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Dark incoherent soliton splitting and ‘‘phase-memory’’ effects: Theory and experiment
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We report on an experimental observation of dark incoherent solitonY splitting. The effects of incoherence
on the evolution of incoherent dark soliton doublets are investigated both theoretically and experimentally. We
show that the dynamics of these incoherent self-trapped entities are associated with strong ‘‘phase-memory’’
effects that are otherwise absent in the linear regime.@S1063-651X~99!50205-5#

PACS number~s!: 42.65.Tg, 42.65.Hw, 42.25.Kb
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Recent experimental and theoretical studies have sh
that incoherent spatial solitons are fundamentally differ
from their coherent counterparts@1–13#. Unlike coherent
solitons@14#, these newly discovered incoherent self-trapp
entities are multimoded and are known to exist in noninst
taneous nonlinear media@5,6#. Bright spatial incoherent soli
tons were the first to be observed experimentally in stront
barium niobate~SBN! photorefractive crystals@1,2#. In order
to explain their behavior, two complimentary methods ha
been developed@3–6#. The first one is the so-called cohere
density approach, which describes incoherent beam dyn
ics via a nonlinear Schro¨dinger-like integro-differential
equation@3,4#. The second method is a self-consistent m
timode description which is capable of identifying mul
mode incoherent soliton solutions and their range of e
tence @5,6,11–13,15#. Finally, a ray approach has bee
suggested in the limit of ‘‘big incoherent’’ bright beam
@7,8#. This latter transport approach is to some extent
evant to that taken in the theory of random-phase solito
previously considered within the context of plasma phys
@16,17#. Lately, a numerical study based on the coherent d
sity approach, has revealed that incoherent dark solitons
be possible in biased photorefractives@9#. Subsequently, in-
coherent dark planar and two-dimensional dark solito
~‘‘vortices’’ ! were observed in a SBN:60 crystal@10#. This
was achieved by employing the photorefractive se
defocusing nonlinearity associated with screening solit
@18,19#. As predicted in Ref.@9#, the incoherent dark soliton
were found to be gray. Moreover, these dark incoherent s
tons were efficiently excited provided that an initialp-phase
flip was imposed on the incoherent wave front. Followi
the experimental observation, the modal structure of th
incoherent dark solitons was analyzed@11# using the self-
consistent multimode method@5,6#. In this study, it was
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shown that these soliton states involve a belt~a continuum!
of odd and even radiation modes and possibly bound sta
Thep-phase shift required for their excitation was explain
by considering the radiation mode distribution within th
dark soliton notch@11#. IncoherentY-soliton splitting was
also predicted in Ref.@9#. The behavior of these incoheren
soliton doublets, for different degrees of coherence, is p
sented here.

In this Rapid Communication, we report an experimen
observation of dark incoherent solitonY-splitting in a nonin-
stantaneous self-defocusing nonlinear medium as predi
in Ref. @9#. The evolution of these incoherent soliton do
blets is then systematically investigated as a function of th
coherence, both theoretically and experimentally. Surp
ingly, we find that over a wide range of parameters,
Y-splitting is approximately the same, irrespective of coh
ence. Moreover, we show that the dynamical behavior of
incoherent Y-splitting process is associated with stron
‘‘phase-memory’’ effects which are otherwise absent in t
linear regime. In other words, we show that dark incoher
self-trapped entities~dark incoherent solitons! are character-
ized by a strong memory effect that lasts throughout pro
gation and governs their propagation behavior~single soliton
versusY-soliton splitting, etc.!. This is in sharp contrast to al
known so far about linear propagation of incoherent bea
in which all phase information is fully washed out after
finite distance@20#.

Our experiments were carried out in SBN:60 crystals. F
this reason, here we use the~111!D saturable nonlinearity of
the form 1/(11I ) @18,19# so as to make direct comparison
with experiment. We emphasize, however, that our res
hold for any noninstantaneous nonlinearity that can give
to dark solitons. In this material system~photorefractives!,
the normalized intensityI N5I /I d ~whereI d is the dark irra-
diance! of the incoherent dark beam evolves according to
following normalized nonlinear integro-differential equatio
@3,4,9#:
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where

I N~s,z!5E
2`

1`

u f ~s,z,u!u2du ~2!

and atz50, the coherent densityf is given by

f ~z50,s,u!5r1/2GN
1/2~u!f0~s!. ~3!

In the above equations, we have used the following norm
ized coordinates:z5z/(kx0

2) and s5x/x0 , wherex0 is an
arbitrary spatial scale associated with the intensity full wid
at half maximum ~FWHM! of the beam. Moreover,a
5kx0u,b5(k2x0

2/2)ne
2r 33uE0u(11r), whereu represents an

angle~in radians! with respect to thez axis, k5k0ne is the
wave number,k052p/l0 , ne is the extraordinary refractive
index of the material, andr 33 is the electrooptic coefficien
involved. E052V/W is the value of the space charge fie
at x→6`, whereV is the reverse applied bias andW the
x-width of the crystal.GN(u) is the normalized angula
power spectrum of the incoherent source andf0(s) is the
input complex spatial modulation function. In this stud
GN(u) is assumed to be Gaussian, i.e.,GN(u)
5(p1/2u0)21exp(2u2/u0

2), whereu0 is associated with the
width of angular power spectrum. Finally,r is the normal-
ized intensity of the dark beam atx→6`.Here, as usual, we
assume that the beam at the input obeys a stationary ran
process. In general, the coherence properties of these b
can be followed using a version of the Van Cittert-Zerni
theorem as in Ref.@9#. The coherence length of the beam
z50 can be readily obtained fromGN(u) and it is given by
l c5A2p/(ku0) @9#. When the beam is fully coherent (u0
50), the coherence length of the beam becomes infinite,
l c→`. In this case, the system of Eqs.~1! and~2! collapse to
a standard single differential equation given in Refs.@18# and
@19#.

Before we present our experimental results, it may pro
beneficial to first discuss the behavior of such incoher
dark beams from a theoretical point of view. As in the e
periment, let us consider a biased SBN:60 crystal withne
52.3, r 335250 pm/V, l05514 nm,W55.3 mm @10#. We
let the spatial modulation function at the input bef0(x)
5tanh(x/x0) under odd initial conditions, andf0(x)5@1
2e2sech2(x/x0)#1/2 under even. The quantitye2 defines the
beam’s grayness. Throughout this work, we assume tha
z50, e2'1 ~almost black even dark beams!. The input in-
tensity FWHM of the even and odd dark beams is taken h
to be 25mm, as shown in Fig. 1~a!. Moreover, the normal-
ized background intensity isr53. First, we consider linea
diffraction of coherent and incoherent dark-beams under
and even initial conditions. Figures 1~b! and 1~c! show the
diffracted intensity profiles of coherent odd and even d
beams respectively after;12 mm of propagation. In this
case, the intensity FWHM of the odd dark beam at the out
is ;42 mm, whereas that of the even is;76 mm. It is im-
portant to note that after diffraction, the intensity of the o
coherent beam is always zero at the center, whereas th
the even is graylike. Figure 1~d!, on the other hand, demon
strates how an odd or even incoherent dark beam will diffr
after 12 mm of propagation when at the inputu0.5 mrads
or l c517 mm. This latter figure shows that the intensity pr
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files of the odd and even incoherent dark beams are alm
identical with an output FWHM of;100 mm. Simulations
suggest that the same also applies for thel c(x) curves cor-
responding to these two cases as shown in Fig. 1~e!. Thus,
from diffraction data alone, it is extremely difficult to distin
guish an odd dark beam from an even one. In other wo
the randomly changing speckled structure of an incohe
beam leads to a loss of phase memory. Therefore, as a r
of this phase washing effect, a sufficiently incoherent d
beam diffracts approximately the same way regardless of
phase information initially imposed on it. An important di
tinction between diffraction of a coherent and an incoher
dark beam comes from the structure of their backgrou
Figure 1 clearly demonstrates that a diffracted coherent d
beam involves intensity ripples in its background. These
cillations tend to disappear in the case of an incoherent b
as a result of its speckled structure.

When on the other hand the nonlinearity is activated,
dynamics of these incoherent beams depend on initial ph
information. As previously predicted, generation of a sing
incoherent dark~which is in reality gray! beam or a higher-
order triplet requires ap-phase shift@9–11#. Conversely,
starting from even initial conditions, an incoherent gray so
ton pair orY-soliton splitting can be obtained@9#. In other
words, in the presence of nonlinearity, an incoherent d
beam tends to remember its origins and identity, i.e.
‘‘phase-memory’’ effect is established. Thus, the beam st
to behave in a quasi-coherent fashion@21#.

Experiments with an amplitude notch~even initial condi-
tions! are performed by using both coherent and spatia

FIG. 1. ~a! Intensity profile of a 25mm odd or even dark beam
at the input. Diffraction of~b! an odd coherent dark beam,~c! even
coherent dark beam,~d! incoherent odd or even dark beam after
mm of propagation.~e! l c in mm as a function ofx for the odd
~dashed curve! and even~solid curve! diffracted incoherent dark
beam shown in~d!.
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incoherent light sources for comparison. Details regard
the coherent dark soliton experiments can be found in R
@21#. The laser used is an Ar ion laser (l05514 nm!. An
artificial background dark irradiance is provided by un
formly illuminating the entrance face of the crystal~SBN:60!
along the ordinary axis. The maximum intensity ratio~at the
tails! of the dark beam with respect to dark irradiance
approximately 1.5. The dark beam is also broad enoug
cover the entire input face of the crystal. For the incoher
case, a rotating diffuser is employed to provide rand
phase fluctuations across the beam@1,2,10#. In this case, we
generate a dark notch on a broad partially spatially incoh
ent beam with controllable degree of coherence. The exp
mental arrangement is the same as that in Ref.@10#, except
that the phase mask is now replaced by an amplitude m
which involves reflection from a metallic wire as done
Ref. @21#. IncoherentY-junction solitons are generated an
then compared with the coherent ones. Figure 2 shows t
cal experimental results. When the dark beam is coheren
diffracts from a FWHM of 25mm ~left! to about 58mm after
;12 mm of propagation~middle! when no nonlinearity is
present. Note that, with the exception of the dark no
FWHM ~which from simulations is expected to be;76 mm!,
its intensity structure is in agreement with Fig. 1~c!. The
discrepancy in FWHM is attributed to the fact that the refle
tion from the metallic wire introduces a quadratic phase@21#,
which is not accounted for in our simulations. After applyin
a voltage of2350 V ~negative relative to thec axis!, the
dark amplitude notch evolves into a pair of gray solito
~right!. The second and third rows of this figure depict t
same data when the dark beam is incoherent. The right
umn of the figure was obtained atV52350 V and with an
input FWHM of 25mm. As seen in Fig. 2, the grayness
the soliton pair increases as the incoherence of the b
increases. Nevertheless, the spacing of these two solito
the crystal output face is about the same for a varying deg
of coherence.

These experimental results are now compared with
merical simulations. By keeping in mind that in the expe
ment, the input speckle size of the incoherent beams is

FIG. 2. Experimental observation of coherent and incoherenY
splitting: ~a! coherent dark beam;~b! and~c! incoherent dark beam
with an average speckle size of 30 and 15mm, respectively. The
first column depicts the input intensity, the second one diffract
data, and the third oneY splitting at 2350 V. In all the cases the
intensity FWHM of the beam at the input is 25mm.
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mm for Fig. 2~b! and 15mm for Fig. 2~c! and by considering
their diffraction behavior, we estimate that the width of t
angular power spectrum in these two cases is;3.5 and 5.2
mrads, respectively. The simulation shown in Fig. 3~a! dem-
onstrates how a coherent soliton doublet forms from a 25mm
even dark beam after 12 mm of propagation whenV5
2450 V. For the same bias voltage and initial beam wid
the intensity profile of an incoherent doublet after 12 mm
propagation is shown in Fig. 3~b! when u053.5 mrads or
l c525 mm. Figure 3~c! depicts similar data whenu055.2
mrads (l c517 mm! and againV52450 V. Both figures,
3~b! and 3~c!, were obtained by numerically solving Eq
~1!–~3! as done in Ref.@9#. In agreement with the experi
ment, Fig. 3 demonstrates that the doublet becomes gray

FIG. 4. Intensity profile of a soliton doublet atz512 mm when
the external bias is22400 V and the beam is~a! coherent (l c

5`) or incoherent with~b! l c59.3 mm, ~c! l c57.3 mm. ~d! Same
information when the external bias is24000 V andl c53.4 mm. In
all cases the initial intensity FWHM of the beam is 10mm.

n

FIG. 3. Intensity profile of a soliton doublet atz512 mm when
the external bias is2450 V and the beam is~a! coherent (l c5`) or
incoherent with~b! l c525 mm, ~c! l c517 mm. In all cases the
initial intensity FWHM of the beam is 25mm.
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the incoherency increases. Surprisingly, for this range of
rameters, both theory~Fig. 3! and experiment~Fig. 2! sug-
gest that theY-splitting angle or the doublet separation do
not depend strongly on the degree of coherence. To fur
understand thisY-splitting process, we carried out another s
of simulations. In this latter set, the intensity FWHM of th
even dark beam was chosen to be 10mm ~in order to accel-
erate splitting process! andl c varied from` down to 3.4mm.
Figures 4~a!–4~c! were obtained for the same initial cond
tions and bias voltage (V522400 V! after 12 mm of propa-
gation for different degrees of coherence. Even in this ca
the splitting is relatively insensitive tou0 . This is by itself
very interesting considering the range in whichl c varies.
This is another manifestation of the ‘‘phase memory’’ effe
discussed earlier. As the incoherency of the dark beam
creases, a higher bias voltage is required to establish a
blet. Figure 4~d! showsY-splitting of a 10mm even incoher-
ent dark beam after 12 mm, whenV524000 V and l c
v.
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53.4 mm. Finally, at lowerl c’s, the doublet practically dis-
appears~because of its grayness! and the splitting angle is
further reduced.

In conclusion, incoherent dark solitonY splitting has been
demonstrated experimentally. Using the coherent density
proach we have shown that the evolution of incoherent d
solitons in noninstantaneous nonlinear media is associ
with strong ‘‘phase-memory’’ effects that are otherwise a
sent in the linear regime. The higher-order behavior of th
dark beams have been compared under the same initial
ditions but for different degrees of coherence. It was fou
that over a wide range of parameters, theY-splitting is ap-
proximately the same irrespective of spatial coherence.
perimental observations are in good agreement with theo
ical predictions.
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