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Diagnostics of the inhomogeneous distribution of quadratic
optical susceptibility over parametric scattering spectra

G.Kh. Kitaeva, A.N. Penin

Abstract. A new method is proposed for measuring the spatial
distribution of the quadratic susceptibility of inhomogeneous
nonlinear media. The method is based on the unique relation
of the Fourier harmonics of this distribution with the shape of
a signal-radiation line during parametric frequency conversion
in a linear regime. The diagnostic possibilities of the method
of spontaneous parametric scattering of light are analysed by
simulating the spectra of nonlinear diffraction in layered
structures with different profiles of variation in the quadratic
susceptibility. The cases of step and smoothed variations in
the susceptibility of periodically poled regular and irregular
superlattices (structures formed by the layers of optically
linear and nonlinear media) are considered and the effect of
light absorption at an idler frequency is studied. The
experimental spectra of periodically poled crystals are
presented. Different methods for measuring the one-dimen-
sional dependence of quadratic susceptibility on the coor-
dinate in periodically poled structures and polydomain
crystals are proposed.

Keywords: quasi-phase matching, periodically poled structure,
parametric scattering, quadratic susceptibility, spatial Fourier
harmonics.

1. Introduction

Nonlinear-optical processes in media with periodically
spatially modulated optical parameters have aroused
considerable recent interest. Nonlinear media with the
periodically modulated quadratic susceptibility, including
periodically poled crystals (PPCs), are widely used for
efficient frequency conversion of optical radiation (fre-
quency doubling, summation, subtraction, and higher-order
frequency generation [1—8]) in various schemes of cascade
interactions [9—11], parametric decay [12—14], etc. The
inhomogeneous distribution of susceptibility in such
structures gives rise to new conditions for the efficient
frequency conversion, which are related to the so-called
quasi-phase matching. In the case of quasi-phase matching,
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the nonzero phase mismatch of the waves involved in
frequency conversion (which is, as a rule, caused by the
insufficient birefringence of a homogeneous medium) is
compensated due to the vectors of a reciprocal superlattice,
which characterises the inhomogeneous distribution of the
susceptibility. Media with the periodically spatially modu-
lated linear susceptibility can form structures with
forbidden photonic bands (photonic crystals) [15]. Apart
from other various applications [15—17], these media can
be quite promising for frequency conversion [18§—-22]. A
highly efficient frequency conversion is achieved in such
media both due to quasi-phase matching and an increase in
the density of states of the field when the frequencies of the
interacting waves approach the boundaries of forbidden
bands.

The study of nonlinear optical processes in spatially
irregular structures is of interest in itself. Certain types of
quasi-regular structures are used for the efficient frequency
conversion of broadband radiation [23]. Parametric pro-
cesses in irregular media can be used for diagnostics of
layered solid-state structures, domain systems, inhomoge-
neous twin crystals, growth inhomogeneities, etc. [24, 25]. A
separate scope of problems appears in the study of the field-
quadratic response of the structures consisting of alternating
centrally symmetric materials with zero macroscopic quad-
ratic susceptibilities.

The idea of using quasi-phase matching in parametric
interactions in regular structures was first proposed by
Bloembergen already at the very beginning of the nonlinear
optics era [26]. Quasi-synchronous structures were obtained
in the first experiments by simply assembling a sequence of
thin crystal plates with differently oriented crystallographic
axes, similarly to the Scholtz filter in linear optics.

An alternative converter element consisting of macro-
scopic layers made of different materials is polydomain
crystals. The idea of their using was put forward already at
the first stages of the development of quasi-phase-matched
frequency conversion [27, 28]. The first experiment on quasi-
phase-matched frequency conversion in a polydomain ferro-
electric crystal was probably reported in 1964 [29]. However,
to achieve the maximum conversion efficiency in polydo-
main crystals, layered domain structures with identically
oriented domain walls and a high degree of regularity of
alternating domains of specified sizes should be prepared.

Various methods for manufacturing such structures were
proposed in the 1980s and were actively developed in the
1990s [1, 30]. At present a LiNbOj5 crystal, doped, as a rule,
with antiphotorefractive impurities (Mg, Sc, Y, etc.) to
increase its radiation resistance, has become an absolute
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leader among polycrystalline media used for highly efficient
parametric conversion of optical waves under quasi-phase-
matching conditions [31, 32]. A regular domain structure
can be produced in these crystals by changing the polari-
sation of single-domain samples [33—36] or directly during
the crystal growth [37—40]. The transverse and longitudinal
sizes of samples obtained by growth methods can achieve
the sizes of conventional single-crystal frequency converters.

The polar axis in PPCs rotates by 180° upon transition
from one domain to another. For the properly chosen type
of three-wave interaction, this may result in a change in the
sign of nonlinear polarisation of the medium at the signal-
radiation frequency. In this case, the maximum modulation
of the effective value of the quadratic susceptibility of the
medium occurs. At the same time, the modulation of the
linear susceptibility and refractive index is almost insig-
nificant because the modulation depth is, as a rule, smaller
than 0.01 % [41]. Therefore, a purely nonlinear superlattice
is formed in the crystal, and the propagation of waves in the
superlattice upon three-wave parametric interaction can be
called nonlinear diffraction of light [28, 42]. In the case of
quasi-phase matching, the maximum elements of the quad-
ratic susceptibility tensor of the crystal are commonly used,
which cannot be employed in synchronous conversion in a
single-domain sample. A highly efficient transfer of the
signal-radiation energy to the required diffraction order
becomes possible, several three-wave processes can be
simultaneously realised, and optical harmonics of different
orders can be obtained in the same optical element [7, 8, 43,
44).

To provide the efficient frequency conversion, it is
necessary to use bulk layered structures, which have certain
properties, namely, plane and strictly regularly arranged
layers ensuring the reproducibility of the superlattice con-
stant with a high precision. In some cases (especially, when
several orders of nonlinear diffraction are used at once), the
requirements are imposed directly on the profile of the
quadratic susceptibility distribution with one period of a
nonlinear superlattice. When quasi-regular structures (for
example, nonlinear Fibonacci lattices [23]) are used, a
certain law of variation in the quadratic susceptibility along
the specified direction must be fulfilled.

The problems of the development of methods for
controlling the quality of nonlinear optical superlattices
(both integral and differential) and determining all the
details of a variation in the quadratic susceptibility within
the active volume of a nonlinear element become increas-
ingly urgent. The use of conventional methods for this
purpose, which are based on chemical etching of surfaces
(followed by atomic-force microscope imaging, the profilo-
meter study of surfaces, etc. [45]), X-ray analysis of the
volume structure of crystals [38], and the study of the
electro-optical response, is obviously insufficient, and opti-
cal methods to control the entire active volume of a
nonlinear element are required. Because we are dealing
with the study of a nonlinear superlattice, a method based
on parametric interactions is needed. These problems can be
partially solved by using methods based on a comparison of
the intensities of the second-harmonic radiation emitted
from different sites of a crystal. Signals from different sites
of a crystal are separated either by irradiating only these
sites [46] or by imaging luminous layers in the second-
harmonic field [24, 25]. The second method, which is called
a second-harmonic microscope, can be used to analyse

domain structures only in the case of interference of signals
from a regular domain structure and from homogeneous
samples [24]. It seems that a method based on spontaneous
parametric scattering (SPS) of light can become one of the
simplest and efficient methods for diagnostics of variations
in the optical quadratic susceptibility within the entire
volume of a crystal.

SPR is a spontaneous decay of monochromatic (pump)
photons into pairs of lower-frequency photons consisting of
the ‘signal’ photons, i.e., output photons detected at the exit
from a medium, and the ‘idler’ photons conjugated with
signal photons. In principle, idler and signal photons in SPS
are equivalent, and both of them can be detected. The decay
occurs in a medium without the symmetry centre, which has
the quadratic susceptibility [47]. As a result, broadband
output radiation is emitted from the medium. The only
requirement imposed under stationary conditions on the
frequencies of photons created in scattering is the equality of
their sum to the pump frequency. At present, SPS is widely
used to prepare biphotonic states in modern quantum optics
[48—50] and for measuring optical and dynamical parame-
ters of phonon polaritons in spectroscopy [51 —54]. The SPR
method is also promising for the absolute calibration of the
brightness of radiation sources and the quantum efficiency
of photodetectors in quantum photometry [55—59].

The aim of this paper is to study SPS in crystals with a
spatially inhomogeneous distribution of the quadratic
susceptibility, to investigate the properties of two-dimen-
sional frequency-angular SPS spectra related to the spatial
inhomogeneity and structure of the superlattice, and to
analyse thereby the diagnostic possibilities of the SPS
method for solving the inverse problem of determining
the spatial distribution of the quadratic susceptibility in
crystals with nonlinear superlattices. We consider here not
only regular inhomogeneities in layered polydomain crystals
(one-dimensional nonlinear superlattices) but also inhomo-
geneities with a variable period, different numbers of layers,
and with possible absorption at the idler radiation fre-
quency. In addition, we considered the properties of SPS in
structures consisting of rather thin, but macroscopic (1-
100 pm) layers with nonlinear optical properties separated
by layers of an optically linear medium.

2. The SPS line shape in media
with nonlinear superlattices

The SPS line shape in a transparent medium with an
arbitrary spatial distribution of the quadratic susceptibility
can be analysed directly within the framework of the
perturbation quantum theory. This method has already
been used for a particular case of nonlinear interference in
layers with alternating values of the quadratic susceptibility
[60—64]. If absorption of idler waves should be taken into
account, the nonlinear fluctuation-dissipative theorem can
be used [47], as was done in Ref. [64] to take into account
absorption in nonlinear interferometers, or the method of
generalised Kirchhoff’s law (GKL), which was developed
by Klyshko [47, 65] for a unified description of spontaneous
and stimulated three-wave parametric processes in dissipa-
tive media. The GKL method makes it possible to
determine the second correlation moments of fields at the
output of a nonlinear medium from second correlation
moments specified at the input. In this case, a linear relation
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between the Heisenberg operators of the input and output
fields is postulated in terms of the scattering matrix.

In Ref. [66], general relations are presented, which were
obtained by the GKL method and relate the SPS line shape
to the Fourier harmonics of an arbitrary spatial distribution
of the quadratic susceptibility in a nonlinear absorbing
medium. In the case of absorption of idler waves, the
expression for the differential power of the SPS signal
radiation per unit angular and spectral intervals has the
form
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where g(4,,,7,) is the form factor; y,, are the amplitudes of
spatial harmonics of the Fourier spectrum of the spatial
distribution of the quadratic susceptibility X(z)(z) of the
medium:
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d is the period of a one-dimensional nonlinear superlattice
in the case of a regular distribution of X(Z)(z) or a total
length / of the medium along the direction z in the case of
an irregular distribution; n = //d is the number of periods d
fitting a total length / [a sample of length / with an irregular
dependence 7 ?(z) can be treated as a part of an in finite
regular lattice with the period d = /; therefore, the function
}((2)(2) can be expanded on a finite interval from —//2 to
+//2 in a Fourier series]; ¢ =2mn/d is the modulus of the
reciprocal superlattice vector directed along the z axis;
k; = w;n;/c are the moduli of the wave vectors of the pump
(i=0), signal (i=1) and idler (i=2) waves;, w; are
frequencies; n; are the refractive indices of the medium at
frequencies w;; A4 = l(k,+ k,. — ky.) is the projection of the
dimensionless phase mismatch on the z axis; 4, =
A—2mmn is the so-called quasi-phase mismatch;
Co = [hotw, /(¢ ngnymy)|Pyl*/ cos 9, is a general factor
proportional to the pump power Py; y, = oy//(2cosD);
o, 1s the absorption coefficient of the medium at the idler
wave frequency; $; and 9, are the angles between the
normal to the layer boundaries and the wave vectors of the
signal and idler waves inside a crystal, which are related to
the corresponding angles 6; and 6, outside the crystal by
Snell’s law sin6; = n;sin 9;.

Relation (1) describes the signal line shape, i.e., the
dependence of the differential power on the deviation from
phase matching. According to (1), the SPS line shape is
determined by two terms. The first one is the additive sum of
contributions from individual harmonics. Each of the terms

entering this sum is characterised by the same distribution of
the signal intensity with respect to the quasi-phase-matching
maximum (4,, = 0) as upon scattering in a homogeneous
medium with respect to the phase-matching maximum
(4 =0). However, the positions of new maxima (tuning
curves for each of the terms) are shifted in the frequency—
wave vector coordinate plane according to the quasi-phase-
matching conditions A(w;, $;) = mgl. Each of the terms of
the first sum is proportional to the square of modulus of the
amplitude of the corresponding harmonic. The second term
in (1) contains the products of non-coinciding harmonics y,,,
and is the result of their interference.
The expression for the form factor g(4, y,)
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which describes the SPS line shape in a layer, was derived in
[67]. Later, the effect of reflection of the waves from the
layer boundaries was considered in [68]. This effect
produces additional modulation of the scattering intensity
due to linear and nonlinear interference of the reflected
waves. Expression (1) was derived in Ref. [66] by neglecting
the reflection of light from input faces of a spatially
inhomogeneous nonlinear medium and inside it because the
modulation of linear optical parameters was assumed
negligible. Such an approximation is justified for ‘naturally
inhomogeneous’ structures containing domains, twins, and
growth inhomogeneities due to which crystals cannot be
integral structures at large gradients of linear parameters.
The expression for g(4,,,,) entering the first sum in (1) is
described by the same relation (3), but with the replacement
A — A4,

When absorption of light in a medium can be neglected,
relation (1) for the SPS line shape takes a simple form

2
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A similar expression describes the frequency—angular
distribution of the square of modulus of the envelope of
a two-photon wave packet (biphoton ‘amplitude’) and a
change in the correlation of readings of the detectors of
idler and signal radiations depending on the wave detuning.
Note that the same expression, but taking into account an
additional factor related to the distribution of the bright-
ness of the external idler frequency signal, is also valid for
the line shape of any three-wave parametric process in a
transparent nonlinear superlattice [66] (frequency doubling,
generation of the sum or difference frequencies) if the small-
signal gain and linear-conversion conditions are realised.
The deviation 4,, from quasi-phase matching differs in this
case from A by the value 2nmn as well (4,, = A — 2rumn).
The type of the process should be taken into account only
in determining A4, which is specific for each type of the
interaction [69, 70].

If the energy redistribution between input and output
waves occurs more intensely, the regime of the specified
pump and linear gain is not satisfied, and the problem of
calculation of the signal parameters is substantially com-
plicated. In this case, it is impossible to obtain simple
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analytic expressions of type (4), which would describe any
possible modulation profiles of the nonlinear susceptibility,
and in a number of cases, which are important for enginee-
ring nonlinear optics, the corresponding highly efficient
radiation converters can be calculated only numerically
[5, 44].

The modulation of the linear susceptibility of a spatially
inhomogeneous nonlinear medium should be taken into
account in the analysis of parametric processes in ‘artificial’
nonlinear superlattices assembled from different materials.
The simplest variant of such a one-dimensional superlattice
is a sequence of plane—parallel plates, each of them being a
macroscopically homogeneous element with the known
linear and nonlinear susceptibilities. Structures with a
periodic modulation of the linear susceptibility may have
forbidden photonic bands. Nonlinear effects in photonic
crystals are usually described by neglecting the spatial
modulation of the nonlinear susceptibility [19, 71, 72].
However, a weak rectangular modulation of the quadratic
susceptibility was considered in some papers [18, 20, 73].

It seems that the problem of accounting for arbitrary
modulation of both linear and nonlinear susceptibilities has
not been solved in the general case so far. By using the
approach described in Ref. [60] in the SPS study in the case
of nonlinear interference, we can obtain the relation
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for the signal line shape at the output of an arbitrary
sequence of homogeneous plates. Here, j is the ordinal
number of a plate; /; is the plate thlcknes ? s the
effective quadratic susceptibility; ; v (’ /c are the
moduli of wave vectors of signal (z = 1) and idler (i =2)
waves, and the pump wave (i = 0) in the ]th pldte n< 1) 1s the
refractive index of a plate; 4V) = Liky! ) + k! () k ) is
the dimensionless deviation from phase matchmg in each of
the plates (projection on the direction perpendicular to the
plates); and /= Z,,ll is the total thickness of the stack.

Relation (5) is valid in the small-signal-gain regime for
completely transparent media in the case when the reflection
of the waves from plate boundaries can be neglected. If the
difference between the refractive indices of plates is
neglected, relation (4) follows directly from (5).

A study of the frequency—angular distribution of the
signal-wave intensity in the small-signal-gain regime can be
used for measuring the spatial distribution of the quadratic
susceptibility in a nonlinear medium. In principle, any three-
wave parametric processes can be employed for this
purpose, as well as stimulated cascade four-wave [9] up-
and down-frequency conversion processes. However, when
stimulated processes are used, there always exists the
problem of accounting for a nonuniform filling of the
converter (medium under study) modes.

This problem is absent when SPS is used. The uniform
filling of the input modes of the idler channel is determined
by vacuum fluctuations of the field and is warranted when
the scattering regime is linear in the pump intensity. In this
case, the SPS method makes it possible to analyse the
distribution 1(2)(2) inside an object under study.

3. Examples of experimental SPS spectra

Consider some typical cases of a periodic spatial variation
of X(2> in polydomain crystals with plane domains. As a
rule, three regions can be distinguished in each domain: the
middle one, where the value and sign of x(z) do not
virtually change, and two boundary regions (domain walls),
which are directly adjacent to neighbouring domains
(Fig. 1). In the region of domain walls, the effective
value of X(2>, determining the three-wave-process intensity,
undergoes drastic variations and its sign can change. In the
latter case, the magnitude of 1(2) can decrease to zero in the
boundary region. The thickness of intermediate layers is
determined by the width of the spatial-charge region near
the domain wall and by the distribution of impurities and
defects in the crystal. The dimension of the middle region
can be small compared to the size of intermediate layers
when the total thickness of domains is relatively small.
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Figure 1. Schematic representation of a polydomain ferroelectric (a) (the
+ and — signs denote domains of opposite signs) and the dependence of
the quadratic susceptibility xm on the displacement from one domain to
another (b).

Consider in more detail two particular distributions of
7® in polydomain structures studied in experiments on
parametric scattering of light in doped lithium niobate
Nd:Mg: LiNbO; and barium —sodium niobate
Ba;NaNbsO,s crystals with domain-structure periods of
the order of 5—20 pm. The spatial modulation of X<2) (a
volume nonlinear diffraction grating) in crystals was pro-
duced by growing crystals using a special procedure based
on the Czochralski technique [38—40, 74—76]. The orienta-
tion of the normal with respect to domain layers in this
procedure coincides with the crystal growth direction. A
regular domain structure was formed in the regions of
Nd:Mg: LiNbO; crystals with a layered growth inhomo-
geneity where the effect of the local gradient of impurity
concentration during the crystal growth was stronger than
that of the temperature gradient [38]. During the crystal
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growth, impurities enter different sites of the crystal in a
different manner, resulting in the formation of the impurity
concentration gradient, which periodically changes its sign
along the growth direction. When the grown crystals are
cooled below the temperature of transition to the ferro-
electric phase (7, ~ 830 —850°C for Ba,NaNbsO;s and
1150—1180°C for Nd:Mg:LiNbOj3), a system of plane
domains is formed in them, which repeat the configuration
of regularly alternating growth layers.

The conditions for observing SPS in Nd:Mg: LiNbO;
and Ba;NaNbsO;s crystals are substantially different. The
Nd:Mg: LiNbO3; samples were grown along the normal to
the {0112} face [39, 76]. The angle between the normal to
the domain surface and the second-order crystallographic
axis C was 57°. This (‘faced’) type of the orientation
provides a high optical quality of domain walls (their small
thickness and the absence of curvature). The wave vector k
of the extraordinarily polarised pump was directed during
SPS perpendicular to domain layers (at an angle of 57° to
the C axis). Parametric scattering as observed in the
crystallographic YZ plane. The growth-layer planes in
Ba;NaNbsO,;s samples were oriented almost perpendicular
to the crystallographic C axis [74, 75]. The pump wave
vector k, was oriented during SPS virtually parallel to
domain layers and perpendicular to the C axis.

Parametric scattering of light was studied using an x — y
SPS spectrograph [54, 77], whose optical scheme is shown in
Fig. 2. Pumping was performed by cw gas He—Cd (emitting
P ~ 40 mW at 441.6 nm) or Ar (P ~ 500 mW at 488.0 nm)
lasers. A plane front of the pump wave was produced with
the help of a long-focus lens, which compensated the
angular divergence of laser radiation in a Gaussian beam
waist. The required polarisation was obtained using a
Glan—Thomson prism. A similar prism was placed behind
the crystal to separate the required signal radiation compo-
nent. Signal radiation was focused at the entrance slit of an
ISP-51 spectrograph with the help of a three-lens optical
system operating in the Fourier optics regime. A total filling
of the spectrograph angle of view by signal radiation
scattered in the angular range 0, = —12°...12° was
achieved by a proper selection of the focal lengths ( fi_s,
f1_3) and aperture ratios of lenses (or lens objectives).

VAR RVA WA
Spectrograph

0, ‘ | \

D NN

| 0 '@I

Laser | I '

Crystal | |
Polariser  Analyser

Figure 2. Optical scheme of an SPS spectrograph.

The beam displacement at the spectrograph exist slit
along the spectrograph dispersion was determined by the
signal radiation frequency and, hence, by the corresponding
frequency of the idler radiation. A plane in which a triangle
of the wave vectors of the pump, idler, and signal waves was
located was specified by the entrance slit of the spectro-
graph. The frequency—angular intensity distribution was
recorded on a photographic film. Photographic recording
allowed us to obtain the SPS spectra in broad frequency and
angular ranges.

3.1 SPS spectra in barium —sodium niobate crystals

Figure 3 shows a part of the scattering spectrum at the
upper polariton branch for a barium—sodium niobate
crystal [78, 79]. Unlike the spectrum of a homogeneous
crystal, which is characterised by one closed tuning curve
resembling an ellipse, the spectrum in Fig. 3 exhibits four
ellipses displaced with respect to each other. The intensity
of the central ellipse, which is located symmetrically with
respect to the frequency axis, as in the case of a
homogeneous crystal, is much lower than the intensity of
two adjacent ellipses displaced upward and downward with
respect to the central ellipse. The spectrum in Fig. 3 was
obtained in the absence of linear diffraction of pump
radiation, when the Bragg condition for a linear diffraction
of the signal wave is fulfilled within a restricted part of the
spectrum and explains the appearance of the fourth ellipse.

—10 1 1 1
0.50 0.55 0.60 A/nm
Figure 3. Region of the frequency —angular parametric scattering spect-

rum at the upper polariton branch in a periodically poled barium—
sodium niobate crystal.

The appearance of three closed curves in the spectrum of
a layered crystal is well described by the theory of nonlinear
diffraction in a simplest case when the contributions from
interference terms are insignificant. The refractive index s,
of the crystal at the idler frequency, the period d of the
domain structure, and the slope of the vector of domain
superlattice with respect to the normal to the front face by
the angle 6 were calculated assuming that the observed
curves are tuning curves of the zero- and Zfirst-order
nonlinear diffraction. The measurements of 0 and d at
different frequencies of the signal wave gave the values
0 =89.3°+0.2° and d/2 = 6.05 £ 0.05 pm.

Figure 4 shows the dispersion of the refractive index
calculated for two tuning curves for two barium-—sodium
niobate crystals with different domain structures. The
results of these calculations well coincide with each other
within the error of measurements of n, to the third decimal
place. This proves that the observed curves do appear due to
nonlinear diffraction of the corresponding orders.

The frequency—angular shape of a scattering line, the
number and mutual arrangement of the displaced tuning
curves forming the SPS spectrum of a periodically poled
crystal allow the measurement of the spectrum of reciprocal
superlattice vectors. The intensity of a signal scattered to the
zero diffraction order (Fig. 3) is much lower than that for
scattering to the first orders. Almost no scattering to other
diffraction orders is observed. This suggests that the
distribution ;{<2)(z) is close to the harmonic form
7P ~ 10+ 71 cos(qz), with yy < ;. The ratio y,/y; gives
information on the unipolarity of the sample region studied,
i.e., on the difference between total thicknesses (or volumes)
of positive and negative domains. The smaller is y,/y;, the
closer is total thicknesses to each other. The absence of
higher harmonics in the spectrum of % ?)(z) suggests that the
thicknesses of domains and boundary regions (domain
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Figure 4. Dispersion of the ordinary refractive index n, for periodically
poled barium —sodium niobate crystals with different parameters (circles:
the domain thickness is 6.05 £+ 0.05 pum, the angle between layers and the
axis C is 89.3° £ 0.2°% triangles: the domain thickness is 9.1 +0.05 um
and the angle is 87.7° + 0.2°) in the IR spectral range calculated by the
tuning curves of SPS in the zero (dark circles and triangles) and first
(open circles and triangles) orders of nonlinear diffraction.

walls), in which the quadratic susceptibility predominantly
changes, are comparable.

3.2 SPS spectra in doped lithium niobate crystals

Figure 5 demonstrates the frequency—angular SPS spectra
for mono- and polydomain lithium niobate crystals [9, 80].
A comparative analysis of the spectra shows that the
spectrum of a polydomain crystal exhibits additional tuning
curves, which are especially distinct in the region of

91/O

6

0 600 1200 2400 vy /em™!

v, fem™!

Figure 5. Frequency —angular spectra of parametric scattering of light in
monodomain (a) and polydomain (b) lithium niobate crystals. The
entrance and exit faces of samples are cut parallel to growth layers.

scattering on the upper polariton branch (in the idler
frequency region v, > 900 cm™'). The dispersion curves for
the ordinary refractive index in the region of the upper
polariton branch in mono- and polydomain samples,
determined from the tuning curves, are shown in Fig. 6.
The domain-structure period measured in experiments is
d=5.6+0.2 pum. We have also found that the additional
tuning curve in the SPS spectrum of the polydomain sample
in the region of the upper polariton branch corresponds to
the spatial harmonic y,, with the index m = —1.

Ny

2.00

1.75 +

1.25

10 A/pm

Figure 6. Dispersion of the ordinary refractive index n, of
Nd:Mg: LiNbO; crystals in the region of the upper polariton branch
for a polydomain crystal with the molar concentrations of neodymium
and magnesium equal to 0.33 +0.05 % and 2.05 £ 0.05 %, respectively
(a), and for a polydomain crystal with the molar concentrations of
neodymium and magnesium equal to 0.34 £0.05% and 2.56 + 0.05%
(m), respectively.

The numerical calculations of the part of the spectrum
corresponding to scattering on the lower polariton branch in
the vicinity of the ~580-cm ™! fundamental vibration of the
E type showed that the distinct tuning curve corresponds to
two blended curves related to the spatial harmonics y,, with
indices m = +1. The low-intensity parts of the tuning curve
corresponding to m = 0 are observed only in the region of
large scattering angles near the photon frequency.

Similar relations between the powers of scattering into
different orders of nonlinear diffraction are presented in [41]
for a Y:Mg:LiNbO;3 crystal with a similar domain
structure. No additional tuning curves corresponding to
the higher orders of nonlinear diffraction were observed.
This is probably explained by the fact that the amplitudes of
the corresponding spatial harmonics y,, are very small.

Note that the spectra of parametric scattering observed
in the case of nonlinear diffraction when the domain layers
are oriented almost along the pump wave vector k, (Fig. 3)
or almost perpendicular to it (Fig. 5b) are qualitatively
different. In the first case, when ¢q.lk,, the presence of
harmonics in the spectrum of 1(2) (2) leads to the appearance
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of new tuning curves, which have the shape close to that of
tuning curves in a spatially homogeneous crystal, but are
shifted in the angle. In the second case, when ¢||k,, the shape
of new tuning curves is different and the angular shift can be
absent. The tuning curves of different orders are more often
shifted by frequency, which opens up the possibility for
measuring polariton parameters in spectral regions that
were inaccessible for crystals without a nonlinear super-
lattice. The reason 1is that the quasi-phase-matching
conditions 4,, =0 can be fulfilled in the region where
the phase-matching condition 4 =0 was not satisfied.
This is illustrated by a part of the spectrum near the
maximum frequency (above 880 cm™') of a longitudinal
phonon for the lithium niobate crystal. By measuring the
refractive index over the tuning curve of the —Ist nonlinear
diffraction order, we determined the polariton dispersion in
the vicinity of the phonon frequency region (Fig. 6).

The SPS spectra of layered barium —sodium niobate and
lithium niobate crystals show that the spectrum of ;{<2) in
crystals with the period of a nonlinear superlattice of the
order of 5—20-um contains only the lowest harmonics. This
means that the middle regions of the homogeneous dis-
tribution of 7 ? in domains of such a thickness are virtually
absent, while the spatial distribution of the quadratic
susceptibility in intermediate regions occupying the entire
thickness of the domains is well described by the sinusoidal
distribution.

4. Simulation of nonlinear diffraction spectra
in polydomain crystals

The study of variation in the quadratic susceptibility in the
180° domain structures allowed us to restrict substantially
the consideration of the possible types of the dependence
7@ (2). In most cases, including variants of an arbitrary
relation between the thicknesses of intermediate and middle
layers, the dependence x(2>(z) within each of the periods
[—d/2,d/2] of the domain structure can be represented as

17 =
ZsinLZ;_ACli/z) , —g<z< —g+Al,
%, —g+Al<z<—g+Al+lh

- Zsin%7_g+A[+ll<z<—g+3Al+ll, (6)
-7 _g+3Al+ll<z<g—Al,
;’(sinn(Z;—AC;/z), g—Al<z<§,

where 7, —y and [, [, are the quadratic susceptibilities and
thicknesses of the middle layers of domains of the opposite
signs, respectively; A/ is the boundary region thickness; and
Iy + 1, +4Al (Fig. 1). It is obvious that this relation does
not describe the cases when the absolute values of 1(2) are
different in domains of the opposite signs. To take this
difference into account, it is sufficient to add in most cases a
constant to the right-hand sides of (6).

The spectrum of spatial Fourier harmonics for the
periodic dependence (6) has the form

A = % {(=1)"sin(mmp) +i[(—1)" cos(mmp) — 1] }

cos(mmo)
X ———.
1 — (2mo)

The parameter p = (/; — ,)/d characterises the difference in
the thickness of homogeneous regions of domains, and the
parameter 6 = 2Al//d determines the thickness of inhomo-
geneous intermediate layers localised near the domain walls.
Expansion (7) is possible when d/(4Al) = 1/(20) is not an
integer. By substituting the amplitudes of spatial harmonics
(7) into expression (4) for the signal radiation intensity in a
transparent crystal, we obtain the dependence of the
differential scattered power on the wave detuning in a
sample containing » domain periods

(N

00 —1)Y"sin m 2
Pun = acusint(a{| Yo ST, )
21— (—=1)"cos(nmp) :
+[m_zoc wm(A — 2rnmn) Dm(é)} }’ ®
where
_ cos(mmp)
Punl0) =1 (2ms)*

is the factor taking into account the presence of inter-
mediate layers at the boundaries of each of the domains. If
the widths of intermediate layers are negligibly small, 6 =0
and D,,(0) =1, then the spatial distribution of the non-
linear susceptibility has the form of a meander, and the
shape of the signal radiation line is described by the
expression

2
_,sinc(4/2) pA 4 , A
P o =Cy7l— 7 (1 _2cosE= cos— )
e =Col sin?(4/2n) 085, €085, T8, ©)

If the thicknesses of domains of the opposite signs
coincide (p =0), while intermediate layers are virtually
absent (60 = 0), scattering occurs only into the odd orders
of nonlinear diffraction. The so-called unshifted tuning
curve, which is observed during scattering in homogeneous
samples with the same values of linear optical parameters,
also disappears. In this case, the shape of the signal line is

2. A
Py0, = Cox’sinc?(4/2) tanzﬁ. (10)

This case is illustrated by the curve calculated for n =10
(Fig. 7a). One can see that the maxima of nonlinear
diffraction to the *1st orders are much more intense than
other maxima. The intensity of the maxima decreases with
increasing diffraction order. The consideration of the
intermediate layers, which smooth off a sharp change in
7® at the domain boundaries, leads to the intensity
redistribution between the diffraction maxima of different
orders, resulting in the enhancement of the first and
weakening of the highest diffraction orders with increasing
the relative thickness of the intermediate layer. Figure 7b
shows the dependence of the differential power of signal
radiation on the wave detuning in the presence of
intermediate layers occupying about half each period
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Figure 7. The SPS line shape in a transparent polydomain ferroelectric
with domains of the same thickness, neglecting (a) and taking into
account (b) intermediate layers between the domains.

(0 ~ 0.25). As the relative thickness of intermediate layers
further increases, the spectrum acquires gradually the
features that are typical for a sinusoidal distribution of
7@ corresponding to the limiting case = 0.5. In this case,
the middle regions of the homogeneous distribution of %
are absent, as well as scattering to any diffraction orders
except the first ones.

The asymmetry of the spatial structure (unequal thick-
nesses of domains of opposite signs) is manifested in a
qualitatively different way, leading to the violation of the
unipolarity of the entire crystal. In this case, |p| # 0 and can
achieve the value up to 1 — 2. Figure 8 shows the depen-
dences of the differential power of signal radiation on the
wave detuning for 6 = 0, p = 0.25, 0.5, 0.6, and 0.8. One can
see that, as the domain asymmetry increases, first, the even
orders of nonlinear diffraction appear and are relatively
amplified. For the ratio of thicknesses of domains with
opposites signs equal to 1:3 (p = 0.5), the central unshifted
peak becomes greater than the rest of the peaks. As the
difference in the domain thicknesses is further increased, the
nonzero-order diffraction peaks become weaker and tend to
levelling. The limiting values p = £+1 correspond to a
monodomain crystal, and the shape of a parametric
scattering line is described by the known dependence
sinc?(4 /2) with the main peak at the point 4 = 0.

The presence of intermediate layers in asymmetric
domain systems qualitatively affects the signal radiation
spectra, as in the case of symmetric domains. As the relative
thickness of the intermediate layer increases, the diffraction
maxima with number m = +2 and higher disappear. How-
ever, even the thickness of the middle layers of domains of
any sign is zero and the value of p is maximal, the crystal
does not become monodomain. The distribution of y?(z)
and the shape of the signal radiation line for /, =0 are
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Figure 8. Effect of the domain asymmetry on the SPS line shape in a
periodically poled transparent ferroelectric (6 = 0).

shown in Fig. 9 (p = 0.6, 6 = 0.2). The characteristic feature
of the distribution is the absence of nonlinear diffraction
maxima with numbers m = +4 and larger. The disappear-
ance of the higher-order maxima in the signal radiation
spectra points clearly to the presence of intermediate layers
in the domain structure of the crystal.

The examples considered above illustrate qualitative
conclusions following from general expressions for the
intensities 7, of diffraction maxima of different orders.
Indeed, in the general case of a periodic distribution of the
quadratic susceptibility of type (6), the relations

cos(mmd) r
2

I, = (Zp)2|:1 _ (2m5)

M ’ if m is even
mmnp /2 ’ ’

2 (1n)

follow from (8). Here, I, = P(,,]QIIA _o/Co are the diffe-
rential powers of scattering measured in arbitrary units for
A(wy,60;) =2mmn. One can see from (11) that the even
orders of nonlinear diffraction are absent in unipolar
domain systems with equal thicknesses of domains of
opposite signs (i.e., for p=0). The difference in the
thicknesses of adjacent domains leads to scattering into
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Figure 9. Distribution of the quadratic susceptibility x(z) (z) (a) and the
SPS line shape in a ferroelectric with extremely thin domains of the same
sign (b) (p = 0.6, 6 =0.2).

even diffraction orders and the appearance of the unshifted
tuning curve, which is typical for a monodomain crystal. In
the presence of intermediate layers of a noticeable thickness
(at the scale of the domain system period), the relation
between the intensities of different peaks changes. When
mmd < 1, the effect of intermediate layers leads to a simple
decrease in the intensity of peaks of scattering into nonzero
nonlinear diffraction orders:

27\ / 1
I, ~ (l> <_2_1A8752>
T m

2 mnp

sin - if m is even,
mp (12)
COSZT, if m is odd.

The above relations for peak intensities are also valid in
many respects when the values of }5(2) inside domains of
opposite signs do not coincide. In this case, a constant
component of the zero harmonic appears, which makes an
additional contribution only to the zero-order maximum.

5. Diagnostics of the spatial distribution
of ;((2) by SPS spectra

Based on the results obtained in previous sections, we
propose two schemes to analyse the frequency—angular
distribution of the SPS intensity for determining the
function y?(z) in an inhomogeneous structure with «
priori unknown parameters. The first scheme is suitable for

studying the parameters of regular 180° domain structures
containing a great number of domains (n > 1), while the
second one is convenient for determining the irregular
distribution of X(z)(z) in systems containing a small number
of domains (n < 10).

Extended regular domain structures are analysed by
several stages using the first scheme.

The first stage. The individual tuning curves are fixed
that are simultaneously observed in a two-dimensional
frequency —angular scattering spectrum. The criterion is
the observation of several (no less that two) maxima of
comparable intensities upon scanning the frequency or
scattering angle. The presence of several maxima points
to nonlinear diffraction from a periodic structure. For a
further consideration to be valid, the widths of the maxima
should be substantially smaller than their separation. This
condition can be not fulfilled when the resolution of a
detector is not sufficient, when the periodicity of the domain
system is strongly distorted, or in the case of strong
absorption or a small number 2n of domains in a sample
under study.

The second stage. The dependence of the differential
power P, o of SPS on the wave detuning 4 = A(wy, 0,) of
phase matching is measured. Scanning can be performed in
experiments over any combination of scattering angle—
frequency parameters. Then, however, the scanning variable
should be expressed in terms of phase detuning. This
requires information on the dispersion of the refractive
index of a crystal at the signal and idler frequencies, as well
as at the pump frequency. Such a priori information for the
idler frequencies is often absent. In this case, the phase
mismatch at each scattering frequency can be determined
only with an accuracy of a constant. The coordinate origin
can be specified after the identification of the ordinal
numbers m of diffraction maxima (see the next stage).
Simultaneously, the refractive index of the crystal can be
calculated at the idler wave frequency.

The third stage. The order of nonlinear diffraction
corresponding to each maximum is determined. The iden-
tification of the diffraction order is based on the symmetry
of the spectra: maxima with the numbers +m and —m
should have the same intensity. The deviation fom the
symmetry of the spectra points to the presence of blocks
with different refractive indices in the crystal. The spectra of
scattering into the lower orders of nonlinear diffraction
should be equidistant. The deviation from the equidistance
may point to the presence of several domain blocks with
different periods in the region of the crystal involved in the
formation of the SPS signal. By analysing the positions of
symmetric equidistant maxima of the dependence P, o (4)
in the frequency —scattering angle coordinates, one can find
the position of the central maximum, which corresponds to
the zero wave detuning 4. Then, the lacking values of linear
optical parameters of the crystal can be determined and the
scale of the wave detunings 4 can be completely specified.

The fourth stage. The relation between the thicknesses of
neighbouring domains is determined. If the scattering
intensity at the centre of the distribution P, o (4) is
zero, then the spectrum consists of only odd orders of
nonlinear diffraction. This suggests that the thicknesses of
domains of opposite signs are identical (the crystal is
unipolar). The appearance of the nonzero-order maximum
at the centre of the distribution P, o (4) (which has no
symmetrically located analogue) suggests that the domains
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of opposite signs have different thickness or the absolute
values of y @ in positive and negative domains are different.

The fifth stage. Depending on the results of the previous
stage, two variants are possible:

Variant 1. Measurement of the parameters of a symmetric
domain system (with equal thicknesses of domains of opposite
signs). In this case, the spectrum exhibits the intense +1st-
order maxima and substantially weaker maxima of higher
odd orders, while the maxima of nonzero even orders are
absent. The distance between the neighbouring odd maxima
along the axis 4 is 4n//(d cos 0). By measuring the frequency
and angular shifts of maxima of different orders with respect
to each other, the size d/2 of domains and their angle of
inclination 4 to the entrance and exit faces of the crystal are
determined. The larger is the width of the intermediate
region at the domain boundary, the weaker are the higher-
order maxima. The ratio of the intensities of the +1st- and
+3rd-order maxima is

I, [3cos(nd) 1 —(65)°]°
I; | cos(3md) | — (2021

(13)

For 6 < 0.1, the ratio of the maxima is 7;: /3 ~ 10:1. As the
relative thickness ¢ of the intermediate layer increases, this
ratio rapidly increases, achieving ~100:1 for ¢ ~ 0.36 and
~1000:1 for 6=~ 0.45. For 6 > 0.4, the SPS spectrum
contains in fact only two tuning curves of scattering to the
+1st diffraction orders, and the distribution 2>(z) is
identified as a sinusoidal one. In the intermediate cases, by
approximating the ratio /;:I; by expression (11), we can
find the thickness of the intermediate layer 2Al = dd.
Variant 2. Measurement of the parameters of an asym-
metric domain system (with unequal thicknesses of domains of
opposite signs). In this case, the SPS spectrum contains
maxima both of even and odd orders. The ratio of the +1st-
and zero-order maxima is determined by the expression

cos(nd) cos(mp/2) 2
np/2 ’

L
Iy [1—(20)?

(14

which is valid when the absolute values of X<2) in the
domains of opposite signs are identical; while the ratio of
the +1st- and +2nd-order maxima is determined by the
expression

Iy [ cos(md) 1— (40)? 1 ? s
I, |cos(2md) 1 — (26)? sin(mp/2) | (15

Therefore, as the difference of the domain thicknesses
increases, the relative weight of the first-order maxima
rapidly decreases, whereas it increases with increasing the
intermediate-layer thickness. The approximation of the
measured ratios 7 : [, and I, : I, by expressions (14) and (15)
allows one to determine the values of § and p, the thickness
2Al of the intermediate layer, and the size of homogeneous
regions in domains of opposite signs /; = d(1 + p)/2 and
L=dl - p){2.

When X(z (z) changes irregularly, the zero-order Fourier
harmonics of the quadratic susceptibility determine the
scattered power for A = 2mm (m # 0). It is for such values
of the wave detuning that the differential power of SPS in a
homogeneous medium P, o = Cop[ysinc (4/2)]* vanishes.

The presence of a nonzero signal in a transparent medium,
when the condition 4 = 2nm # 0 is fulfilled, points to the
inhomogeneous distribution of the quadratic susceptibility.

The second scheme for diagnostics of the profile of the
spatially inhomogeneous distribution of X<2)(z) can be
applied to analyse the structures containing a small number
of domains of an arbitrary thickness. In this case, the
overlap of nonlinear diffraction fringes of different orders
can cause the shift of the intensity maxima from their
positions corresponding to the quasi-phase-matching con-
dition. This gives the possibility of measuring the amplitudes
lzn] and phases ¢,, of different harmonics of the quadratic
susceptibility

1P@) =Y Il explirmz + @,,))-
m

The general scheme of the analysis can be divided into the
following stages.

The first stage. The dependence of the differential SPS
power P, o on the wave detuning of phase matching
A = A(wy,0;) is measured. The measurements are per-
formed in the same manner as at the initial stages of the
first scheme.

The second stage. The ratio of the amplitudes |y,,| is
determined. For this purpose, the ratio of the intensities 1
and 7, for the wave detuning 4 = 0 and 2nm, respectively, is
measured. Then, the relative values |y,,|/x0 = (I /[0)1/ % are
calculated. If scattering in the unshifted direction is absent
and I, =0, the normalisation can be performed to any
maximum of the nonzero intensity.

The third stage. The ratio of phases ¢,, is determined by
approximating the experimental dependence P, o (4) by the
expression

Py (4) _ o (1) |l ’
C()on—smcz(A/Z){[ Z ﬁmﬂ‘ocoswm}

H X

m=—0o0

m=—0o0

(71)"‘1 Am
1 —2mm/A

/X0S~

2
wo]')

successively on all intervals 2mm < A4 < 2n(m + 1) taking
into account the measured relative amplitudes |y,,|/x, and
the relation ¢,, = —¢_,,.

The fourth stage. The profile of a variation in the
quadratic susceptibility is calculated within the entire
scattering volume by the expression

P @

(2) onl
= “expli(2rnmz + ¢,,)]-
7 Em: i pli( Pm)]

(16)

6. Effect of absorption on the shape of an SPS
line in nonlinear periodic structures

The presence of absorption only at the idler frequency or at
the signal and idler frequencies leads to a significant change
in the spectral and angular distributions of the signal
intensity. This should be taken into account in the
diagnostics of the spatial distribution of the quadratic
susceptibility and in calculations of the parameters of
parametric devices based on quasi-phase-matched conver-
ters and optical oscillators.

If the spectrum of the spatial harmonics of the quadratic
susceptibility is known, the shape of the SPS line in the case
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of absorption can be calculated by the expression

Py, =2Co{(e ™ cos d = 1)[(y3 = 4%)Z (12, 4)

—Z"(y2,4) + (2024)’ X" (2, 4)] +2e 2y, 4sin A
x[Z'(y2,4) = (¥3 — A7) X (32, 4) + X" (3, 4)]

+y2G(y27A)}’ (17)

which follows directly from (1). Here,
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Consider the shape of the SPS line for a few particular
nonlinear structures with nonzero absorption at the idler
frequency. For regular polydomain crystals with equal
thicknesses of domains of opposites signs and the meander
distribution of the nonlinear susceptibility, the exact calcu-
lation by expression (17) gives the dependence
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is the absorption of the idler wave and the wave detuning
over the domain length d/2, respectively. This power
distribution describes nonlinear diffraction to odd orders.
The presence of absorption at the idler frequency results in
the broadening of each diffraction maximum without its
shift (Fig. 10).

As a rule, the thickness of PPCs is rather large and they
contain a great number of periods n=1/d. In a broad
spectral range, the case can be realised when absorption in
one domain is very weak, while the crystal as a whole is
opaque for idler waves: y,/n~1, y,>1, n> 1. For
domains of thickness 1—10 pm, these relations are satisfied,
for example, in the polariton part of the spectrum, when «,
achieves the value of the order of 10° cm™" and above. If the
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Figure 10. Effect of absorption on the SPS line shape in ferroelectrics
with a symmetric regular domain structure (calculation performed for
n = 10).
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number of domains in this case is sufficiently large (n > 1)
and n > y,/n, the expression

o0

|%m
P, 0 =2C Ml
2 02 m;w y22 + (A _ 2‘rcmn)2

|2
(20)

follows from (1) for any distribution of the quadratic
susceptibility. The width of each nonlinear diffraction peak
in the scale 4 is determined by absorption y, over the entire
length [ =nd of the crystal. The diffraction structure is
observed if absorption over one period length y5 = y,/n
remains weak. In this case, information on the phases of
complex amplitudes y, is lost. However, the ratio of
amplitudes |y,| can be determined from the ratio of
diffraction maxima. If absorption y5 over one period length
is large, i.e., y5 > 1, the nonlinear diffraction bands almost
completely merge, and the minima of the diffraction pattern
become indistinguishable. The parametric scattering line is
described by a broad Lorentzian with a maximum at the
point 4 = 0.

2

2 21
yi+a? b

PO)]Q] ~

In this case, as for a homogeneous monodomain crystal, the
half-width of the scattering line is determined by absorption
y, in the crystal. The influence of the number of domains
on the shape of the SPS line (y5 =2) is illustrated in
Fig. 11. As the number of domain periods increases from 1
to 10, the diffraction structure of the line becomes more
distinct if absorption in one domain is weak and the
diffraction structure is still visible. A further increase in the
number of domains almost does not affect the visibility of
the diffraction pattern. If absorption is strong (y5 > 10), a
satisfactory visibility cannot be obtained by increasing the
number of domains.

In nonlinear interferometers representing structures
assembled from alternating layers of optically nonlinear
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Figure 11. Effect of the number of domains of the SPS line shape in a
polydomain crystal absorbing idler radiation (y5 =2, p = 6 = 0).

(1 @ #0) and optically linear materials, the GKL method
allows one to take into account possible absorption both in
linear and nonlinear layers. The relations obtained in
previous sections are valid when the real and imaginary
parts of the dielectric constant of the layers weakly differ
from each other. Structures consisting of alternating opti-
cally linear and nonlinear layers with the homogeneous
distribution of the linear susceptibility can be assembled
from successively arranged plane—parallel plates cut from
the same nonlinear crystal but at different angles to its
crystallographic axes. If the thickness of the plates is the
same, the distribution of the signal power is described by the
expression
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Here, » is the quadratic susceptibility of an optically
nonlinear layer. Figure 12 shows the examples of scattering
lines, which are typical for symmetric and extremely
asymmetric interferometers (n = 10, y5 = 1). In the case
of maximum values of p >0, when the thickness /; of
nonlinear layers is substantially greater than the thickness /,
of linear layers, the shape of the line is close to the power
distribution in a homogeneous nonlinear layer with the
same total thickness. In the opposite situation, when the
thickness of nonlinear layers is extremely small (p < 0), the
spectrum consists of very weak equidistant nonlinear
diffraction maxima.

In polydomain regular crystals, thin optically nonlinear
layers can appear near domain boundaries due to a change
in the mutual orientation of crystallographic axes upon
passing from one domain to another, even when 1(2) =0
inside each domain. In this case, when the thickness of
domains is the same, the periodic distribution of 1(2)(2) will
be described by alternating layers of thickness /; with the
susceptibility y @ = 7 # 0 (intermediate layers) and of thick-
ness /, with y V=0 (domains). When the thicknesses of
linear and nonlinear layers differ significantly
(x =1,/d < 1), the signal intensity can be calculated assum-
ing that y,, ~ 2x(—1)""%. For an odd number 7 of domains,
the shape of the SPS line will be determined by the
expression

1
2n(coshy’y, —cosA4’)

Co(li/1)*7°n o
1 VAV SLLD DR
@1 coshy’ —cos A’ SInby +

x[(e72cos 4 — 1)(sinh® y5 —sin*4")+
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Figure 12. Effect of the ratio of thicknesses of linear and nonlinear layers
on the SPS line shape in a nonlinear interferometer (n = 10, y4 = 1).

+2¢ " sin 4sin 4" sinh y5] } (23)

Here, 4’ is the phase mismatch over one period length. The
total signal intensity is determined by the interference of
signals from individual nonlinear layers. As a result, the
intensity distribution consists of equidistant diffraction
maxima. As in a homogeneous crystal, the stronger is
absorption, the larger is the width of each scattering line. In
the approximation of thin nonlinear layers (/;/d < 1), the
intensity of the diffraction maxima slowly decreases with
increasing diffraction order.

7. Conclusions

We have obtained general expressions and considered
different particular cases of the distribution of the diffe-
rential SPS power in spatially inhomogeneous layered
media. A direct relation has been established between the
shape of the signal line (the dependence of the SPS power
on the wave detuning) and the spatial Fourier spectrum of
the quadratic susceptibility of the medium. In an optically

transparent medium, this relation is the same for all the@= 1.

three types of three-wave processes, both spontaneous and
simulated, both for the frequency summation and sub-
traction. Absorption at the frequencies of all the three
waves involved in SPS affects differently the shape of the
signal line. Because the influence of absorption at the idler-

wave frequencies is most interesting for applications, we
have considered effects caused by this absorption.

The dependence of the shape of the SPS line on the
spatial distribution of the quadratic susceptibility can be
used for tomography of the spatial distribution of X(z) in
polydomain crystals, nonlinear interferometers, and other
structures where the effective value of y® substantially
varies in the volume. We have presented algorithms for
diagnostics of one-dimensional nonlinear superlattices in
PPCs and schemes for measuring irregular distributions of
7® in relatively thin layers with variable y®. Each
diagnostic scheme can be used not only to determine the
PPC period and orientation but also to reconstruct the
profile of variation in X<2) over the PPC period or over an
irregular inhomogeneous layer. Note that all these measure-
ments are non-destructive and characterise the distribution
of X(2> over the entire volume of a sample contributing to a
nonlinear signal. The proposed methods can be also used for
diagnostics of three-dimensional inhomogeneities of y % (it
seems that possible complications of the schemes will be
only of a technical type).

The relations obtained in the paper can be used for
diagnostics of transparent inhomogeneous nonlinear media
by the shape of not only the SPS line but also of signals of
any stimulated three-wave parametric process. Due to their
greater intensity, stimulated processes are preferable for
analysis of irregular distributions of X<2) in thin layers in
nonlinear interferometers. However, the obvious advantage
of spontaneous scattering is that the SPS diagnostics does
not require any additional incident idler radiation, and the
signal spectrum is very broad and is determined only by the
spatial inhomogeneity of a nonlinear medium and by the
known spectrum of zero fluctuations of vacuum.

In the case of the stimulated process, the external idler
radiation is required, and the shape of the signal line
depends not only on the spatial distribution of }5(2) but
also on the distribution of brightness among the idler-
radiation modes. As a rule, a high-power signal is obtained
using idler radiation from lasers, which nonuniformly fills a
narrow spectrum of the idler modes. The dependence of the
signal intensity on the phase mismatch is determined by
scanning the frequency or the angle of incidence of external
radiation on a crystal. This complicates the method and
requires the collection of a signal from the same region of a
spatially inhomogeneous medium after each variation in the
parameters of external radiation. In contrast to this, the
shape of the SPS signal is always measured for the same
region of a medium when the idler modes are filled
uniformly.
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