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Abstract: ~ We consider experimentally three—wave resonant nonlinear
interactions of fields propagating in nonlinear media. Weegtigate the
spatial dynamics of two diffractionless beams at frequesagyw, which

mix to generate a field at the sum frequenwoy. If the generated field

at w3 can sustain a soliton, it decays into solitonscat w,. We report

the experimental evidence of the transition from steadgueacy wave
generation to solitonic decay in nonlinear optics.

© 2009 Optical Society of America
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1. Introduction

Three—wave resonant interaction (TWRI) is a universal mtusl recurs in various branches
of science, such as plasma physics, optics, fluid dynamidsaaoustics, as it describes the
mixing of waves with different frequencies in weakly nomlar and dispersive media [1].
In general, TWRI is typically encountered in the descriptadnany conservative nonlinear
medium where the nonlinear dynamics can be considered asuahzion of the linear wave
solution, the lowest—order nonlinearity is quadratic ia field amplitudes and the three—wave
resonance can be satisfied. Indeed TWRI is the lowest—oraéinear effect for a system ap-
proximately described by a linear superposition of digcfee. quasi monochromatic) waves.
TWRI has been extensively studied alongside with the dewedm of nonlinear optics, since it
describes stimulated Raman and Brillouin scattering,mpatdac amplification, frequency con-
version [2, 3, 4, 5, 6]. In the domain of plasma physics, TWRbli&@s to the saturation of
parametric decay instabilities, nonlinear collisionsarfje—amplitude wave packets, radio fre-
guency heating, and laser—plasma interactions [7, 8, 9]. IBWWRve also been studied in the
context of interactions of water waves [10, 11], interacsiof bulk acoustic waves and surface
acoustic waves [12]. In recent years, soliton waves in qatadmaterials have been the subject
of an intense renewal of interest from both theoretical aquEemental viewpoints because of
their particle—like behavior, which enables the coheretrgy transport and processing. Two
types of soliton waves that were both predicted in the e®#0% have been studied. On the one
hand, one finds solitary waves that result from a balancedmtwmonlinearity and dispersion
(or diffraction) as first predicted by Karamzin and SukhawkL3]. This type of soliton waves
have been intensively investigated experimentally overgast few years [14]. On the other
hand, quadratic media were shown to support soliton waaseéisult from energy exchanges
between dispersionless (or diffractionless) waves okdiifit velocities as first predicted by
Zakharov and Manakov [15] and Nozaki [16].

Here we investigate the TWRI dynamics of two input beams gufeacieso; andw, which
mix to generate a field at the sum frequenay, in absence of diffraction. Depending on the
input intensities, three different regimes exist. Lineggime: the beams at frequenwy andw,
don't interact. Frequency conversion: the beams at frecjaeny anday, interact and generate
a steady field at the sum frequenay. Solitonic regime: the beams at frequencies and
wy interact and generate a field at the sum frequengythe generated field abs sustains
a Zakharov—Manakov soliton which decays into solitons eqjdiencieso andw, [15]. Here
we report the experimental evidence of the transition froeady sum frequency generation
to solitonic decay in optics. To our knowledge, this is thetfiexperimental observation of
diffractionless soliton dynamics.

2. Frequency conversion and Solitonic Decay: Theoretical @cepts

Three quasi-monochromatic waves with wave—numkegrk; , k3 and frequencieay , wy, ws,
which propagate in a dispersive nonlinear medium with qat@cnonlinearity, interact effi-
ciently with each other and exchange energy if the resoneanditionsk; + ky, = k3, wy +
wy = y, are satisfied. The evolution equations for the waves in a tweksional medium,
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after a multiscale expansion of Maxwell equations, turntoute:
(jz +V1;X) m = mK e,
(:Z +V2;X> @ = n2K'eies, 1)
(:z +V3;X> »B = MLKae.

Hereg, are complex wave-packet amplitudes at frequenwig¥,, are characteristic velocities,
Nn are signs, an& is a complex coupling coefficient. The variabbegndz stand for trans-
verse and longitudinal coordinate, respectively. Here caasider the three—wave exchange
type interaction [1], which mean@)1, n2, n3) = (+, +, —) andVy < V3 < V. It should be
pointed out that the physical meaning of the waggsand of the variablex andz depends
on the particular physical domain that one has in mind (p&physics, nonlinear optics, fluid
dynamics).

The physical model describing TWRI is completely integrdlile 17]. The integrability of
the equations (1) follows from the fact that these equatézrshe compatibility conditions of
two 3 x 3 matrix Ordinary Differential Equations (ODES), one in traiablex and the other
one inz (the Zakharov—Manakov (ZM) eigenvalue problem [18]). Thaist gives a way to set
up a nonlinear generalization of the Fourier analysis aftsmhs of the associated initial value
problem, namely the Inverse Scattering Technique (ISTpakticular, this generalization leads
to decompose a given solutian (X, z) , (X, 2), @(X,2) as functions ok at a given fixedz in
its continuum spectrum component (radiation) and in discspectrum component (solitons).

¢, 0
X x
" N“
X X
| m N n
15 X 15 -15 X 15

Fig. 1. Numericalk — z TWRI dynamics of waves at frequeney; and w, which mix to
generate a field at the sum frequenoy. (a) Linear, (b) frequency conversion, and (c)
solitonic regime.
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X 15

Here, we consider the TWRI dynamics of two arbitrary, almagtat and overlapping in-
put beams at frequenay; and w, which mix to generate a field at the sum frequenay
Depending on the input intensities, three different regimdst, which we define as linear, fre-
guency conversion, and solitonic regime (Fig. 1). Figurédws numerical simulations, with
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Vi = =V, andV3 = 0, of the typical wave dynamics in the— z plane, corresponding to the
initial data atz= 0: @1(x,0) # 0, @ (x,0) # 0, @(x,0) = 0. In particular, figure 1.a shows the
low—intensity linear regime: the beams at frequengyand «, do not interact and propagate
with their own characteristic velocitieg andV,. Note that, from a theoretical IST perspec-
tive, the decomposition of the initial dag&a(x,z= 0), @(x,z=0), @(X,z= 0) in a continuum
spectrum component (radiation) and a discrete spectrunpaoent (solitons) is irrelevant in
this case since the wave—wave interaction is quite nedgigligure 1.b shows that, at mod-
erate input intensity, the beams at frequengyand w, interact and generate a steady field
at the sum frequencyos. When the faster wave overtakes the slower one, we observgyene
conversion to the sum frequency wagsg next the three waves propagate alone with their own
characteristic velocities. In this case, the initial d@iéx,z= 0), @(x,z=0), @;(x,z=0) are
composed of a continuum spectrum component (radiation)handiscrete spectrum compo-
nent (solitons). Figure 1.c shows that, at relatively higbuit intensity, the beams at frequency
w, and wy, interact and generate a field at the sum frequangyThe sum frequency wavg;
has enough energy to sustain at least one soliton. Afterdheaollinear nonlinear interaction
the radiation parts of the waves @i and w, and the wave atv; propagate alone with their
own characteristic velocities; furthermore, the comparatnu; decays into two waves ab;
andwy. This decay process may be described in terms of the aralgtidutions of equations
(1) which were discovered in the §Q15] (the ZM TWRI solitons). From a theoretical IST
perspective, the initial dat@ (x,z= 0), @& (x,z= 0), @(x,z= 0) are composed of both a con-
tinuum spectrum component (radiation) and a discrete spaatomponent (solitons). Indeed
the input wavespy and @ contain one soliton each plus radiation. The solitons invtages

@ andg interact and generate a soliton in waggewhich, due to its finite lifetime, eventually
decays into solitons in the wavegs and ¢.

3. Frequency conversion and Solitonic Decay: Experiments

In order to provide the experimental demonstration of thevatdiscussed nonlinear dynamics,
we considered the optical spatial non—collinear schentetyyite || second harmonic generation
(SHG) in a birefringent KTP crystal. Two orthogonally patad beams at frequenay; =
w = w, ES, andEY, were injected into the nonlinear birefringent medium tossrand overlap
at the input face of the crystal (see Fig. 2). Each field isdityepolarized and aligned with
a polarization eigenstate of the crystal. In the presen¢rmsehthe two input waves required
for the parametric processes to occur, and for the subseqbeervation of solitonic decay,
had tilted wave—fronts. In the overlapping area the harmé&fj, at ws = 2w is generated
along a direction which maximized the conversion efficieasyt was fixed by the noncollinear
phase—matching conditions. The sum—frequency harmonjagation direction was found in
between the directions of the two input waves.

(e) axis

g
AN
o \

(0) axis

Fig. 2. Schematic representation of the optical non collinear TWRI interagti@a KTP
crystal.
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In details, the experiments were performed with a Q-swilcneode-locked Nd:YAG laser
that delivered 4pspulses atl = 1064nm. Then laser light passed through a spatial telescope
made from two lense4,; andL,. We introduced a Glan polarizer to obtain, after passage of
the light throughL,, two independent beams with perpendicular linear poldomsstates. A
half-wave plate placed before the prism served to adjushtkasityl; andl, of the two beams
at an equal levell. By means of two highly reflecting mirrors, a beam splitted arthird lens
L3, both beams were focused and spatially superimposed indhe pf their beam waist with
a circular shape of 120m width (FWHMI). A 3cmlong type Il KTP crystal cut for second
harmonic generation was positioned such that its input &aceesponds to the plane of su-
perposition of the two input beams. The crystal was oriefdegerfect phase matching. The
directions of the linear polarization state of the two beavege adjusted to coincide with the
ordinary and the extraordinary axes, respectively, of thi® Krystal. The wave vectors of the
input fields were tilted at angles & = 0.7° and 6, = —0.7° (in the crystal) with respect to
the direction of perfect collinear phase matching for thigatdinary and the ordinary compo-
nents, respectively. These parameters correspondee itha&atrystal to a tilt between the input
beams equal to 3.7 times the natural walk—off angle butdhited along the ordinary noncrit-
ical plane. The sum frequency direction lies in between nipaii waves directions. With these
values of parameters, spatial diffraction and temporgletsion were negligible. Therefore, the
dynamics of the waves could be well described by the T\MR# 1)D spatial model equations
(1) in the ordinary plane. The spatial waves’ patterns abtlitput of the crystal were imaged
with magnification onto a CCD camera and analyzed. We usethaliely different filters and
polarizers to select either the IR or the green output. Asrtemsities of the input fields were

Radratlon\

0

't _\Somons
%

Fig. 3. Experimental results at the exit face of the KTP crystal presggtitanspatial output
profile of Ey, Ezy, ES, andEY,. (a) Linear regimel = 1MW/ch12; (b) frequency conver-
sion, | = 0.1GW/cn?; (c) solitonic decay = 2.5GW/cn?. The white line in the panels
labeledE,, represents the intersection between the exit face of the crystal andiihargr
plane. The inset in panel (c) refers to the output profil&gf without attenuation filters.

varied in a suitable range, we observed the TWRI linear, aqy conversion, and solitonic
regimes in the ordinary KTP plane (Fig. 3). For each reginig, Fshows i) the output profile
of the waves at frequenay, ii) the profile of the wave at the sum frequency, iii) the deotif

the extraordinary polarized component and iv) the profilthefordinary polarized component
at frequencyw. In the low—-intensity ( = 1MW /cn?) linear regime, the input waves did not
interact and propagated without diffraction in the KTP tay$ollowing their own character-
istic directions (Fig. 3.a). The wavds), andEJ),, superimposed at the crystal entrance, were
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Fig. 4. Solitonic decay, = 2.5GW/cmZ. Experimental (dashed lines) and numerical (solid
lines) spatial output profiles at the exit face of the KTP crystal aloigfersection between
the exit face of the crystal and the ordinary plag.(red lines), and?, (blue lines).

spatially separated at the crystal output. At moderatetingansity ( = 0.1GW/cn?), parts

of the beam<$, andEY, interacted and generated a steady field at the sum frequentye
crystal output we observed a component of bekfpandES, which did not interact and behave
linearly and the generated wave at the sum frequé&jgywhose propagation direction lies in
between the input waves directions in the ordinary plang. &b). This regime corresponds to
the well known optical non—collinear sum frequency waveagation. At higher input intensity

(I = 2.5GW/cn?), we observed again the amount of the wE§gandES, which did not interact
and behave as linear waves (Fig. 3.c). Moreover, we obséneduirth of two well defined ordi-
nary and extraordinary wavés, andES,, which turned out to be spatially shifted with respect
to the linear components. The observation of the two newiafashifted waves provided a
clear evidence that a TWRI soliton was generated at the suqudreey within the crystal: such
soliton had subsequently decayed into two solitons in tmeldmentals right before the end
face of the crystal. In fact, the wave at the sum frequencgpgisared. Indeed, by removing
the attenuation filters used to protect the camera, we magreds faint component at the sum
frequency 2o which is generated in part through type Il interaction andntgahrough type |
SHG by the extraordinary wave at (see inset of Fig. 3.c). Numerical simulations of the op-
tical interactions, described by the equations (1), wegltoduce the experimental results (see
Fig. 4). The above discussed results represent the expaaf@avidence of the transition from
a sum-frequency wave generation to a TWRI solitonic decay.

4. Conclusions

In conclusion, we have theoretically and experimentallyestigated the spatial dynamics of
two diffractionless beams at frequenay, «, which mix to generate a field at the sum fre-
guencyws. Depending on the intensity, when the generated fieldsatan sustain a TWRI
soliton, it decays into solitons ab; and w,. Our experimental findings demonstrate the pos-
sibility of reaching soliton regimes in non-diffractive TWRystems; these nonlinear regimes
could pave the way to the construction of novel systems fuirgd, retrieving and processing
information in the optical and plasma domains.
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