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Abstract. We study pattern formation in an optical system kharoy 1968 Onorato et al.2001 Kharif and Pelinovsky
composed of a Kerr medium subjected to optical feedback2003. These rogue events were also predicted and studied
but in a regime very far from the modulational instability in spatially extended systemkitn and Ott 2003 Du et al,
threshold. In this highly nonlinear regime, the dynamics is 2008 and discrete optical systemBlgdov et al, 2009 be-
turbulent and the associated one-dimensional patterns depifbre being experimentally evidenced very lately in an optical
rare and intense localized optical peaks. We analyse numering cavity (Montina et al, 2009 and in laser filamentation
ically and experimentally the statistics and features of thes€Kasparian et al2009. This leads to one of the main and at-
intense optical peaks and show that their probability densitytractive research activity in optics. The study of their forma-
functions (PDF) have a long tail indicating the occurrence oftion in optical systems could provide, for example, inputs on
rogue events. mechanisms of their marine counterparts. Moreover, while
the appearance of rogue waves in the ocean is a dreaded phe-
nomenon, the formation and control of such pulses of very
high energy in optics remains a challenge. Knowledge of the
mechanisms of formation of these giant waves could, there-

Since the experimental evidence of temporal optical rogu%fore' help to generate them deterministically rather than re-

waves in a fibre system by Solli and coworkeg®((i et al, ying on random conditions.

2007, rogue wave research activity has received a consid- Here, we report on the generation .Of rogue spatial .peaks
erable attention in optics in gener&idlli et al, 2008 Dud- " the transverse patterns of a Kerr slice medium subject to

ley et al, 2008 Hammani et al.2008 Mussot et al. 2009 optical feedback. These abnormal highly intensity peaks are

Montina et al, 2009. Such rare and intense events are origi- observed in the turbulent regim®'@lessandro and Firth
nally observed, e.g., in open ocean in form of rogue or freak1993 far above the primary instability threshold correspond-

waves Kharif and Pelinovsky2003 Broad 2006 Fedelg Ing to _the appearance of a stati.onary Turir]g pa_ttern (_cprre—
2008 and more recently in, for example, capillary waves spgndl_ng to the v_vell-known Sp"?‘“a' quulatlonal |nstab|I|Fy).
turbulence on waterShats et a).2010 and acoustic turbu- This highly nonlinear regime in spa'tlally extenged optlpal
lence Ganshin et a).2008. They are characterised by long systems that has not been characterised so far is numerically

tails of their probability density functions (PDF) due to their and experimgntally studied in term of stgtistics a_n_d featur_es
very low probability of occurrence. The possibility to repro- of rogue spatial peaks. We show that their probability density

duce such rogue waves in optical temporal systefen- functions are characterised by long tqils indicat.ing theT pres-
mani et al, 2008 Solli et al, 2008 with characteristics sim- ence of pea_ks that occur very rarely in comparnson W'th.t.h €
ilar to those encountered in the ocean is not surprising sinC(?Ommonly time appearance freque_ncy a_nd with intensities
the self-focusing Nonlinear Shdinger Equation (NLSE) re- ar great_er than those_ assomated_wnh typical peaks. We a_Iso
flects the temporal nonlinear dynamics of waves propagatin _mphaS|ze that the highest amphtqde peaks _reap_h the crite-
in both fibre optics Agraval 1995 and ocean surfac@é- ion for rogue events (larger than 2 times the significant peak

height) used in ocean wavedrgorato et a].2001; Kharif and
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2 The experimental optical system C2 Cl

The experimental setup in which optical spatial rogue peaks

of intensity occur is composed of a Kerr slice medium sub- y e ‘ ’
jected to optical feedback (Fid) (Louvergneaux.2001).

This system configuration allows the generating of a rich va-

riety of transverse patterns (from rolls or hexagons to spa- x z

. . . . . LC M
tial solitons) and has been extensively investigated, see, for F A

example, D’'Alessandro and Firth1992 Denz et al, 1998 :> f;}s’ :> E
Arecchiet al,200Q Ackemann and Lang@001 Agez et al, ccp [ \ N

2006. Here, it essentially consists of a nematic liquid crys- ﬁ

tal (LC) layer irradiated by a strong laser beam which is re- <:% 5;?;’ <:% E
flected back onto the sample by a plane mirddrplaced f out

at a variable distanceg from the LC layer (Fig.1). R is d

the mirror intensity reflectivity. The nonlinear medium is _ _ o

a 50um thick layer of£7 LC homeotropically anchored. Fig- 1. Schematic sketch of the experimental set-up. LC liquid crys-
The beam is delivered by a monomode frequency doubled@! layer; M feedback mirrorf input optical field;Boyt transmitted
Nd3+'YVO4 laser .o = 532 nm) which is shaped by means backward optical fieldB backward optical field/ feedback length.

of two cylindrical lensesC; and C» in order to achieve a C1.andC cylindrical lenses f near field imaging lens.

transverse quasi-monodimensional (1-D) pumping (beam di-

ametersv 240pmx 3200um). The optical distandemay be  gmpjitude equations, mainly Ginzburg-Landau and Swift-
positive or negative with the help of an optical system madeHohenberg equations, can be derived to describe weakly
of tvx{o Ierjses ina 4f-§1rrangement. Notg that. the equivalent,gnlinear dynamics above threshofgr¢ss and Hohenberg
medium is self-focusing (resp. defocusmg)d|f> 0 (resp. 1993. To our knowledge, except the transition to this spa-
d < 0) (Ciaramella et &.1993. The transmitted backward jstemporal chaotic regime using time-average patterns and
beamBoyt is monitored by CCD cameras. Near and far fields g relation functionsNeubecker et 211999, and a charac-
are simultaneously recorded. The two control parameters arguyisation of two different states based on correlation func-
the maximum intensityo of the incident laser beam and the jons and on Karhunen-Loeve decompositi®ragtur et aJ.
distanced between the mirror and the LC layer. The reori- 5003 no other characterisation of this turbulent regime has
entation of the LC director by the laser electric field leads yeen done up to now. Here, we adopt a different statistical
to a nonlinear _change of its refractive indexvhich depicts approach in terms of PDF of pattern maxima for the anal-
pattern formationKirth, 1990. ysis of these highly nonlinear regimes. This evidence that
Typical 1-D transverse periodic pattern obtained at threshygre and extreme peaks erratically appear in the pattern in
old for Turing instability is shown on Figa. It is the coun-  he form of a very narrow spatial “pulse” with an amplitude
terpart of modulational instability in temporal systems. In- 5, greater than the ones of the other intensity peaks of the
deed, the optical Fourier transform of this near field pat-transverse structure. In many aspects they are similar, and
tern shows two spatial modes with critical wave numbersiepresent the spatial counterpart of what is known as rogue

k =42y/1d. The temporal recording of the near field pro- \ayes in hydrodynamics and very recently in optical tempo-

file along the long axis of the pattern (horizontal on . 5 fipre systems.

shows that the dynamics is stationary (F2g). Below this

threshold, the transmitted field through the mirddrsimply

reflects the overall Gaussian dependence of the laser inp@@ The model

shape. On the other hand, as the input power is increased o ) ] ]

above the threshold, the periodic spots first destabilize vial N& modelisation of the previous experimental setup is well

time pseudo-periodic dislocations associated with fringe credescribed in the framework of a model |ntroducgd first by

ation in the spatiotemporal diagramouvergneaux.2003), ~ Akhmanov et al.(1988 and later adapted by Firth and

then a regime of turbulence is reached for input laser fieldd"Alessandrokirth, 1990. The equation for refractive index

values very far above threshold (Figd). The associated " of Fhe_nonlmear nematic LC layer which captures the dy-

pattern (Fig.2b) is composed of a very large number of Namics in the one-dimension case redd®\(essandro and

transverse modes and its spatiotemporal dynamics is rathdfirth, 1993:

chaotic D’Alessandro and Firth1992). 5 2

. . . . . n 0n

No analytical studies of this strongly nonlinear regime (far — — —

beyond threshold) have been carried out, since the dynami-at ox

cal description in terms of amplitude equations fails. Indeed,wheret, x are the time and transverse space variables scaled

these kind of studies are performed near threshold wherevith respect to the relaxation timeand the diffusion length

+n=|F]?+|B? 1
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Fig. 2. Near field transverse patterns observethathreshold andb) in the turbulent regime(c, d) Spatiotemporal diagrams of the pattern

profile evolution taken along the horizontal axis and in the middle of the near field patterns (a) and (b), respectively. Transverse size of (a)
and (b) pictures are 2800350 um. The numerical simulations have been performed following the model of Egs. (1-3) for a Gaussian input
wave pumpingw =1400um,x =1,d =5mm,R =0.9. (a, ¢)Fp=0.92 and (b, d)fg =4.5.

Ip, respectively. The diffusion length, inside the crystal 4 Numerical rogue patterns

is much larger than the optical wavelengif) thus, remov-

ing the longitudinal interference effects. The small thicknessThe numerical simulations carried out in the very nonlinear
of the Kerr medium allows neglecting light diffraction along regime typically depict turbulent spatiotemporal dynamics of
the sampleKirth, 1990. F andB in Eqg. (1) are the slowly the near fieldBo as can be seen on Figd. The spatiotem-
varying amplitudes of the forward and backward fields insideporal diagram is complex but a deeper look on the evolution
the liquid crystal sample, respectively (FI3. B is obtained  of the transverse profile shows the existence of very intense
using the two following equations that govern the propaga-spatial peaks as the one observed on Bég.It corresponds
tion of F along thez optical axis over the feedback loop. to a temporal snapshot of the transverse cross-section of the
Equation (2) accounts for the phase modulation through thel-D pattern (Fig.2b) and representing a horizontal line of
LC sample and Eg. (3) for the propagation through the freethe corresponding spatiotemporal diagram in Rdj. Such

space D’Alessandro and Firth1992): an intense peak is many times the intensity of the other sur-
rounding peaks. To characterise these peaks, we proceed by

Ya a statistical approach using the probability density function

2 =ixnF (2)  (PDF) of the intensity of pattern peaks. We calculate the

PDFs as the histograms of the intensity maxima along the

1-D spatial pattern for a given recording time (few hundreds
oF i 9°F of relaxation timer). The PDFs must be plotted for uniform-
9z 2ko 9x2 (3) like pumping conditions. So, we performed all our PDF cal-

_ " . culations on a restricted spatial zone of the Gaussian input

x parameterizes the Kerr effect (positive for a focusing o, mn This area is located in the central part and its exten-
medium,d > 0) andko is the laser field wave number. The qjqn myst be smaller than 0u5(with 2w is the beam diam-
profile of the forward field at the entrance of the |quld c;rystal eter) to keep the PDFs independent of the Gaussian shape.
is assumed to be Gaussian so thgt) = Foexp(—x"/w"), A typical PDF profile associated with the turbulent regime

with w the beam rad|u_s at sample. . . is depicted in Fig3b. It possesses a long tail that is char-
Note that the quantity we can experimentally access is the

backward outout optical b intensity that we havel set acteristic of very strong events such as the one displayed in
ac v2var oulput optical beam intenstty that We naveiset a4 jn Fig3a. To characterise these events as freak events,
| Boutl (see Fig.1). This is our dynamical variable that is

itored on th field i ing CCD d th tvve use the criterion developed for the oceanic rogue waves
monttored on the near Tield Imaging camera and that, , 4 \vhich states that their height must exceed 2 times the
is used for the study of the probability density functions. It

ds- significant wave heigh#; (Kharif and Pelinovsky2003.
reads. In our system, the counterpart of the oceanic wave height is
the optical near field peak amplitud®,;. Here the signifi-

2
2 __ | jixn(x,0)
| Bout(x,1)|“=|e B(x.1) ) cant amplitude isBoyt; = 7.09. The highest amplitude value
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. (c) tern taken along the horizontal axis showing a typical experimental
0.02 o7 e spatial rogue event (red peakb) Associated experimental prob-
. o, ability density function (PDF) versus peak intensity.= 5 mm,

w = 1600 pm. Input intensity is 6 times intensity threshold for mod-
% ulational instability.

DF
~

A~ 0.01

5 Experimental evidence of rogue patterns

0 8 . 16 The experimental study of the spatiotemporal chaotic regime
Peak amplitude ; ; ; ;
is carried out in an optical system pumped by a transverse

Fio. 3. ()T ion of 1-D " ‘ guasi-one-dimensional (1-D) laser beam. As was mentioned
ig. 3. (a) Transverse cross-section of 1-D pattern of Pigtaken in the experimental setup description, only one roll is al-

along the horizo.mal axis Sh(.)Wing atyp?‘?’al Spati.a : rogue event (red:owed in the vertical transverse direction. In these condi-
peak).(b) Associated numerical probability density function (PDF) _. . . P .
versus peak intensityc) PDF versus peak amplitude. The numer- tions, a line of spots S|m|I§r to the On?, of Figa rlse_s up
ical simulations have been done following the model of Efgr at threshold of the modulational instability. Further increas-
a Gaussian input wave pumping: = 1400 um,x =1,d =5mm,  ing the laser pump power, the regime of spatial turbulence
Fo=45,R=0.9. is reached. However, the liquid crystal slice can not be ap-
proximated to a Kerr-like system for very high pump powers
where spatial self-focusing starts (for typically pump powers
slightly exceeds 2 time8qts (Fig. 3c). The percentage of |arger than 6 to 8 times the threshold for modulation instabil-
peaks of this PDF that have an amplitude 2 times larger tharity). The 1-D pattern then expands in the transverse orthogo-
that of the significant peak amplitude is about 0.8%. Thus,nal direction to the 1-D horizontal axikfoo, 1995 and can
all of them can be classified as rogue peaks. no more be considered as a 1-D pattern. Thus, a limitation
Another characteristic of rogue events is that they appeabn the maximum input pump intensity value exists restricting
and disappear in a very “short” time. Here, their lifetime are the spatiotemporal chaotic regime domain that can be studied
of the order of the relaxation time of the system, namely, experimentally. Even under these restrictions it is still suffi-
less than (b timest which is the temporal resolution of our cient to experimentally evidence the regime of spatial rogue
numerical simulations. Thus, the very intense spatial peakgvents.
of our system “appear from nowhere and disappear withouta The near field intensity patterns (i.e., within the liquid
trace” which is one of the established signatures of the roguerystal cell) are recorded with an 8 bits resolution depth CCD
waves in both the ocean and in the fibre supercontinuum gencamera (Fig.1). At modulational instability threshold the
eration Akhmediev et al.2009. transverse wavelength is around 100 um so that the aspect
ratio is around 30. At 6 times this intensity threshold, very
intense localized spatial peaks, such as the red one od&ig.
rarely emerge and disappear as fast as they appeared. The
corresponding typical PDF is plotted on Figp. Its shape
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is completely similar to the one predicted in F&p and is  Akhmediev, N., Ankiewicz, A., and Taki, M.: Waves that ap-
a signature of spatial rogue peaks in the 1-D transverse pat- pear from nowhere and disappear without a trace, Phys. Lett.
terns. Only a shift is observed on the horizontal axis due A, 373, 675-678, doi:10.1016/j.physleta.2008.12.03#tp:

for the numerical simulations, the experimental highest am- 2/537aefb6736ea6cdsfe2fa3a2420632aD9.

plitude value (Fig. 4b) exceeds 2 times ( 2.1) the significant’ "¢ F., Boccaletti, S., Ducci, S., Pampaloni, E., Ramazza, P.,
peak amplitudeBouts — 7.14, S0 that the criterion for rogue and Residori, S.: The liquid crystal light valve with optical feed-

) . . back: a case study in pattern formation, J. Nonlinear Opt. Phys.,
eventis fuffilled. Thus, the occurrence of rogue spatial peaks g 153 2000 yinp L

in the turbulent regime of 1-D transverse patterns is experigj,doy, V. V., Konotop, V. V., and Akhmediev, N.: Rogue waves as

mentally evidenced. spatial energy concentrators in arrays of nonlinear waveguides,
Opt. Lett., 34, 3015-3017, d0i:10.1364/0L.34.00301tH://ol.
osa.org/abstract.cfm?URI=0l-34-19-302009.

6 Conclusions Broad, W.: Rogue giants at sea, The New York Tintet)://www.
nytimes.com/2006/07/11/science/11wave.htialy 11 2006.

Using a statistical approach, we have numerically andCiiramella* IIEb Tambugni,_M.,_andtr?anigrr}?to, Eth TalpOtlasfSiSLed
experimentally evidenced the generation of rogue spatial exagonal beam pattening in a thin 'm with a sing'e feed-

. . . .., back miror at negative distance, Appl. Phys. Lett., 63, 1604,
peaks in the one-dimensional transverse patterns of a liquid 1993 g PP y

Cry_stal slice SUbJ_eCt_tO optlcgl feedback. The regime N Cross, M. C. and Hohenberg, P. C.: Pattern formation outside equi-
which they occur is highly nonlinear (far above the threshold  jiprium, Rev. Mod. Phys., 65, 851, 1993.

for modulational instability also known as Turing instability) D'Alessandro, G. and Firth, W. J.: Hexagonal spatial patterns for
and corresponds to a turbulent spatiotemporal dynamics. a Kerr slice with a feedback mirror, Phys. Rev. A, 46, 537-548,
The probability density function shows the very rare nature 1992.

of these events. In addition, the spatiotemporal diagram®enz, C., Schwab, M., Sedlatschek, M., Tschudi, T., and Honda, T.:
of the 1-D patterns demonstrate their very short lifetime. Pattern dynamics and competition in a photorefractive feedback
More importantly, the spatial rogue patterns evidenced here Systém, J. Opt. Soc. Am. B, 15, 2057-206#p://josab.osa.org/
are similar to many aspects to the rogue waves encountered aPstract.cfm?URI=josab-15-7-205998.

in open ocean and supercontinuum generation in photonigu’ L Ch_en, Q. Lai, Y-C., and Xu, W.: Opservatlon-based cont_rol
crystal fibres of rare intense events in the complex Ginzburg-Landau equation,

Phys. Rev. E, 78, R015201, doi:10.1103/PhysRevE.78.015201,

2008.
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