have been givenin
the past [5-7], our observationsare the first experimental evidence of 3D confined optical structures. The mechanism for
the formation of spatiotemporal pulses has to be searched in loca interference effects between the huge number of
modes that are traveling in the cavity at different angles and with different frequencies. A similar mechanism has been
recently employed to synthesize spatiotemporal pulsesin a linear optical system [8]. However, in our experiment the
superposing fields are not created by extemally imposed gratings but are instead spontaneously generated in the cavity
through nonlinear interactionsin the LCLV.

Together with the experimental observations, we present also a theoretical model that takes into account the longitudinal
dependence of the cavity field, thus allowing for the formation of 3D optical structures. The model is derived starting
from the Maxwell equations for the light propagation in the cavity and from the theory of the LCLV. The main
differences with respect to existing models of cavity oscillators [9-10] are due to the specific features of the gain
medium. Indeed, the large number of transverse and longitudinal modes prevents the use of a mean field approximation
along the cavity axis and needs for considering the longitudinal variations of the cavity field. For a set of parameters
consistent with the experiment, we perform numerical simulations confirming the appearance of 3D localized
spatiotemporal pulses.
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2. THE LIQUID CRYSTAL LIGHT-VALVE ASA LIGHT AMPLIFIER

The photorefractive liquid crystal light-valve combines a liquid crystal layer with a thin monocrystalline Bi;;SiO4y
(BSO) photorefractive crystal. In thisdevice, both photoconductive and electro optic properties are separately optimized.
While the excellent photosensitivity arisesfrom the photoconductive properties of the BSO, the large electro-optic effect
is due to the large birefringence of the liquid crystals {11]. The LCLV is schematically represented in Fig.la. It is
realized by using a BSO crystal as one of the walls. The BSO is cut in theform of athin slice, d=I mm thickness, 20x30
mm lateral sizes. On one side it is coated with an Indium-Tin-Oxide (ITO) transparent electrode. The other wall of the
cell is a glass window (BK7) coated with ITO. Both the BSO surface and the ITO side of the glass window are treated
with polyvinyl-alcohol (PVA), polymerized and then rubbed to obtain planar alignment of the liquid crystals. Teflon
spacersof 14 um are inserted between the two walls and the cell is sealed with UV photo-polymerizing glue.
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Fig. 1. a) Schematic representation of the photorefractiveliquid crystd light-valve. b) Typicd response of the LCLV as a
function df the pump beam intensity 1, the gpplied voltageis fixed to Vo= 20 V rms, frequency £=20 KHz.

The assembled cell is filled with the nematic liquid crystal E48 that has a positive dielectric anisotropy, Ae=15.1 at 1.0
kHz, and optical birefringence An=n,-n,=0.2306, the extraordinary and the ordinary index being, respectively, n.=1.7536
and n,=~1.5230 at A=589.3 nm and T=20 °C. The fina quality of the planar alignment is tested under a polarizing
microscope.

The BSO crystal, well-known for its photorefractive properties [12], is here used for its large photoconductivity in the
visiblerange, from A=400 to 550 nm. An AC voltage V, is applied across the cell through the ITO electrodes. Under the
application of an eectric field, liquid crystals tend to realign in such a way to become parallel to the direction of the
applied field. When the light intensity on the BSO increases, its impedance decreases due to the photoconductivity and
hence, the voltage drop across the liquid crystal layer increases, inducing liquid crystal reorientation. As a consequence,
alight beam passing through the liquid crystal layer experiences a refractive index change and, thus, a phase change. A
typical response of the LCLV is displayed in Fig.1b. It was obtained by inserting the LCLV between two crossed
polarizers, with the liquid crystal director making an angle of 45° with their axes, and by sending on the photoconductor
side a pump, A=532 nm, and a probe beam, A;=632 nm [13]. The phase change experienced by the probe beam is
@=27 An 1 /A, with 1=14 pum the thickness of the liquid crystal layer and An=n(8)-n, the refractive index change, 8 being
theliquid crystal tilt angle.

The measured phase change ¢ is plotted in Fig.|b as function of the pump intensity I,. The saturation of the responseis
attained when the liquid crystal molecules are aligned aong the direction of the applied field. The full range of phase
variation is g~11m, which corresponds to the maximum birefringence An=n.-n,~ 0.2 for the initial planar alignment of
the liquid crystals. In the linear part of the response the LCLV behaves as a Kerr-like nonlinear medium, with a
refractiveindex change Anccl,,, proportional to theintensity I,, of the light illuminating the BSO side.

For an incident illumination of 1 mW/cm? in the green, A=532 nm, the typical response time of the LCLV is of the order
of 100 ms. The spatia resolution has been determined by measuring the contrast of the hexagonal patterns arising in a
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feedback inirror configuration [13] and it has been found to be about N=30 lp/mm, which corresponds to a lateral
diffusion length 1,=20 pm.

2.1 Two-wave mixing gain and signal amplification

To determine the nonlinear coefficient of the LCLV and its amplification gain, we have performed two-wave mixing
(2WM) experiments. The experimental setup is shown in Fig.2a. A weak signal beam, 1,(0), is sent to the LCLV together
with a high intensity pump beam, 1,(0). The ratio between the pump and signal intensities is fixed to 3=80. The two
beams interfere in the plane of the BSO, giving rise to afringe pattern, henceto local reorientation of the liquid crystal
molecules in correspondence to the local increase of the voltage drop. Thus, the molecular reorientation follows the
intensity fringe pattern and arefractiveindex grating is formed inside the liquid crystal layer.
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Fig. 2. Two wave mixing expenment: a) experimental setup. b) Gain G measured as a function of the applied voltage V.

The two writing beams are self-diffracted by the refractiveindex grating that they have induced inside the cell. Since the
liquid crystal layer is thin, the self-diffraction of the two beamsis in the Raman-Nath regime [14]. Under this condition,

the diffraction efficiency isgiven by
o[ #Anl | [ nAnl 2
n=Ji )55 ) (1)

whereJ; isthe Bessel function of the first order, An=n(0)-n, is the refractiveindex change due to the reorientationof the
liquid crystal moleculesand 1is the thickness of the liquid crystal layer. If the pump beam is much more intense than the
signal beam, 1,(0)>>1,(0), then &t thesignal beam at the exit of the cell can be expressed as

I, () = 1,(0) + I, (D, @
and if we define the two-wave-rnixinggain as G=I(1)/14(0), we obtain
2
27n,1
G=1+(—XZ p] 12, 3)

where An= 2n21[IpIS is the amplitude of the refractive index grating, with n, =%the nonlinear optical coefficient

of the LCLV.

In the LCLV the beam coupling always takes place in such away that the energy transfer is towards the beam with lower
intensity. The measured gain is plotted in Fig.2b as afunction of the applied voltage V, and for different frequenciesof
the voltage. The maximum value obtained for =80 and I,=1.8 mw/cm?is G ~ 4, which corresponds to n, =5.4 cm*/W.
Note that the LCLV works in the Raman-Nath regime, so that, even though the nonlinear coefficient is very high, the
overal gain is limited, since for high pump intensity there are several diffraction orders into which the energy is
redistributed. For thicker cells, that is, by approaching the Bragg diffraction regime, we should be able to obtain larger
valuesof G. Another way to increasethe gain is that of using several cellsin cascade, as demonstrated in Ref.[15].
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3. THE LIQUID CWYSTAL OPTICAL OSCILLATOR

The liquid crystal optical oscillator (LCO) is formed by a ring cavity into which a LCLV is used as the gain mediuin.
The experimental setup is sketched in Fig.3. The cavity is made of three high-reflectivity didlectric mirrors. A lens with
focal length fisinserted in the cavity. Thetotal length of the cavity is L=240 cm and the lens has a f=70 cm focal length.
This gives L< 4f, a condition that ensures the stability of the cavity and the presence of many longitudinal modes with a
discrete spectrum for the transverse modes. The LCLV is pumped by a plane wave optical beam E, provided by a diode
pumped solid state laser (A=532 nin) and propagating at an angle 6 ~ 30 mrad with respect to the cavity axis. The light
amplification in the cavity is based on 2WM interactions in the liquid crystals. The pump polarization is linear and
paralle to theliquid crystal director orientation, which is vertical.

The pump induces in the liquid crystal a homogeneousvariation of the refiactive index n(x,y), x,y being the transverse
coordinates of the two-dimensional liquid crystal layer. Because of inhomogeneous thermal fluctuations of n(x,y), a
small fraction of light is scattered in the direction of the cavity axis and, after atum in thering, it adds to the pump field
creatingasmall grating in n(x,y). If the losses in the cavity are sufficiently small, the grating scatters alarger fraction of
the pump field into the ring and an exponential growth of the cavity field occurs, until saturation effects become relevant.
The spontaneoudly generated cavity field E, is polarized along the vertical direction, since only the extraordinary waves
are amplified by the 2WM taking place in the liquid crystal layer. Moreover, the cavity field E, has a fiequency alinost
equal to that of the pump field E,,. In fact, we observe afrequency detuning of afew Hz, which is automatically selected
by the cavity in order to maximize the gain and that correspondsto arefractive index grating slowly moving inside the
liquid crystals. It is well known that a moving grating enhances the two-wave mixing gain for photorefractive crystals
[12], however this frequency shift was not observed beforefor aLCLV.

MIRROR

CCD trigger +
" gr?ibber

Fig. 3. Expaimentd sgtup of the liquid crystd optical oscillator. The beem sampler redirect a smdl fraction of the cavity
fieldto the three CCD cameras imaging the intengity distribution at three different z planes dong the cavity axis.

The Fresnel number F of the cavity, which is the ratio of the diffraction limiting aperture to the area of the fundamental
Gaussian mode [1], is controlled by a diaphragm placed behind the lens and can be changed from F=I to approximately
F=500, which implieschanging from a single transverse mode oscillation to a regime where a huge number of modesare
present. The number of oscillating modes can be changed also by varying the voltage V,, applied to the LCLV. Indeed,
V, changes the uniform refractive index of the LCLV, thus it acts directly on the frequency detuning between the cavity
field and the pump beam, which, as we will see in thefollowing, is the main mechanism of mode selection.

For the purpose of visualization, a small fraction (4 %) of the cavity field is extracted by a beam sampler and, after
passing through a lens, is separated into three distinct optical paths. Three CCD cameras record the transverse intensity
distributions at three different planes, chosen in such a way to image the cavity field at three distinct planes situated at
different z coordinates along the cavity axis. The control parameters of the experiment are the intensity of the pump
beam I, and the voltage V, applied to the LCLV.

In afirst set of experiments, we have used only one CCD at ;=0 cm, corresponding to the entrance side of the LCLV.
For low Fresnel numbers the cavity field consists of a small number of low order Gauss-L aguerre modes, all belonging
to the same longitudinal mode. These modes alternate during the time and, depending on the control parameters, namely
the voltage V, and the pump intensity I, the temporal sequence may be either regular or chaotic. This behavior is similar
to the dynamical regimes previously observed in unidirectional photorefractiveoscillators[2,3].
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3.1 Spatiotemporal pulses

For a fixed and large Fresnel nurnber, F=500, and by changing V, and the pump intensity I,, we have determined the
experimental phase diagram, as reported in Fig.4. Cavity mode oscillations are in the larger grey area whereas
spatiotemporal pulses are in the darker area. The low V, regimes are similar to those observed for low F, with the
alternation of low order Gauss-Laguerre modes. The transition to the high V,, regimesis accompanied by the emission of
high order and out of axis symmetrical modes. For intermediate values of V, and 1;, a large number of modes interact
through the nonlinear medium occupying the whole size of the area illuminated by the pump and giving rise to
spatiotemporal pulses. These appear as large intensity peaks over alower amplitudeand "speckle-like" background.
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Fig. 4. Experimental phesediagram in the V, versus I, Space.

a) b)

Fg. 5. Indantaneous sngpshots showing the transverse intendty ditribution for different dynamica regimes, @ atemation
of low order Gaussian modes, V=10 V, I;=2.4 mW/cm’; b) and c) higher order modes alternating during the time for
Vo=14 V, 1,=2.0 mW/cm?; d) largering modes obsarved for V=25 V, [,=1.3 mW/cm’.

I nstantaneous snapshots of the transverse intensity distributionsI.(x,y) are displayed in Fig5. The transverse size of the
oscillating field increaseswith V,, up to alarge ring for high V,. The spatiotemporal pul ses appear when a large number
of modes is populating the whole size of the area illuminated by the pump beam. A typical snapshot corresponding to
this case is displayedin Fig.6a and the corresponding spatiotemporal plot is shown in Fig.6b.

To investigate the dynamical features of spatiotemporal pulseswe havefixed V4=20.3 V rms and [,=2.0 mW/cm® and we
have recorded several movies. The spatiotemporal pulsesare identified by applying on each frame a threshold of 3 times
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the average intensity <I.> calculated over the entire set of frames in any experirnental run. The extension of the pulses in
the z direction is investigated by simultaneously recording the intensity distributions at the three planes z;, z, and z;
plane. The three CCD are driven by the same trigger, whose delay time is negligible with respect 1o the liquid crystal
response time. We select z,=0, z,=5 and z;=32 cm. The magnification ratio, the size of the window and the intensity
levels are the same for the three planes. Three spatia profiles recorded at the three different planes are displayed in
Fig.7. By redicing the movie recorded in z; along the direction joining the two puises and by keeping the temporal

dependence, we obtain the spatiotemporal profile shown in Fig.8.

-

Fig. 6. Spatiotemporal pulses observed for V=20 V, 1,=2.0 mW/cm?; @) instantaneous snapshot; b) spatiotemporal plot
obtained by cutting the moviedong they direction.

21

z=0 cm Z;=5 cm 23732 cm

Fig. 7. Spatid profilesrecorded at z,, z, and z,. Colors on line, from blue (minimal intensity) to red (maximd intensity).

It can be seen from Fig.7 that at z; the two large pulses have disappeared whereas from Fig.8 we see that the pulses have
a limited temporal extension. By taking the half height width of the pulses with I; (x,y,z) > 3 <I> and by averaging over
more than one hundred profiles, we find that the transverse size of a pulse is 250 + 50 um whereas its average lifetime is
around 0.5 + 0.1 s, Asfor the longitudinal extension, by inspecting several movies taken at different z;, we estimate it

around 30 cm.
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Fig. 8: Spatiotempora profileextracted from the z, movie.
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4. THEORETICAL MODEL

The model for the liquid crystal oscillator is derived by coupling the Maxwell equationsfor the cavity field with a Debye
relaxation equation for the refractive index change in the liquid crystal layer [16]. The model takesinto account the Kerr
nonlinearity of the medium as well as the 2WM mechanism of photon injection inside the cavity. The LCLV is
positioned in z=0, perpendicularly to the cavity axis and (x,y) denotes the coordinatesin the transverse x,y plane. The
refractiveindex n(x,y,t) satisfiesthe equation
< on(x,y,t) _

2
o n, —n+12DVin+0L|E(x,y,t)| , (4)

where Vi is the transverse Laplacian, Ip the transverse diffusion length and o the nonlinear coefficient of the LCLV, n,
a constant value determined by the voltage V, applied to the LCLV. The total electricfield at the entrance of the liquid
crystal layer is

E(x,y,t)= Epel(kp SO Ecei(kc “%), c.c., )

where E.=E(x,y,t) is the complex amplitudeof the cavity field and E, is the amplitudeof the pump plane wave, which is
taken as constant. The intensity at the entranceside of the LCLV is

o =[e e + g v ©

and givesrise to arefractiveindex change with two components, one varying slowly in space, the other correspondingto
aspatial grating with wave number k ; =k, — k. We thus write the refractive index as

2 .
—ik, T
n(X,y,t):nc—a‘Ep| +ny+ne "t tec, (N

where lEplzis constant. When we substitute this expressionin the equation for n we obtain
on 2
1= (-1+13V)n, +ofE |, . (®)
ot
on -12 292 12 2 *
e (—1—211Dkl V+BV2 —Bk | )nl +aELE,, ©

for the slowly varying fieldsng and n;.

The wave eguation for the cavity field is written for a planar cavity by adopting the slowly varying amplitude
approximation and by considering n, and n; small. Due to the large scal e separation between the medium response time
and the cavity round-triptime, we neglect the time derivativeand get

aEc[i - i8—y] .

=|— V| +ikn,W(z)+ —= |E_ +iknW(2)E (2

5\ vt oW(2) . c WWEE,(2), (10)
where W(z)=1 in theliquid crystal layer and O elsewhere, 5 is the phase shift acquired by the cavity field in around trip,
y, is the cavity lossrate, E,(0)=E, and we have assumed k=k,~k..

Since the liquid crystal layer is thin, inside the medium we neglect the transverse Laplacianand we consider the 2WM in
the Raman-Nath diffraction regime. Thus, inside the medium we have to take into account multiple order scatteringsof
the pump [16]. By doing this, we obtain the following expression for the cavity at the exit of the LCLV

E, () = ¢*™| J, (2K]n, B, + ilz—‘lJl (2klin,DE,, (0)) (11)
1

where J, and J; are the Bessel functions of order zero and one, respectively.
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Outside the LCLV the field evolution is governed by diffraction, thus the transverse Laplacian has to be retained. By
considering that the cavity field has to satisfy the periodic boundary conditions imposed by the cavity. including the
presence of thelens, it can be shown that the cavity field at the entrance of the LCLV is given by

Eo(x,y)=i) D'GE(0) (12)
s=0
where
D =Ce"™ J (2k]n ) (13)
is the operator describing the mutual coupling between the cavity modes
G = Cellkno |“—1|J1 @kn, ) (14
Iy

is the operator accounting for the 2WM process of photon injection inside the cavity and

C= Fl/zeissmei(L~Ll 12k)VE e—i(k/zf)rf ei(L1 12k)V3 (15)
is the operator describing the field propagation inside the cavity. L, is the distance between the LCLV and thelens, (1-I")
is the fraction of lost photonsin a round trip, 8 is the phase shift acquired by the cavity field in around trip and S is the
specular operator, m being the number of mirrors of the cavity (S exchangesr, with—ry).

Equations (8,9) and equation (12) constitute our model. The first two equations describe the dynamics of ny and n; and
contain the cavity field E,, given by thelast equation as afunction of therefractiveindices. Eq.(12) hasasimplephysica
interpretation. The first term with s=0 gives the field scattered by the LCLV into the cavity with E.=0 and its subsequent
evolution in around trip. The other terms are the contribution of this field after s returns to the LCLV. Because of the
cavity losses, this series converges and can be approximated by a finite number of terms.

4.1 Analysisof the model in the one-mode approximation

In the linear regime the cavity field grows exponentially above a threshold value of the pump intensity, until saturation
terms become relevant. We assume that only one longitudinal, one transverse mode of the cavity is nearly resonant and
undergoes oscillations. This condition can be experimentally obtained by putting a diaphragm inside the cavity and by
closing it in such a way that only the fundamental transverse mode is selected. The selection of the longitudinal mode
takes place through the frequency detuning with respect to the pump field, as it follows from the analysis below. In the
one mode approximation the operator equation to obtain the cavity field is replaced by the scalar one

E,(0)=i—L /26 Corkely, 2kl
(0)=

. 0)
Inll1—F1/261(8°+km°)J0(2k1|n1|) P, (16)

where & is the phase acquired by the cavity field in around trip, i.e.,
doc

L

is the frequency detuning of the cavity‘ mode with respect to the pump field. Let us assume that the eigenmodeis smooth
with respect to thediffusion length Ip, then Eqs.(8,9) become, respectively,

D, Qa7)

dn
thoz—nO +a|Ec|2, (18)
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P
L

(iir?_(-1~lzD|kl|2)11+aE;Ec_ (19)

We now linearize Eqs.(18,19), in order to study the stability of the stationary solution ny=n,=0 and find the threshold
condition for the cavity oscillation. The first equation gives tdny/di=-ng, thus we can take n,=0 and consider only the
second equation, which yields

dn, ) 5 ir/2eio ~
The threshold condition is Re[c,]>0, 1.¢.,
_1'112)Ik¢|2_0‘1 Sin6o >0, 1)

P1+r-2r'2 cosd,

amplified modes

8,/

Fig. 9. cy/c; asafunction of 8y/y for aly/yc,=8. The dashed lines represent the amplified modes of the cavity. The dot lines
arethe sub-thresholdones.

The second term is zero at §,=0 and hasa maximumat 8,= 8™ for which the threshold val ue of al,, is minimal and given
by

oty = 51k, 7) @)
For cavitieswith very small losses, the threshold condition becomes
Ch  _ al, B
m:— _1+1123|k¢|2 v2+8%° @3)

wherey= 1-I'<<1. In Fig.9 we report. cy/c as a function of 8y/y for aly/yc,=8. The dashed lines represent the resonant
modes and have a negative 3,, whereas the dot lines are the sub-threshold modes. For high negative detuning the gain
decreases and becomes negative, because of the phase mismatch among the cavity fields with different number of round
trips (in other words, the termsin the series of Eq.(11) sum up to zero because of destructiveinterferenceeffects).

It isinteresting to note that the imaginary part of ¢, gives a phase rotation of ny and, consequently, of E. Thus, the cavity
field has a phase drift with respect to the purnp E,. The correspondingfiequency difference, calledpulling [1] , is always
negative and for y<<1 equal to
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1 aly

@y =~ 5. 24
pull . YZ +6(2) (24)
At the threshold and for §,= &,
the | . ©1
ol | T yp (25)

1.e., it is of the order of the relaxation rate of nj.

4.2 Two-dimensional numerical ssmulations

We have performed numerical simulations of the model equations, Egs.(8,9) and Eq.(12),for one transverse dimension x.
The parameters are chosen from the experiment, t=40 ms, 15=30 um, [,=2 mW/cm’ and a=4 cm*/W and set to a regime
where many modes are present. The number of terms in the sum is truncated to the number of round-trips given by the
average lifetime of photons in the cavity. In Fig.10a we show the intensity distribution calculated in the x,z plane at a
fixed time, whereas in Fig.10b is shown a spatiotemporal profile at afixed z. Asin the experiment, spatiotemporal pulses
appear as light filaments confined both in the transverse and longitudinal direction.

05 1.0 15 20 7[m]

X [y 2 0 05 ()]

Fig. 10. Numerically calculated field distributions: @) a cut in the x-z plane at afixed time; b) a spatiotemporal profileat afixed z.
The dashed linein @) marksthe lens position (L;=1.3 m, L,=1.1 mand f=0.7 m). Colors on line.
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5. CONCLUSIONS

In conclusion, we have shown that a novel type of nonlinear optical oscillator can be built by using aliquid crystal light-
valve as the gain medium. We have reported different dynamical regimes and we have given evidence of 3D confined
spatiotemporal pulses. We have developed a theoretical model that takes into account the Kerr nonlinearity of the
medium as well as the two-wave-mixing mechanism of photon injection inside the cavity. At variance with usua
treatments, where the mean-field approximation is used to eliminate the z dependence of the field, our model keeps this
dependence, thus allowing for the formation of 3D confined optical structures. We have shown that the simultaneous
presence of longitudinal and transverse modes leads to the appearance of spatiotemporal pulses, which is confirmed by
numerical Simulationsand is in agreement with the experimental results.
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