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Qbssttrrsr:t cascading effect in quadratic nonlinear materials re_(3)-andX(2)—related contributions far from the SHG wavevector-
g g . atching conditiomk = 2k — k, = 0, wherek; andk, are the

quires that the interaction between the fundamental wave and ¥ ¢ the fund | and d h .
second harmonic is phase-matched. Quasi-phase-matching iYa/evectors of the fundamental and second harmonic (SH),

technique, in which the relative phase is adjusted at regulngpecti\_/ely. In this so-called cascading limit, where the f:rystal
intervals using a structural periodicity built into the medium€ngthL is much larger than the coherence lerigthk 1/ Ak, it
Potentially it allows for phase-matching in any material over & straightforward to reduce the coupled equations for SHG to a
wide range of wavelengths using the largest component of tiféngle equation for the FW with a cubic self-phase modulation
nonlinear susceptibility. The periodic structure induces cubi
nonlinear Kerr effects, that can alter the properties of the mat
rial, e.g. in terms of solitons and CW switching. eral the cascaded contributions were therefore small, gkice
was large.

Introduction . .
Nonlinear opticsis traditionally discussed in terms of the separaﬁewaS not unt the_ late 1980s and early 1990s that expe_rl_ments
ere made sufficiently close to the phase-match condition to

ff f ratic an ic nonlinearities. For exampl - ; . . .
effects of quadratic and cubic nonlinearities. For example, qu')3{svhow a nonlinear phase-shift of the FW in excess @fith a

dratic orX(z) nonlinearity is well-known for phenomena such asdominant contribution from cascadirig These experiments
frequency conversion and parametric amplification, while cubiproved that cascading is a strong effect near phase-matching and
nonlinearity usually is associated with frequency degenerated to a tremendous interest in its application in all-optical
processes, such as an intensity-dependent refractive index, seltenomena (sédor a review). A comprehensive literature now
focusing, solitons, four wave mixing, etc. exists of experimental and theoretical studies of cascading. In
Although the cubic nonlinearity can be used for frequencyarticular, a significant part of the theoretical work on solitons
conversion (third harmonic generation, electric field inducedias beendonein Australia atthe OSC, ANU, since 1996 in strong
Second harmonic generation' etc_)' |t iS genera”y not Very effe@.ollaboration W|th the DaniSh gl’OUpS Of Peter L. Chl’iStiansen at
tive and consequently not often used for this purpose. In contraie Institute of Mathematical Modelling (IMM), the Technical
the quadratic nonlinearity can effectively mimic cubic propertie$/niversity of Denmark, and Jens Juul Rasmussen at the Optics
and even support spatial solitons. In these phenomena the impdpd Fluid Dynamics Department, Risg National Laboratory.

tant effect is the self-induced modulation of the amplitude an#iere | consider one of the most important issues for obtaining a
phase of the fundamental beam(s). strong cascaded nonlinearity: Phase-matching. One of the most

Clearly the physics of such self-action effects requires tw8romising techniques for achieving phase-matching is the so-
successive quadratic or second order processes in order for @@led quasi-phase-matching (QPM) technique, by which a grat-
net output to be back at the input frequenwy. (This can occur NG is builtinto the medium to compensate for the mismatch. An

via up-conversiond+ w — 2w), better known as second har- important paintabout QPM, which was not realized until recently
monic generation (SHG), followed by down-conversion IS thatitinduces effective cubic nonlinearities, which affects the

cascading process.

2
erm, whose coefficient is proportional|pdz)| [ AKL. In gen-

(2w—-w — w), or via down-conversionef—w — 0), better
known as optical rectification, followed by up-conversionguasi-phase-matching
(w+0— w). Itis the successive nature of the processes neede®bnsider unseeded SHG, in which the incident FW, with fre-

to modify the fundamental beam that led to the term 'cascadir%encyw and wavelength , is linearly polarized along one of
for this class of effects and to the symbolic representation >
2 the crystal axes. In the crystal the FW interacts with)ﬁm.l

2). (2 .
xP:x? as the effects are proport|onal(tx5(2)) susceptibility and generates a SH wave at the frequincyhe

The two key features of cascading were predicted in the firgtW travels with a velocity determined by the index of refraction
decade of nonlinear optics. The existence of a nonlinear phae= N(w) , whereas the velocity of the SHwave is determined by
shift in the fundamental wave (FW) during SHG was first diS-n2 =n(2w). In generaln, # n, because of dispersion in the
cussed by Ostrovskii in 1967and the existence of solitons was material, so that the fundamental and SH waves travel at different
predicted in 1974 by Karamzin and Sukhoruk@wcidentally,  phase velocities. Since the direction of power flow between them
Sukhorukov's son will this year start his Ph.D. at the Opticgk determined by their relative phase, the continuous phase slip
Sciences Centre (OSC) at the Australian National Universityye the difference in phase velocity leads to a periodic alternation
(ANU), working on X(Z)-effects as his father). However, the of the direction c_)f the power_—floyv and a rgpetitive growth and
experimental work on cascading, starting in the late 1960s, ngcgy of the SH intensity. This situation is illustrated by curve B
primarily concerned with measuring the interference betweelf F19-1-
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reversed spontaneous polarization. Such regions of one sign of

: 2 - o ,
Ao G the X )-coeff|C|ent are termed 'domains’, in analogy with the
© ’ ferroelectric domains that creates them.

/ The above explanation of QPM is a purely "space-domain”
7 description. It is mathematically more convenient, and often
S helps intuition, to describe the effect in Fourier space, where the
Bard SR domain structure is a grating in the nonlinear coefficient, with a
: certain grating wavevector. In this context, phase-matching oc-
0 1 2 3 4 5 6 curs when the wavevector of the QPM grating equals the
Distance in units of L, wavevector mismatckk. Additionally it is easily recognized
from the Fourier point of view that any periodic structure of the
Fig.1. Evolution of SH intensity during unseeded SHG undéponlinear coefficient, which possesses a proper spatial wavevector
conditions for type | phase-matching, obtained numerically frongomponent, can accomplish QPM. Thus, complete sign reversal
the analytical solution, as expoundediashed curves Aand s not required, but only a modulation is necessary, with sign

B show phase-matched and non phase-matched interaction ingersal being a special (and the most efficient) case.
uniform crystal, respectively. Solid curvesddd C, show first- _ . )
order and third-order QPM, respectively. Dotted lines indicatel he physics of QPM was outlined already in 1962 by Armstrong

the equivalent lowest-order evolution, which can be founet al.7 but only recently have experimental difficulties been
analytically. overcome and stable techniques been developed fzea
review). The currently most mature techniques for QPM are
electric field poling (now possible at room temperatSrend
The distance over which the relative phase of the two wavé@n-exchangé® of ferroelectric materials such as LiNpénd
changes bym is the coherence length,=m/ak=  KTP. The_ use of QPM in polymers is attraf:tive because of the
. i high nonlinear coefficients of these materials, but has proven
A1 4(n, —1p), which s also the half-period of the growth and gigric it to control. However, recent results with OPM achieved

decay cycle of the SH. If the refractive indices are matched, through alternating domains of polymer and linear materials (i.e.
SHfield grows linearly with distance, and thus the intensity growgo sign reversal), are promisiri.

quadratically, as shown by curve A in Fig.1. This condition iSyg ¢4 he seen in Fig.1 the SH intensity generally grows more
termed phase_-matchmg. Trad_|t|_onall_y the techniques to ach|e\étf,-ow|y, even using lowest-order QPM, than it does with birefrin-
phase-matching have been divided into two types: In type | the, i hase matching, where the phase-mismatch is fixed at zero
incident FW is polarized along one of the crystal axes. Intype lf, ., ghout the length of the crystal. The strength of QPM lies in
the birefringence of an anisotropic material is used, and thus 1 5 jji to accomplish noncritical phase-matching, which would
incident FW has a polanzguon component along both the Ordb'therwise be impossible, through the introduction of an addi-
nary and extraordinary axis. tional wavevector. Thus QPM has the following advantages
A fundamentally different method of generating continuousompared with more conventional techniques:

growth of the SH intensity is to invert the relative phase between g restrictions as regards material or polarization

the waves after each coherence length, where the SH intensity has

reached its maximum in a cycle. The phase is thus reset periodid Use of Iargesp((z) tensor component

cally so that on average, the proper phase relationship is mair, Matching at any wavelength and temperature

tained. This has led to the name 'quasi-phase-matching' (QPM& Increased anaular acceptance bandwidths
for this technique of achieving phase-matching, which is typi- 9 P i )
cally discussed as type |. It should be noted that phase-matching may also be achieved by

modulation of the linear susceptibility. However, this technique
Kas been difficult to implement, because the amplitude of the

coherence length, is illustrated by curveilCFig.1, and third- . : : . o
d PM. with oh . . e31 i< illustrated b linear index modulation must be comparable to the dispersion in
order QPM, with phase-inversion evesy,, is illustrated by order to achieve efficient conversioh.

curve G. Clearly, on average growth of the SH intensity can be

achieved by any odd-number QPM. However, first-order leads ttnduced Kerr effects

the most rapid growth and hence the largest conversion effeo far QPM has mainly been discussed in terms of simply
ciency. Note that even order QPM can also occur when alternamatching the wavevectors of the fundamental and SH waves
ing the number of coherence lengths after which the phasetisereby enabling efficient SHG and CW switching, known to be

reversed. For example, second-order QPM can be obtained Bgssible atexact phase-matching. In 1996<tﬁégroup atOSC

periodically alternating betweely and3L.. in Australia started working on how the QPM grating affects the
One way to invert the phase is to change the sign of the nonlingabperties of spatial solitons. In doing so we discovered that
>)'ndependent of the geometry (bulk media, planar or channel
yvaveguides) QPM not only leads to phase-matching, but also
Induces cubic nonlinear terms such as self- and cross-phase
modulation (SPM and XPM) in the effective averaged dynamical

First-order QPM, in which the relative phase is inverted ever

X(Z)—coefﬁcient. In the early days of QPM this was done b
forming alternating stacks of thin wafers of the nonlinear crysta
rotating alternate wafers by 8@ more practical approach in

ferroelectric crystals involves forming regions of periodically
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equations®. Let me briefly explain the physics behind this Furthermore, the equations will have the same structure for any
induced cubic nonlinearity and discuss some examples of tligPM modulation, as long as itis periodic, the only change being
effects, it can introduce. that the three SPM and XPM terms have different coeffickents.
From the lowest-order equationg( = 0) we see that the aver-
age SH amplitude evolves as in phase-matched SHG in a uniform
- g crystal, with the nonlinear coefficient reduced by a fagtar 2,

which increases with the order of the QPM. This means that the

Consider a QPM crystal as sketched in Fig.2, in which?({ﬁ)e

X

honnnnonnno.,
pEjEpRRERERApERapERE

conversion efficieny is reduced by a factowr/ 2)2 ,Whichisa
well-kown property of QPM. It is beautifully confirmed by

o curves Gand Gin Fig.1.
and However, the lowest-order equations are obtained by neglecting
Eay the coupling between the fundamental mode with wavevector

mk; and higher-order modes with wavevectmsk,, 5Smk; etc.

This coupling is not phase-matched, but strongly incoherent, and
from the averaged equations (4-5) we see that itinduces effective
cubic nonlinear Kerr effects in the form of SPM and XPM.
p|owever, the SPM term does not appear for the SH and the XPM
coefficients are always negative. This merely emphasizes thatthe
induced Kerr effects are of a fundamentally different nature than

susceptibility is modulated by a periodic grating with domairthe conventional Kerr effects inherent in any material. Conse-

length7r/ k; . The evolution of the amplitude of the F&, (), guently, the dynamics can be significantly different from the
9 earlier analyzed cases of competing nonlinearities.

Itis interesting that such effective cubic nonlinear terms will be
dE, induced by any kind of incoherent coupling between modes in

: _ * ~idkz _
'$—Q(Z)X|-:w Bw€ =0 Q)

Fig.2. qg)etch of acrystal with the typical square QPM modulatio
of the X" nonlinearity.

and the SHE,,,(2), is governed by the equations (48e

X(Z) media'® A simple example is SHG in a waveguide, which is
single-moded at the fundamental frequeagyout supports two
id@ =g(2)xE? gz _ o ) modes aw .*° Incoherent coupling between modes is thus a
dz general physical mechanism that induces cubic nonlinearity.
where X is proportional to the effective nonlinear coefﬂment.A: Spatial solitons

Th? grating I? d_e_scrlbed_by the functig(z) 9f amplltud_e L In collaboration with the group of Peter L. Christiansen at IMM,
which has aninfinite Fourier spectrum of spatial harmonics of the, particular C. Balslev Clausen, we have studied the properties

grating wavevectok, of spatial solitons in QPM slab waveguides. The competing
guadratic and QPM induced cubic nonlinearities are found to

ink, z support a novel class of stable solitons. Unlike conventional

g(z):%' %€ (3)  optical solitons, the QPM solitons have amplitudes that are

rapidly varying around a mean value, due to the higher-order
wheregyn = 0 andgy,,; = 2/im(2n+ 1) for the square function  modes with wavevectordmk,, 5mk;, etc., introduced by the

shown in Fig.2. grating. Since the higher-order modes can be found analytically
The grating introduces a 'reference wavevector', whicinfr  in terms of the fundamental average mode, &t the amplitude
order QPM is simplynk; . Expandingg,, andE;, in a Fourier  and wavenumber of the oscillations can be predicted. Numerical
series of spatial harmonics afk,, we obtain the dynamical simulations of the original equations (1-2) with diffraction in the

equations for the average amplitudes=< E, > and transverse-direction @i)asshownin Fig.3 confirm the predic-

V=< iE,, > ° tions of the amplitude and wavenumber of the QPM solitons and
their stability.
i dW 2 2 . . . . .
| = WV Vm(M | )w: 0 @) An interesting qqesthn about QP_M solitons is how robu.st they
dz are towards fluctions in the domain length resulting from imper-

fect fabrication of the grating. As can be seen from the above
iﬁ’= XmW? _zymMZ v=0 (5) calculations, such fluctuations will to lowest order appear as
dz simply a fluctuating residual phase-mismatch in the equations for

wherex, = x/ (mrt/ 2) andy ,, = x*(® - 8)/ (mmrky). Dif-  uniform x? crystalsi® Thus an equivalent question would be

fraction in the transverseand/ory direction is easily incorpo- how fluctuations in the phase-mismatch will affect the conven-

rated by simply adding the corresponding second derivativesional )((2) solitons.
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FW in channel waveguidés.By

2.4 solving the effective averaged equa-
> ][Q(sz) tions analyticaly we have been able
= 1.9¢ to predict configurations for effi-
% W\AMAMMMMMMAMMM cient all-optical CW switching.

*5 14} , Anexampleis giveninFig. 4, where

-~ we see that a week control signal

< (difference in input FW intensity

S 09f ;

& ' cannot be seen with the eye), can
5 04 }[2@(072) lead to a phase-shift of after one

cycle of interactiort’ The analytical

0 10 20 30 40 results are beautifully confirmed by
7 7 the numerical simulations of the dy-

namical equations (1-2). There are

Fig.3. Excitation of a soliton in a slab waveguide wjth first-order QPMjor Ak=10. (a) solrpe FS.Ubttle} pl?'tnrfs about_ these re-
Contour plot of the intensity of the FW, =|E,,(x, 2)|", sampled at intervaldL. (b) Peak SU!'s- "Irstotal, theyrequire anon-
intensities of the FW and SH. zero residual phase-mismatch, i.e.

one has to make the domain period

slightly different from the coherence
Using this relation, our initial numerical investigations showedength. Furthermore, this switching property comes at the ex-
that random fluctuations of the domain length reduce the phagense of a rather large holding intensity.
correlation and act as an effective loss to the QPM sofitonsy; is interesting that the analytical results of our group are
Subsequent more rigorous numerical simulations on the fuljyaitatively the same as numerical results obtained in Australia
system by Torner and Stegeman have confirmed this and alg9 Zhao, Town and Sceats in 1995, who studied poled optical
shown, thatif the fluctuations have long-range correlations, thefhres with the inherent material cubic nonlinearity taken into
the solitons are strongly affected and diffract raptally. account® Thus both the material and induced cubic nonlinearities
seem to have comparable effects.

(@]
V]
N
(@]
@9]

B: Switching properties

In collaboration with the group of Professor Lederer at the, any case, the introduction of a nonlinear grating m(%{
Friedrich-Schiller-Universitat at Jena, Germany, in particular Amedium can have interesting and advantageous effects, which are
Kobyakov, we have studied the influence of the QPM inducegertainly worth studying in more detail. In collaboration with G.
cubic nonlinearity on the amplitude and phase modulation of theg\wn from the University of Sydney and A. Kobyakov, who will
visitthe OSC this year for a longer period, we plan to experimen-
tally and theoretically study the effects of cubic nonlinearity in
poled fibres in order to determine whether the induced Kerr

o 0.8 effects can be strong enough to be detected at all.
L B
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