VOLUME 92, NUMBER 14

PHYSICAL REVIEW LETTERS

week ending
9 APRIL 2004

Incoherent Solitons in Instantaneous Response Nonlinear Media

Antonio Picozzi,1 Marc Haelterman,2 Stéphane Pitois,3 and Guy Millot®
'CNRS, LPMC, Université de Nice Sophia-Antipolis, Nice, France
Service d’Optique et d’Acoustique, Université Libre de Bruxelles, Brussels, Belgium

3Laboratoire de Physique de I'Université de Bourgogne, Dijon, France
(Received 28 November 2003; published 9 April 2004)

We show theoretically and experimentally in an optical fiber system that solitons can be sponta-
neously generated from incoherent light in an instantaneous response nonlinear Kerr medium. The
theory reveals that the unexpected existence of these incoherent solitons relies on a phase-locking
mechanism, which leads to the emergence of a mutual coherence between the incoherent waves that

constitute the soliton.
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For many years solitons have been regarded as being
inherently coherent localized structures, and the recent
discovery of incoherent solitons in optics has created a
major breakthrough in nonlinear science [1-3]. The in-
coherent soliton consists of a phenomenon of self-trapping
of spatially and temporally incoherent light in a biased
photorefractive crystal. Since their first experimental ob-
servation in 1996, incoherent solitons have become a
blooming area of research [2](for a review see Ref. [3]).
The self-trapping of an incoherent beam is possible be-
cause of the noninstantaneous photorefractive nonlinear-
ity that averages the field fluctuations provided that its
response time 7 is much longer than the correlation time
t. that characterizes the incoherent beam fluctuations, i.e.,
7> t. [1-3]. In this way the medium responds to the
time-averaged intensity and not to the instantaneous
speckles that constitute the incoherent beam. Con-
versely, an instantaneous nonlinearity that responds to
the individual speckles will generate multiple filaments
that fragment the beam [3]. Then, the generally accepted
opinion is that an instantaneous nonlinearity cannot sup-
port an incoherent soliton structure.

In opposition with this common belief, we show in this
Letter that incoherent solitons exist in instantaneous
response nonlinear media. We demonstrate theoretically
and experimentally the existence of incoherent solitons in
optical Kerr media. Our demonstration is made with silica
optical fibers in which the optical Kerr effect has a
response time 7 of a few femtoseconds. The correlation
time ¢, of the incoherent fields that we consider is much
longer than this response time, and we are thus in a
situation opposite to that of the photorefractive incoherent
soliton, namely, #, >> 7. The new incoherent soliton can
be supported by an instantaneous nonlinearity because its
structure is quite different from that of the conventional
solitons considered in Refs. [1-3]. It consists of a steady-
state field envelope that results from a balance between
the Kerr nonlinearity and the convection that is due to the
group velocity difference between interacting waves.
Several solitons of this kind have been extensively inves-
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tigated in various branches of nonlinear science [4], in
particular, in nonlinear optics [5—7]. The type of soliton
we deal with here is called domain-wall soliton (DWS)
because of its resemblance with the domain walls of
ferromagnetic materials [6,7]. We show that, despite the
quasi-instantaneous response of the fiber Kerr nonlinear-
ity, these solitons can be spontaneously generated with
incoherent optical waves.

The existence of this incoherent soliton relies on a
mechanism of phase locking that makes the copropagat-
ing wave components of the soliton mutually coherent,
regardless of their degree of incoherence. In other terms,
each wave component does not contain phase informa-
tion, but there is a strong phase correlation between
distinct wave components. In this respect, the nature of
these incoherent solitons is analogous to that of incoher-
ent parametric solitons that have been predicted recently
in quadratic nonlinear media [8]. The existence of the
new incoherent soliton appears counterintuitive because it
involves nonlinear wave interactions in the fully incoher-
ent regime, where . < 7y, 7y being the characteristic
time of nonlinear interaction. This regime is usually
treated theoretically through the random phase approxi-
mation [9], in which the rapidly fluctuating phases are
considered as being not significant to the interaction and
are thus averaged out. In contrast with this usual ap-
proach, by showing the existence of incoherent solitons
our theory reveals that coherent phase effects can play an
essential role in nonlinear systems of incoherent waves.

Let us consider two beams that counterpropagate in an
optical fiber. Each beam is described by two scalar fields
that represent their orthogonal polarization components.
The optical Kerr effect couples their evolution, and,
following a standard procedure [10], one can derive the
four coupled equations that govern the evolution of the

slowly varying envelopes E{’b of their two components
j=L2[7]:

b f b i b, b b, f . b -f,b
DIPEN" = (=1)2yE2 LY BV + iyQlPEL, (1)
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where D = 9, + v/a,, D! = 9, — v2a,, v] (W), v} ()
being the group Velocmes of the two components of the
forward (backward) wave, respectively. In Eq. (1), Ef b
denotes the complex conjugate of £, and the parameter
v is the usual nonlinear Kerr coefﬁcient [10]. The first
term of the right-hand side of Eq. (1) describes the phase-
matched four-wave interaction, while the second term
describes a nonlinear phase modulation that can be de-
composed into a self—action part and an interaction part,
Qf’h QJ self Qllnl’ with Q |Efb|2 + 2|E]3€fj|2
and Q%0 = 2(E21? + |ES ).

The system of Eq (1) admits a great variety of coherent
soliton solutions Ejf-b = A{b(x, 1, j=12 [see, eg,
Fig. 1(a)], that propagate at some velocity V [6]. To obtain
a physical insight into incoherent solitons, let us first con-
sider the idealized situation where only the phase of
the fields fluctuates randomly, e, E ]0 = Af b
exp[iqﬁf’b(x, 1)], where qﬁ b(x,t) are random functrons

and Af’b are the known coherent soliton envelopes.
Substitution of these expressions into Eq. (1) readily
shows that E, ]0 are solutions provided that the random
phases g{) satisfy the phase-matching condition d)f +

d)b = ¢f + ¢2 and that they travel with the constant
Velocrty v}”; i.e., they have the form q’)f (x — v) 1), d)”(x +
V] by). Clearly, these conditions are satlsﬁed for any real—
1zat10n of the random functions d) , provrded that ¢1
b1, #7 = ¢5 and Ul = Ug’ vy = U127

This simple observation reveals that incoherent soliton
solutions to Eq. (1) exist when the group velocities of the
copropagating waves are matched. Conversely, when the
velocities are not matched, the random phases prevent any
coherent wave interaction, and solitons can no longer be
generated [8]. The existence of incoherent solitons can be
generalized to envelope amplitude fluctuations, so that
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FIG. 1 (color online). (a) Amplitudes |E§’b| and phases qu"b of
the incoherent soliton with pure random phase fluctuations.
(b) Soliton composed of two incoherent (E1 »), and two coher-
ent (Eb '») waves. (c) Evolution of the degree of mutual coher-
ence u/?(7) [from Eq. (4)] between the copropagating waves
E] and E} (7o = 1 ns). In (a) and (b), v] = v}, v? = 1.
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they can be generated spontaneously from incoherent
waves thanks to a phase-locking mechanism that cancels
out the phase difference of the copropagating waves. Let
us note that, in this way, the propagation properties of the
incoherent soliton (e.g., its velocity V) result to be the
same as that of their coherent counterpart. We verified
the existence of incoherent solitons by numerical inte-
gration of Eq. (1). Figures 1(a) and 1(b) show an incoher-
ent DWS generated from incoherent waves entering a
piece of optical fiber from both ends. As for the coherent
DWS, the soliton consists of a transition between two
domains of stable mutual polarization arrangements of
the counterpropagating waves [6]. Figure 1(a) reveals that
the phases of copropagating waves are locked and thus
follow the same random ﬂuctuatlons (d)f = ¢2, Pb =
#5), while the intensity profiles IE ’| are identical to
those of the analytical soliton solutron

Let us now show that this mutual coherence between
the copropagating waves emerges spontaneously in the
system. This result is important for the generation of the
incoherent DWS in our experiment, which is achieved in
practice by means of two counterpropagating pump waves
Ef b [6,7]. This configuration is parametrically unstable
W1th respect to the growth of the daughter waves E2b
from noise fluctuations. The initial waves are thus mutu-
ally incoherent, and the theory we are going to present
shows that the copropagating waves become mutually
coherent as a result of their parametric interaction.

We developed the theory for the simpler situation
where the soliton is composed of two incoherent and
two coherent waves, as shown in Fig. 1(b). It is obvious
that this situation constitutes a particular case of the
incoherent DWS, since it can be obtained by increasing
the correlation time of the incoming backward wave E? to
infinity. Furthermore, we consider the linear regime of
parametric interaction where the pump waves E It are
assumed to be unaffected by the daughter waves Ef b1t
proves convenient to analyze the evolution of the ﬁelds in
the reference frame of the incoherent pump E (z=x—

{t, T = 1), where the pump intensity IE{IZ(z) is a sto-
chastic function of the single variable z. In the following,
we assume that the stochastic ﬁelds obey a Gaussian
statistics and that the pump E is of zero mean
((Ef (z, 7)) =0) and translatlonally invariant with the
mean intensity (IEf|2> = |E%|?> = €3. The linearized
Eq. (1) then yield the following equations for the instan-

tanleous _mbutual coherence functions I'/P(z,7) =
E|"(z, E}" (2, 7):
) .
aT? Jar — wal? Jaz = =T/ — 110, )
70 To
T [or = y(2I" — i) E(2), 3)

where 7o = 1/(ye3). In order to make possible the phase

locking of the copropagating waves, we implicitly as-

sumed that their velocities are matched, v], = v/, v}, =
v’, so that w = v/ + v,
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The equations for I'/'* can be treated by means of
the spatial Fourier expansion I'/*(k, 7) of the mutual
coherence  functions, whose ensemble average
satisfies (I'/?(k, 7)) = A/P(7) 8(k), where AfP(7) =
<E'f (s T)E‘é’h(z, 7)) is the (spatial) average mutual coher-
ence function at time 7. Now, by following the usual
procedure based on the property of factorizability of
stochastic Gaussian fields [11], one can achieve a closure
of the hierarchy of the moments’ equations for (I'/**(k, 7)).
The analysis reveals that when v/¢, < wr, the intensity
fluctuations IE | of the incoherent pump can be averaged
out by the convection w, whenever the pump fluctuations
are sufficiently rapid (small values of 7,.). This effect of
convection-induced averaging of pump fluctuations has
been widely discussed in Refs. [8]. It reveals, in particu-
lar, that the incoherent soliton cannot be generated if the
pump is not sufficiently incoherent. In the present case,
the averaging process takes place efficiently thanks to the
large convection inherent to the counterpropagating con-
figuration of the interaction (w =~ 2v/). As a result, if
t. < 7, the equations for A/?(7) are similar to those
obtained in the presence of a fully coherent pump:
dAJdr + % TN = Z AP, dAP/dT + L AP = 2 A/ Their
solutions read Af(T) U(r) A} + V(T)Ab, AP (7) =
exp(it/To)[U(T)A§ + V(T)Af] where Ag =
APP(r=0) and U= exp(—17'/270)[cosh(\/77'/27'0)—
i(3/~/7) sinh(v/77/270)], = (4/V/7) exp(—it/270) X
sinh(+/77/27,). To calculate the evolution of the degree
of mutual coherence between the copropagating waves,
we normalize A/? as u/?(7) = |AL2(7)|/[UE??) X
(XIS 1P) ()12 [11]. Noting that -L(E}"]?) =
2y(Af AP + A AP), one obtains, after integration,

A% ()
(AP (P + g7 = AP OFT 7

where ¢/? = e2(|[E}"?) (7 =0). The function w’*(7)
exhibits a monotonic growth and tends asymptotically
to the unity value, u/*? — 1, as illustrated in Fig. 1(c).
This means that the copropagating waves become mutu-
ally coherent durlng the interaction; ie., E5 becomes
coherent, whereas E2 remams incoherent but becomes
mutually coherent to E Note that, due to the nonlinear
coupling, the assumptlon of Gaussian statistics is known
to break down for large interaction lengths, so that the
mutual coherence achieved by the copropagating waves
may no longer be complete, but only partial.

We first investigated in our experiment (see Fig. 2)
incoherent DWS composed of two coherent E? 1, and two
incoherent E/ 1.2 waves, as shown in Fig. 1(b). The counter-
propagating beams were obtained from a Q-switched
frequency-doubled Nd-doped yttrium aluminum garnet
(Nd:YAG) laser, emitting 6.5-ns pulses at o, =
563.6 THz. The laser output was subsequently split into
two beams. The first beam was used as the coherent
backward pump, whereas the incoherent forward pump
was generated from the amplified spontaneous emission
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pht(r) = 4)

(ASE) of a dye amplifier pumped by the second Nd:YAG
beam. A diffraction grating followed by an adjustable slit
allowed us to control the spectral width of the incoherent
pump, whose central frequency was around w, =
513 THz. The backward coherent (forward incoherent)
beam Eb (E) is injected into the fiber with a left-
(right-) hand circular polarization (CP). The daughter
wave Eb (Ez) thus corresponds to the right- (left-) hand
01rcularly polarized component of the backward (for-
ward) beam. In order to satisfy the velocity matching
condition required for the phase-locking mechanism,
the fiber has ultralow birefringence (spun fiber), which
implies that the CP’S are polarlzatlon eigenstates of iden-
tical velocities (v1 = v{, vl =h).

Figure 3 shows the experlmental output spectra (in
logarithmic scale) in the right (E ) and left (Ef ) CP
components of the incoherent forward beam, when the
backward pump E? is not injected into the fiber 3(a), and
when it is launched into the fiber 3(b). The spectral width
of the incoherent pump was 3 THz and the peak powers of
both beams were fixed to 180 W. As can be seen in
Fig. 3(a), with a single beam in the fiber (Eb = 0), the
input right CP component of the forward beam is main-
tained unchanged at the fiber output (E2 = (), as can be
expected from the fact that a circular polarization is a
stable eigenstate of the system [6,7]. When both waves
counterpropagate, we clearly see in Fig. 3(b) a significant
polarization switching (from the right to the left CP
components) induced by the backward pump E%. This
polarization switching is associated Wlth the generation
of a DWS [7]. During this process, E2 acquires the same
coherence as the pump Elf , and, as will be discussed later,
the two waves become mutually coherent. Incoherent
DWS have been observed for a large range of spectral
widths of the incoherent pump (0.3 =< Ay < 3 THz) with
a degree of polarization switching almost independently
on Av, in agreement with theory. Let us note that the
incomplete polarization switching visible in Fig. 3(b) is
due to the short fiber length (L = 1.2 m), which was
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FIG. 2. Schematic of experimental setup. P, polarizer; A,
analyzer; MO, microscope objective; BS, beam splitter.
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FIG. 3. Experimental generation of the incoherent DWS: out-

put spectra in the right (empty dots) and left (solid curve) CP
components of the forward incoherent beam, when the back-
ward coherent pump is turned (a) off and (b) on. Experimental
demonstration of the mutual coherence between the incoherent
components (E{ , E;) of the output forward beam: typical out-
put spectrum from the PM fiber, modulated because of inter-
ference between E{ and Eé

limited by the requirement of achieving a full spatial
superposition of the two pulses over the whole fiber.

To study the generation of the fully incoherent DWS, in
which both the forward and backward beams are incoher-
ent, the ASE beam at the dye amplifier output was split
into two equal intensity beams that were used as back-
ward and forward waves. The spectral width of both
waves was fixed to 3 THz (¢, = 300 fs). In these condi-
tions we obtained a degree of polarization switching
roughly equal to that obtained with a coherent backward
wave [Figs. 3(a) and 3(b)]. Let us emphasize that the
generation of DWS takes place in the fully incoherent
regime of interaction because the characteristic interac-
tion time 7, = l/ye% is in the nanosecond range (y =
34X 10° Wls™h) sothatr./7p~2 X 1074 < 1.

To demonstrate the phase-locking mechanism we mea-
sured the mutual coherence of the copropagating waves at
the fiber output. To this end we used a frequency domain
interferometry technique whose principle is explained in
Ref. [12]. This technique exploits the propagation in a
high birefringence fiber (see Fig. 2) to perform a spectral
interference between E{ and E’; Figure 3(c) shows a
typical spectrum, whose strong modulation demonstrates
that the two incoherent waves have acquired a high degree
of mutual coherence.

In summary, we showed both theoretically and experi-
mentally that solitons can be generated from incoherent
light in an instantaneous response nonlinear Kerr
medium. These incoherent solitons exist owing to a
phase-locking mechanism that is responsible for the
spontaneous emergence of a mutual coherence between
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the incoherent waves. Importantly, the mutual coherence
is shown to arise in the fully incoherent regime of inter-
action (¢, < 1), where one usually applies the random
phase approximation, which implicitly assumes the waves
to be mutually incoherent during the interaction [9]. In
contrast with this standard approach, we showed that the
wave system exhibits critical coherent features in spite of
the incoherence of the fields. Besides the context of optics,
the new incoherent solitons are relevant to many branches
of nonlinear science. For instance, our results are of
potential interest to the emerging area of multicomponent
Bose-Einstein condensates (BEC). Considering that par-
tially condensed BEC at finite temperature can be de-
scribed by the Gross-Pitaevskii equation with incoherent
matter waves [13], we can reasonably infer the existence
of these incoherent solitons in spinor BEC’s in which
resonant four-wave interaction in the backward configu-
ration has recently been studied [14].
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