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We present experimental results on the propagation of an interference pattern of two He – Ne laser beams of
unequal amplitudes through a photorefractive Bi12 TiO20 crystal in the presence of drift nonlinearity. The
phenomenon that we have observed is the focusing of the fringes as the nonlinearity of the crystal is increased.
We show that such a phenomenon can be quantitatively interpreted in the framework of modulation instability
theory.  1995 Optical Society of America

The phenomenon of modulation instability (MI) is
characteristic of nonlinear systems. It appears when
a cw solution is perturbed with a periodic low-intensity
signal, and it causes the generation of sidebands
around the cw spectral frequency.1 The nonlinear
Schrödinger equation, which governs the temporal
pulse propagation through optical fibers and twodimensional spatial beam propagation in Kerr-type
media, exhibits MI. In the time domain it has been
successfully applied to generate periodic arrays of
temporal pulses with controllable repetition rates.2 In
the spatial domain MI together with an effective gain
mechanism has given rise to clean arrays of both bright
and dark spatial solitons.3 However, Kerr-type media
could not be the optimal materials for the practical
applications of this and other nonlinear phenomena.
This is because of the requirement for laser powers
of the order of watts, the length of the nonlinear
media, and the availability of materials with positive
and negative nonlinear contributions to the refractive
index.
On the other hand, currently there is growing interest in two- and three-dimensional beam-propagation
problems in photorefractive crystals (PRC’s) because
they surpass the features of Kerr materials. For
example, the first observations of bright4,5 and dark 6,7
spatial solitons in PRC’s with different types of nonlinearity have been reported at much lower laser powers
(of the order of a milliwatt). The purpose of this Letter
is to report experimental evidence and to give a theoretical interpretation of the MI effect in a PRC in the
presence of a drift nonlinearity.
The experimental arrangement is shown in Fig. 1.
A 10-mW cw He–Ne laser beam was filtered and
expanded up to 2-cm diameter. This beam equally
illuminated the two mirrors, and the ref lected beams
were sent to a 9 mm 3 5 mm 3 2 mm (110)-cut photorefractive Bi12 TiO20 (BTO) crystal. The same crystal
was used in our experimental observation of dark
spatial solitons.7 At the entrance of the crystal the
two beams produce an interference pattern with a
period depending on the total angle between them. To
produce an interference pattern with a fringe visibility
of 0.5, we placed a neutral-density filter (0.6 optical
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density) in the path of one of the ref lected beams. The
interference fringes were orthogonal to the direction
of the applied voltage to the crystal (its shortest size).
An imaging system, consisting of a lens and a CCD
camera, was used to analyze the intensity distributions
at the input and output faces of the crystal. To control
the profile and depth of the refractive-index change
in the sample it was necessary to provide uniform
illumination at the interelectrode spacing with light
coming up from a second 10-mW cw He –Ne laser beam.
This beam was sent to the sample by a beam splitter.
The experimental output prof iles for three different
applied voltages are shown in Fig. 2 for an initial
interference pattern with 14 fringesymm. As one
can see, the peak intensity of the fringes increases
and their width decreases as the applied voltage is
increased. This focusing effect is shown in Fig. 3,
where we plot the experimental measurements (open
circles) of the fringe peak intensity as the voltage
varies. It is worth noting that in addition to the
fringe focusing Fig. 2 also shows a space shift of the
fringes that is due to the well-known phase transfer
phenomenon,8 which is essential in the case of gratings
produced by beams of different amplitudes.
We now give a theoretical description for the results
of Fig. 2. The scalar two-dimensional model of laser
beam propagation in a PRC with drift nonlinearity is
governed by the standard equation
i

1 ≠2 A
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Fig. 1. Diagram of the experimental setup. M1, M2,
mirrors; NDF, neutral-density filter.
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Note that this internal electric field is related
RL to the
externally applied voltage through V0  0 Esc dX,
where L is the transverse width of the crystal. Substituting Eq. (2) into the expression for dn, we obtain
µ

∂
jAj2 yI0
,
dn  6dn0 1 2
1 1 jAj2 yI0

Fig. 2. Experimental output prof iles at the indicated
voltages when the initial interference pattern has
14 fringesymm.

(3)

where dn0  s1y2drn03 Ẽ and Ẽ  V0 yL. Notice that
the sign of dn can be changed by choice of the polarity
of the applied voltage. The nonlinear refractive-index
change of Eq. (3) is similar to that of the saturable
Kerr
p
nonlinearity.9 If we def ine AsX, Zd  Im qsX, Zd,
where Im is the signal intensity, and neglect the
constant term in Eq. (3), which will just introduce a
constant in X and a linear-in-Z phase shift, Eq. (1)
becomes
i

mjqj2
≠q
1 ≠2 q
1
R
q,

≠Z
2 ≠X 2
1 1 mjqj2

(4)

where m  Im yI0 is the saturation parameter and
R  LD yLNL , with LNL  1ysk0 dn0 d. For the
BTO crystal used in our experiments, L  0.2 cm,
r  6.175 3 10210 cmyV, and n0  2.58; from our
experimental setup described above V0 , 1500 V,
m , 1, and l  0.632 mm; and we set x0  50 mm as
the normalization transverse distance. Therefore the
appropriate parameters for Eq. (4) are LD  6.45 cm,
dn0  3.975 3 1025 , LNL  0.251 cm, and R  25.6.
To stimulate our experimental conditions we use
qsX, 0d  f1 1 a0 coss2pXyT dgexps2X 6 y2b6 d ,

Fig. 3. Experimental (open circles), numerical (solid
curve), and theoretical (dashed curve) results for the
output fringe peak intensity as a function of the voltage applied to the BTO crystal. The input profile has
14 fringesymm.

where AsX, Zd is the (slowly varying) beam envelope, k0 is the wave number, and dn is the nonlinear contribution to the refractive index. X  xyx0
and Z  zyLD , with x0 being the characteristic transverse scale, LD  n0 k0 x02 is the diffraction length,
and n0 is the linear refractive index. The nonlinear
change of the PRC refractive index is produced by the
electro-optic effect that is due to the presence of the
space-charge electric field Esc induced within the crystal8: dnsXd  1/2rn03 Esc , where r is the electro-optic
coeff icient. For a PRC with drift nonlinearity the conductivity s is supposed to be proportional to the light
intensity, which we decompose into the intensity of the
uniform illumination, I0 , and the intensity of the signal itself, I sXd  jAj2 . Thus s  s0 fI0 1 I sXdg, where
s0 is a constant. In steady-state conditions, the unidimensional continuity equation for the current density,
dJydX  0, establishes that JsXd  sEsc  J0 , where
J0 is a constant. Therefore
Esc 

J0
.
s0 fI0 1 I sXdg

(2)

(5)

where a0 and T are, respectively, the modulation
amplitude and the normalized period of the fringes and
b is the width of the finite background.
In Fig. 4 we show the numerical result of modeling the propagation of an initial prof ile containing
14 fringesymm and a visibility of 1y2 sa0  0.28d
through our 9-mm-long PRC. As one can see, each
oscillation of the interference pattern narrows and increases its peak intensity as the propagation takes
place. The output prof ile shows a focusing similar to

Fig. 4. Numerical result calculated with Eqs. (4) and (5)
of modeling the propagation of an interference pattern
with 14 fringesymm through a 9-mm-long BTO crystal.
The parameters used were T  1.423, m  1, R  25.67,
a0  0.28, and b  20.
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that experimentally obtained with V  1500 in Fig. 2.
The solid curve in Fig. 2 represents the output fringe
peak intensity numerically obtained as the voltage is
varied. Note that this curve is in good agreement with
the experimental results (open circles).
The focusing process plotted in Fig. 4 does not
continue indefinitely. Instead, our numerical results
show that it stops at some propagation distance, and
then the fringe width increases and its peak intensity
decreases, recovering its initial values, provided that
b .. T . Thus the propagation of an initial oscillatory
prof ile is characterized by a recurrent behavior, similar
to that found for the nonlinear Schrödinger equation
when an inf inite oscillatory prof ile is used.10 This periodic focusing and defocusing of the initial oscillatory
prof ile can be explained in terms of the phasing and dephasing within the nonlinear medium of the initial two
spectral components with the additional ones generated by the MI effect.10
The initial stage of this process can be qualitatively
described by perturbation of Eq. (4). We first note
that Eq. (4) accepts the plane-wave solution qsX, Zd 
q0 expsifNL Zd, where fNL  Rmq02 ys1 1 mq02 d.
Now if we perturb this solution in the form q 
sq0 1 dqd expsifNL Zd, the perturbation satisf ies the
linearized dynamic equation
i

≠dq
1 ≠2 dq
1 2Rf smdResdqd ,

≠Z
2 ≠X 2

(6)

where f sud  mq02 ys1 1 mq02 d2 is a weight function. If
we assume a periodic perturbation, dq  C cossKZ 2
VXd 1 iD sinsKZ 2 VXd, then K becomes imaginary
and the perturbation will grow for pperturbation
frequencies satisfying V , Vc  2 Rf smd. For
V , Vc , the associated
gain coefficient is given by
p
a  2 ImsKd  V Vc2 2 V 2 . These results indicate
that both the gain bandwidth and the gain magnitude
depend onp m. They reach their
maximum values,
p
Vc,max  R and amax  R y2, respectively, at
mq02  1. Note that for our experimental and numerical results we are using mq02 , 1 and, therefore,
Vc , 5, which corresponds to an interference pattern
with 16 fringesymm.
When V , Vc , and for the initial condition given by
Eq. (5) with b ! `, the solution for the perturbation dq
can be written as
dq  a0 coshsaZy2dcossVXd 2 isa0 ay2V 2 d
3 sinhsaZy2dcossVXd .

(7)
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The dashed curve in Fig. 3 represents the behavior of
j1 1 dqj2 , with a0  0.28, as the voltage applied to the
crystal is varied. As one can see, there is reasonably
good agreement of Eq. (7) with both experimental and
numerical results.
In summary, we have presented experimental results that reveal the onset of the modulation instability effect in photorefractive crystals in the presence of
drift nonlinearity. This result opens the possibility
of carrying out experimental studies similar to those
in Kerr media2,3 at much lower laser powers and with
more practical perspectives.
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