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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 sofitgplitting. 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 reg{i8&063-651X%99)50205-5

PACS numbgs): 42.65.Tg, 42.65.Hw, 42.25.Kb

Recent experimental and theoretical studies have showshown that these soliton states involve a lgalcontinuum
that incoherent spatial solitons are fundamentally differenpf odd and even radiation modes and possibly bound states.
from their coherent counterparfd—13. Unlike coherent The m-phase shift required for their excitation was explained
solitons[14], these newly discovered incoherent self-trappecPy considering the radiation mode distribution within the
entities are multimoded and are known to exist in noninstandark soliton notch{11]. Incoherenty-soliton splitting was

taneous nonlinear medi&,6]. Bright spatial incoherent soli- also predicted in Ref9]. The behavior of these incoherent

tons were the first to be observed experimentally in strontiuniglr:t,[cér:j ﬂg?g lets, for different degrees of coherence, is pre-

barium r?iobatg{SBN) photorefractive prystaIE:L,Z]. In order In this Rapid Communication, we report an experimental
to explain their behavior, two complimentary methods have,pseryation of dark incoherent solithsplitting in a nonin-
been developefB—6]. The first one is the so-called coherent giantaneous self-defocusing nonlinear medium as predicted
density approach, which describes incoherent beam dynany; Ref. [9]. The evolution of these incoherent soliton dou-
ics via a nonlinear Schdinger-like integro-differential pjets is then systematically investigated as a function of their
equation[3,4]. The second method is a self-consistent mul-coherence, both theoretically and experimentally. Surpris-
timode description which is capable of identifying multi- ingly, we find that over a wide range of parameters, the
mode incoherent soliton solutions and their range of exis¥-splitting is approximately the same, irrespective of coher-
tence [5,6,11-13,1% Finally, a ray approach has been ence. Moreover, we show that the dynamical behavior of this
suggested in the limit of “big incoherent” bright beams incoherent Y-splitting process is associated with strong
[7,8]. This latter transport approach is to some extent rel-‘phase-memory” effects which are otherwise absent in the
evant to that taken in the theory of random-phase solitondjnear regime. In other words, we show that dark incoherent
previously considered within the context of plasma physicsself-trapped entitiesdark incoherent solitonsare character-
[16,17). Lately, a numerical study based on the coherent denized by a strong memory effect that lasts throughout propa-
sity approach, has revealed that incoherent dark solitons m&3ation and governs their propagation behavingle soliton
be possible in biased photorefractivi€d. Subsequently, in- versusy-soliton spllttmg, etg. This is in sha_rp contrast to all
coherent dark planar and two-dimensional dark soliton&nown so far about linear propagation of incoherent beams,
(“Vortices”) were observed in a SBN:60 Crys][djo]_ This ”.'] Wh|Ch all phase information is fu”y washed out after a
was achieved by employing the photorefractive self-finite dlstancg[ZO]. _ .
defocusing nonlinearity associated with screening solitons Our experiments were carried out in SBN:60 crystals. For
[18,19. As predicted in Ref[9], the incoherent dark solitons this reason, here we use ttie+-1)D saturablle nonllnearlt_y of
were found to be gray. Moreover, these dark incoherent solithe form 1/(1+1) [18,19 so as to make direct comparisons
tons were efficiently excited provided that an initiaphase ~ With experiment. We emphasize, however, that our results
flip was imposed on the incoherent wave front. Following hold for any noninstantaneous nonlinearity that can give rise
the experimental observation, the modal structure of thest® dark solitons. In this material systefphotorefractivel
incoherent dark solitons was analyzgtl] using the self- the normalized intensityy=1/14 (Wherely is the dark irra-
consistent multimode methofb,6]. In this study, it was diance of the incoherent dark beam evolves according to the
following normalized nonlinear integro-differential equation

[3,4,9:
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where 4F
+oo 2
a
|N<s,z>=f f(s.£,6)[°d6 2 . @ v

and at{=0, the coherent densitlyis given by

f({=0s,0)=pY2Gy0) do(S). (3)

In the above equations, we have used the following normal-
ized coordinatesg“:z/(kxé) and s=x/xq, wherexg is an
arbitrary spatial scale associated with the intensity full width
at half maximum (FWHM) of the beam. Moreovergq
=kxo0, 8= (k®x3/2)nZr 3 Eo|(1+ p), whered represents an
angle(in radiang with respect to the axis, k=Kkgn, is the
wave numberky,=27/\g, N, is the extraordinary refractive
index of the material, ands; is the electrooptic coefficient
involved. Eo= —V/W is the value of the space charge field
at x— *o, whereV is the reverse applied bias ahd the
x-width of the crystal.Gy(6) is the normalized angular
power spectrum of the incoherent source apy{s) is the
input complex spatial modulation function. In this study, = 100 =0 0 50 100150
Gn(f) is assumed to be Gaussian, i.eGy(0) X ( m)
= (7*20,) ~texp(— 6/ 63), where d, is associated with the H
W'dth of angular power spectrum. Finally,is the normal- FIG. 1. (a) Intensity profile of a 25um odd or even dark beam
ized intensity of the dark beam gt~ . Here, as usual, we 4t the input. Diffraction ofb) an odd coherent dark beai) even
assume that the beam at the input obeys a stationary randogBherent dark beantd) incoherent odd or even dark beam after 12
process. In general, the coherence properties of these beamg of propagation(e) I, in um as a function o for the odd
can be followed using a version of the Van Cittert-Zernike (dashed curvyeand even(solid curve diffracted incoherent dark
theorem as in Ref9]. The coherence length of the beam atbeam shown ir(d).
z=0 can be readily obtained fro@y(6) and it is given by
l;=v27/(kéo) [9]. When the beam is fully coherent{ files of the odd and even incoherent dark beams are almost
=0), the coherence length of the beam becomes infinite, i.eidentical with an output FWHM of~100 um. Simulations
|c—. In this case, the system of Eq4) and(2) collapse to  suggest that the same also applies for Iti{&) curves cor-
a standard single differential equation given in REI8] and  responding to these two cases as shown in Fig\. Thus,
[19]. from diffraction data alone, it is extremely difficult to distin-
Before we present our experimental results, it may proveyuish an odd dark beam from an even one. In other words,
beneficial to first discuss the behavior of such incoherenthe randomly changing speckled structure of an incoherent
dark beams from a theoretical point of view. As in the ex-beam leads to a loss of phase memory. Therefore, as a result
periment, let us consider a biased SBN:60 crystal wigh  of this phase washing effect, a sufficiently incoherent dark
=2.3,r33=250 pm/V,\p=514 nm,W=5.3 mm[10]. We  beam diffracts approximately the same way regardless of the
let the spatial modulation function at the input kg(x) phase information initially imposed on it. An important dis-
=tanh/x,) under odd initial conditions, an@dy(x)=[1 tinction between diffraction of a coherent and an incoherent
— e?seth?(x/xo) 1¥2 under even. The quantity® defines the dark beam comes from the structure of their background.
beam’s grayness. Throughout this work, we assume that &igure 1 clearly demonstrates that a diffracted coherent dark
z=0, e>~1 (almost black even dark beamdhe input in-  beam involves intensity ripples in its background. These os-
tensity FWHM of the even and odd dark beams is taken hereillations tend to disappear in the case of an incoherent beam
to be 25um, as shown in Fig. ®. Moreover, the normal- as a result of its speckled structure.
ized background intensity is=3. First, we consider linear When on the other hand the nonlinearity is activated, the
diffraction of coherent and incoherent dark-beams under oddynamics of these incoherent beams depend on initial phase
and even initial conditions. Figuregt) and Xc) show the information. As previously predicted, generation of a single
diffracted intensity profiles of coherent odd and even darkincoherent darkwhich is in reality gray beam or a higher-
beams respectively after12 mm of propagation. In this order triplet requires ar-phase shift{9—11. Conversely,
case, the intensity FWHM of the odd dark beam at the outpustarting from even initial conditions, an incoherent gray soli-
is ~42 um, whereas that of the even 876 um. It is im-  ton pair orY-soliton splitting can be obtaing®]. In other
portant to note that after diffraction, the intensity of the oddwords, in the presence of nonlinearity, an incoherent dark
coherent beam is always zero at the center, whereas that béam tends to remember its origins and identity, i.e., a
the even is graylike. Figure(d), on the other hand, demon- “phase-memory” effect is established. Thus, the beam starts
strates how an odd or even incoherent dark beam will diffracto behave in a quasi-coherent fashj@i].
after 12 mm of propagation when at the inpgt=5 mrads Experiments with an amplitude not¢bven initial condi-
or l,=17 um. This latter figure shows that the intensity pro- tions) are performed by using both coherent and spatially
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FIG. 2. Experimental observation of coherent and incoherent
splitting: (a) coherent dark beantb) and(c) incoherent dark beam FIG. 3. Intensity profile of a soliton doublet a& 12 mm when
with an average speckle size of 30 and A/, respectively. The the external bias is-450 V and the beam i@) coherent [.=) or
first column depicts the input intensity, the second one diffractionincoherent with(b) I.=25 um, (¢) I.=17 um. In all cases the
data, and the third on¥ splitting at —350 V. In all the cases the initial intensity FWHM of the beam is 2mm.
intensity FWHM of the beam at the input is 26n.

~

Normalized Intensity

m for Fig. 2b) and 15um for Fig. 2c) and by considering

incoherent light sources for comparison. Details regardin heir diffraction behavior, we estimate that the width of the

the coherent dark soliton experiments can be found in Re angular power spectrum in these two cases-&5 and 5.2

[21]. The laser used is an Ar ion lasekd=514 nm). An . mrads, respectively. The simulation shown in Figp)3lem-

?g:ﬂf'ﬁ:lutﬁﬁ]?ﬂrgu?ﬁe (lit[':a::g?:ggif 'tiepécr)v:(jggl\%oun" onstrates how a coherent soliton doublet forms from a6
y 9 y : even dark beam after 12 mm of propagation whés

along the ordinary axis. The maximum intensity rao the —450 V. For the same bias voltage and initial beam width,

tails) of the dark beam with respect to dark irradiance is - . . .

approximately 1.5. The dark beam is also broad enough t})he |nten_5|ty proflle of an m_coherent doublet after 12 mm of
cover the entire input face of the crystal. For the incoheren rgpzz;gatrlr?nlzlis srhogr; '(T Filgf(B)il\*lnvirl]err] got_ 3\/'\/5h Tgra_d; gr
case, a rotating diffuser is employed to provide randomc_d K _.17gue) Cd epc_svs__jso ?/aB tﬁ ff.’_ )
phase fluctuations across the bedn?,1d. In this case, we gzg;‘ Snfjc?i ) xmr anbt ?r?a(;nb_n meri '" 0 Ivli?]ur?ES’
generate a dark notch on a broad partially spatially incoher-l) (g) g , We er\? f[ag] el y nume tca '¥hst?1 g EGS.
ent beam with controllable degree of coherence. The experf— —\o) as done in REefI). n agreement wi € experi-
mental arrangement is the same as that in Reff], except ment, Fig. 3 demonstrates that the doublet becomes grayer as

that the phase mask is now replaced by an amplitude mask

which involves reflection from a metallic wire as done in T - x
Ref. [21]. IncoherentY-junction solitons are generated and o} (a) \’ \’ )

then compared with the coherent ones. Figure 2 shows typi-
2. -
(b) | |

cal experimental results. When the dark beam is coherent, it

diffracts from a FWHM of 25um (left) to about 58um after
~12 mm of propagatiorimiddle) when no nonlinearity is
present. Note that, with the exception of the dark notch
FWHM (which from simulations is expected to be76 um),

its intensity structure is in agreement with Figic)l The
discrepancy in FWHM is attributed to the fact that the reflec-
tion from the metallic wire introduces a quadratic phg&H,
which is not accounted for in our simulations. After applying
a voltage of—350 V (negative relative to the axis), the
dark amplitude notch evolves into a pair of gray solitons

T (©

Normalized Intensity

(right). The second and third rows of this figure depict the 5 A A

same data when the dark beam is incoherent. The right col- [ (d)

umn of the figure was obtained ¥t=—350 V and with an . . . . .
input FWHM of 25 um. As seen in Fig. 2, the grayness of 0 200 100 0 100 200
the soliton pair increases as the incoherence of the beam X ( um)

increases. Nevertheless, the spacing of these two solitons at

the crystal output face is about the same for a varying degree FiG. 4. Intensity profile of a soliton doublet at= 12 mm when

of coherence. the external bias is-2400 V and the beam ia) coherent [,
These experimental results are now compared with nu=w) or incoherent withb) I,=9.3 um, (c) |;=7.3 um. (d) Same

merical simulations. By keeping in mind that in the experi-information when the external bias 54000 V andl ;=3.4 um. In

ment, the input speckle size of the incoherent beams is 38ll cases the initial intensity FWHM of the beam is ah.
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the incoherency increases. Surprisingly, for this range of pa=3.4 um. Finally, at lowerl.'s, the doublet practically dis-
rameters, both theorgFig. 3) and experimentFig. 2) sug-  appears(because of its graynesand the splitting angle is
gest that ther-splitting angle or the doublet separation doesfurther reduced.

not depend strongly on the degree of coherence. To further |n conclusion, incoherent dark solitahsplitting has been
understand thlS’-Spllttlng process, we carried out another Setdemonstrated experimenta”y_ Using the coherent density ap-
of simulations. In this latter set, the intensity FWHM of the proach we have shown that the evolution of incoherent dark
even dark beam was chosen to be (in order to accel-  solitons in noninstantaneous nonlinear media is associated
erate splitting procegsndl . \_/aried fromeo down F0_3-4,U«m- _with strong “phase-memory” effects that are otherwise ab-
Figures 4a)—4(c) were obtained for the same initial condi- gent in the linear regime. The higher-order behavior of these
tions and bias voltage= —2400 V) after 12 mm of propa-  qark heams have been compared under the same initial con-
gation for different degrees of coherence. Even in this Casgjitions but for different degrees of coherence. It was found
the spllttmg Is relatlvgly msensmve t6;. _Thls Is by |t§elf that over a wide range of parameters, teplitting is ap-
very interesting considering the range in whikhvaries.  roximately the same irrespective of spatial coherence. Ex-

This is another manifestation of the “phase memory” effect yerimental observations are in good agreement with theoret-
discussed earlier. As the incoherency of the dark beam ingg) predictions.

creases, a higher bias voltage is required to establish a dou-
blet. Figure 4d) showsY-splitting of a 10um even incoher- This research was supported by the AFOSR, NSF, and

ARO.

ent dark beam after 12 mm, when=—-4000 V andl,
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