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Two-Dimensional Bragg—Ewald’s
Dynamical Diffraction
and Spontaneous Gratings:

Qualitative Nonlinear Optics Treatment
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4, Svobody Square, 61077, Kharkov, Ukraine

A stimulated light scattering in thin waveguide film, filled by point
Kerr-type dipoles, under inclined pumping beam incidence is examined. The
iterative procedure of successive approximations is applied to define qualita-
tively the space spectrum of waveguide mode scattered field at the condition
of its self-consistency with dipole oscillations. A comparison with experimen-
tal data is discussed briefly.

PACS numbers: 42.25.Fx

1. Introduction

Effects of stimulated, “light by light” scattering and four-wave mixing are the
subjects of constant attention in nonlinear optics from the beginning [1, 2]. From
practical viewpoint these processes are of particular interest in waveguides [3, 4].
Formation of so-called spontaneous gratings (SGs) on different plane surfaces and
in waveguide films is studied to some extent independently as a specific process
of the stimulated pumping beam scattering on scattered polariton or waveguide
modes [5, 6]. Authors of [7] treated the SG formation as a result of phase conjuga-
tion process through degenerate four-wave mixing, but at normal pumping beam
incidence only. We develop this approach for any incidence angle.

2. Two-dimensional Ewald’s problem

Let us consider a thin waveguide (of one-mode thickness t) transparent film
with permittivity e», inside of which point identical Kerr-type dipoles are dis-
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Fig. 1. The geometry of the problem. The wave vector of the reflected wave from the
layer is not displayed for simplicity.

tributed with a density n(R), R = (r,z) = (z,y,z). XY -plane is inside the layer
at some depth a (t = a 4+ b). There is a pumping TM-wave with the wave vector
k; = (ky,—k;) in the X Z-plane of incidence (Fig. 1).

Permittivities of the upper and lower media are ¢; and €3 accordingly. Under
the influence of both incident and inevitable reflected waves dipoles transform into
the sources of scattered radiation including waveguide modes. These waveguide
modes influence in turn the dipole oscillations and so we receive a self-consistent
problem similar to that which was studied by Ewald for a three-dimensional array
of dipoles. Our problem can be reduced to two dimensions [8] by introducing the
so-called “Sommerfeld’s antenna oscillator force” f(r) — a function integrating
radiation of all point dipoles with the same », but different z (about cylindrical or
Sommerfeld waves connected with SGs see also [9, 10]). We shall treat the scattered
waveguide TM-mode field only for the sake of simplicity. The z-component of the
electric Hertzian vector potential for the scattered field inside the film ¥S(r, z) has
to satisfy the inhomogeneous Helmholtz equation

AWUS (7, 2) + B3WS(r, 2) = —4Z(2) f(7), (1)
here A = 86—;2 + 86—; — two-dimensional Laplace operator; Sy — waveguide mode
propagation constant; Z(z) — known amplitude z-distribution for the waveguide
TM-mode (see (4)). According to [8] “oscillator force” f(r) is defined by the inte-
gral
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here p,(r,z) — the elementary dipole moment z-component; and functions p(3)

and Z(z) have the forms
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7 _ .Po€2 .
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h0€3
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here ¢ = e1ki—p2, h = g2k — B2, p = +feski—p5%2 in (3) and
po:—i 63—63]6‘%, QQI—i\/ﬁg—Elkg iIl (4),]6’0:(.«1/6.
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In the first linear approach pgl) = a,m B ay, — the elementary dipole

linear polarizability tensor; Ft = Einc 4 pref — the external electric field com-

ponents, connected in the known way with the vector potential z-component

Vet (p z) = e_ikfr(feikzz—l—Re_ik”) for incident and reflected TM-polarized waves,

I and R — their corresponding complex amplitudes, which can be considered as
known for our one-layered configuration. We have in the first approach [8]:

(1)
Wl (r, ) = 4iZ(2) / in(Rij
(Bex ay) [R5 = 03]

where FUI(R,) = ﬁf(x y)f(l)(r)eiRS’dr — linear “structure scattering fac-

TR, (5)

tor”; s — scattered wave vector component in XY -plane; f(l)(r) is found using
pgl)(r, z) and (2). Equation (5) can be rewritten in the form of curve-line inte-
gral along a circle of radius 3 in the wave vector (3, 3,)-plane (if F(1)(3) is a

sufficiently smooth function and 5y >> ¢, ¢ is an imaginary part of fy):

Te(r 2) = QWZ(z)]{ FUO(Ry)e HBorqd3, (6)
0
here By — wave vector of the scattered waveguide mode.
The second approach W52(r, z) can be received taking into account nonlinear
polarization waves because of Kerr-type nonlinearity of every point dipole

PP = 0t (@) 2EF B B 4 (BB + B B 3,

Ozlmn = Xzlmn (W; —W, W, W) + lemn(w; W, —W, W) + Xzimn (W; W, w, —(.d), (7)
here X .imn — cubic nonlinear dipole polarizability tensor; E3! — electric field com-
ponents of scattered waveguide modes, calculated from the ws!(r, z) (5), (6). For
the dynamical grating, Eq. (7) corresponds to self-diffraction process of k,-wave
by (B, — ky )-grating both into positive order (first term) forming waveguide mode
obligingly and into negative order forming radiative, nonradiative modes and, that
is most important, pair of conjugated waveguide modes (see lower). All Egs. (1)—(6)
are valid for the second approach W*?(r, z) also after replacing of the upper index
“17 by “2”. Substituting p§2> into (2) we can calculate F(?)(8,) and get the phase
synchronization conditions

B, =8y and B, =2k, —B,. (8)
These conditions state two circles with centers at O and 2k, in the reciprocal
(8w, By )-wave vector space (see the polar diagram sketched in Fig. 2). Using (5), (6)
we receive the result for W5%(r, z) together with the additional condition 85 = 3. In
physics words the second approach predicts an amplification of both all scattered
waveguide modes and especially two conjugated waveguide modes, corresponding
to points C' and C’ (Fig. 2). The latter corresponds to the four-wave mixing
process, shown by the triangle OC2k,:

Bc‘FBC/ =ky + k. (9)
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In media with almost local response it is the conjugation process that will be
overwhelming [1, 2], and therefore a considerable gain in amplitude of waveguide
modes with wave vectors B¢ and f¢: will be obtained for that case.

For the third approach ¥s3(r, z) we must take into account B, and B,
waveguide modes also along with pumping k,-wave (however in what follows, we
assume the pumping wave amplitude far beyond that of scattered modes). Ex-
pression for pg?’)(r, z) is bound to contain the terms representing products of the
external field by the field of waveguide mode B, or B,, and by the scattered
waveguide mode field obtained at the first approximation. The phase synchroniza-
tion conditions for scattered waves connected with those terms

Bs = k6878, and B, = k68,78, (10)
produce four further circles in the reciprocal (8,, By )-wave vector space (Fig. 2).
The points of intersection of these circles and two previous ones correspond to
four-wave mixing processes with the waveguide modes conjugation, for example,

Bs1+Bs1 =k + Be, Bss+Bsy = ke —Beo (11)
and so on. A substantial gain is possible for these waveguide modes and analogous
to them. As an example, in Fig. 2 there is shown the quadrangle O.S; AC' relevant
to the first of Eqs. (11).

Fig. 2. The polar diagram for wave vectors of the stimulated scattered waves within

second and third approach. X-axis tends vertically.

Finally, according to general theory of four-wave mixing [11], an amplifica-
tion of some mode at the process could be treated as a result of a pumping wave
diffraction on the dynamical grating formed by another pumping wave and con-
jugated mode, which is amplifying also. Then, for our case, the four-wave mixing
process development is equivalent to the appearance of SGs with grating vectors
counted from the point O’ in the reciprocal wave vector space (Fig. 2), i.e. the
following equation is valid:
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K=p3—k;, (12)
where 3, is a wave vector component in XY -plane of the amplified scattered wave,
K — corresponding grating vector. Thus the polar diagram in Fig. 2 presents not
only the spectrum of scattered waves, but the gratings ones also.

3. Comparison with experimental data

At the experiment under consideration SGs were recorded in AgCl-waveguide
film (¢ = 120 nm), doped by fine Ag-granules, under irradiation by two-beam
pumping (A = 633 nm) at 60°-angle of incidence. After fixing the SGs diffraction
spectrum could be obtained at normal incidence of the reconstructing laser beam
(for more details, see [12]). The photography in Fig. 3 shows such spectrum on the
plane screen.

Fig. 3. The diffraction picture from SGs at normal incidence of reconstructing laser
beam. SGs were recorded previously on TMg-modes under oblique incidence of the
pumping laser beam on photosensitive waveguide film. The literal symbols and axis

directions are consistent with that of Fig. 2.

There is a general qualitative agreement between experimental spectrum and
that has been obtained from the theoretical model. Points similar to S} or S% can
be observed, but only at inclined incidence of the reconstructing beam because of
small periods of corresponding gratings.

To explain a significant difference in the progress of Sy-grating with respect
to Si-grating, the availability of pumping k,-wave during two-beam pumping con-
ditions has to be taken into account. In addition to the conjugation process in terms
of the second of Egs. (11), the following process could occur:

Bso + Bsa =B — ku, (13)

shown by the quadrangle OS2B(—k;) in Fig. 2. Similar process for modes of type
Bs1 and B, is impossible. Besides, the modes B¢, and B4, are, in some sense,
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“more collinear” than the modes B¢, and Bgq,. But it is known that a conjugation
efficiency is stronger in the collinear four-wave-mixing geometry.

Sufficiently distinct reflexes near upper and lower edges of the photography in
Fig. 3 could be explained if| for the third approach, we would not suppose that the
amplitudes of B and B, waveguide modes are less important than the amplitude
of pumping k,-wave. Then circles at centres 8,63, and B.,68, would appear
in the polar diagram in Fig. 2 and additional four-wave mixing processes with the
waveguide mode conjugation would be included into theoretical treatment.

The distinct reflex slightly above the arc 5152 (see diffraction pattern of
Fig. 3) together with peripheral degraded reflexes, as well as arcs C'O’ and O'C,
yield description within the fourth approximation. Analogously to former analysis
we must take into account fields of waveguide modes similar to B¢, on the level
with the field of pumping k,-wave, as well as the fields of B~ and B, waveguide
modes. But for the time being we will not discuss this question in more detail.

It is matter to note that the amplification of arcs, i.e. of waveguide modes
outside the conjugation process, is impossible in media with the local response
under the one-beam pumping. This limitation is taken off in a medium with the
nonlocal response or during the two-beam pumping, when four-wave mixing pro-
cess 1s possible for any waveguide modes opposing one another. The observability
of the arcs in our experiment is caused by rather both circumstances.

At the first view, there are some essential differences between the layer with
Kerr-type dipoles, examined as the theoretical model, and the photosensitive film,
applied in the experiment. Firstly, the dynamical gratings of the model are com-
pletely reversible, while similar to another SGs [5, 9], gratings in AgCl-Ag films are
irreversible. But to our mind, this distinction is not principal. At our conditions
the SGs irreversibility could be eliminated under laser recording with a simultane-
ous using of an auxiliary wipeouting noncoherent irradiation. Secondly, the growth
of real gratings i1s much slower than instantaneous response of Kerr-type dipoles.
This distinction is due to the mechanism of the nonlinear response of the AgCl-Ag
film. Quantitative results can be dependent on that circumstance rather than qual-
itative ones. The quantitative experimental estimation of the effective nonlinear
susceptibility of the AgCl-Ag films is a subject of subsequent investigations.

4. Conclusions

The developed above theoretical treatment demonstrates that the phenom-
ena of the origin and of the growth of the SGs, formed in waveguide films or on sur-
faces of solids as a result of stimulated scattering of inducing laser beam into wave-
guide or polariton modes, can be described within degenerate four-wave-mixing
interaction at any laser beam incidence angle. All of the elements of the SGs
diffraction pattern are explained qualitatively.
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