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Abstract—The random quasi-phase-matching in irregular domain structures of strontium tetraborate has
been investigated for nonlinear optical generation at 266 nm. The factor of increasing second-harmonic gen-
eration efficiency due to random quasi-phase-matching is determined. The spectral dependences of the sec-
ond-harmonic generation are calculated. It is shown that its efficiency can be optimized at a fixed pump

wavelength by rotating the domain structure.
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The known ways of effective generation imply
phase matching, i.e., that the interacting waves have
equal phase velocities in the nonlinear medium. Nev-
ertheless, this condition is not always satisfied in view
of certain limitations. Efficient conversion can also be
implemented using quasi-phase-matching [1] in regu-
lar domain structures, i.e., alternating regions with
oppositely oriented static polarization vectors. How-
ever, it is fairly difficult to prepare strictly periodic
structures. The deviation of real domain structures
from perfect structures (providing quasi-phase-
matching) was considered in [2]. The analysis showed
that various deviations lead to phase mismatch, which
deteriorates the conversion efficiency. It was predicted
in [3] that, in contrast to the quadratic increase in
structures responsible for exact quasi-phase-match-
ing, the conversion efficiency in strongly disordered
domain structures should increase linearly with the
sample thickness. This prediction was experimentally
confirmed by the example of a polycrystalline ZnSe
sample, in which the domain thicknesses somewhat
differed from the mean value (equal to the coherence
length) [4]. The theoretical consideration of highly
disordered structures, where the size of individual
domains deviated, according to the Gaussian distribu-
tion, by 1, 10, and 32% from the mean (generally equal
to the coherence length) leads to similar conclusions
[5]. The type of matching implemented in these irreg-
ular domain structures was referred to as random
quasi-phase-matching.

The recently found domain structures in strontium
tetraborate (SBO) crystals [6] are characterized by a
higher degree of disorder than the structures consid-
ered in [4, 5]. In this paper, we report the results of an
experimental study of collinear second-harmonic

generation using irregular SBO domain structures and
their calculated spectral characteristics.

Strontium tetraborate is a promising nonlinear
optical material due to the unique combination of
properties: its transparency range is limited by 125 nm
in the UV region [7], and it has a fairly high nonlinear
susceptibility [7, 8]. In addition, SBO is characterized
by a high optical breakdown threshold [9], due to
which it can be used for nonlinear optical conversion
of femtosecond pulses. Despite a fairly low birefrin-
gence, femtosecond SHG was implemented in SBO
[7] in the absence of phase matching. Ferroelectric
crystals are used to form regular domain structures. To
date, there are no data indicative of ferroelectric prop-
erties of SBO. Nevertheless, irregular domain struc-
tures are formed in SBO crystals during growth, which
can be used for nonlinear optical conversion [8]. The
sample under study contained domain structures
highly ordered along the crystallographic b and ¢ axes
but strongly disordered along the crystallographic a
axis. A fragment of the domain structure, revealed by
chemical etching, is shown in Fig. 1.

Random quasi-phase-matching is observed upon
propagation of pump radiation through an irregular
SBO domain structure along the crystallographic a
axis. Using the approach developed in [4, 5], one can
calculate the total amplitude of the field induced by
individual domains from the expression

P
By = Z{mﬂu{e@[ﬂk( )d,] -1}

n=1

(1)

N
xexp{iAk(G) Z d,,]},

r=n+1

359



360

Fig. 1. Fragment of SBO domain structure after chemical
etching (JEOL JSM 7001 electron microscope).

where d, is the thickness of an individual domain;

= (-1)"
ceptibility; 0 is the internal angle of rotation of the
domain structure; and Ak(0) is the phase mismatch
wave vector, which takes into account the anisotropy
of refractive indices.

2 .. .
x( )‘ is its nonlinear second-order sus-

When radiation with a fixed wavelength is con-
verted, the interference of the contributions of all
domains to the induced field may be completely
destructive (Fig. 2) at the corresponding wavelength
(791 nm). In this case, by rotating the crystal, one can
modify the spectral dependence so as to provide a
maximum at the required wavelength.

Theoretically, this conversion can be described
using formula (1) modified as follows:
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where 0 is the internal angle and ./F(6.,,) is the enve-

lope factor, which is calculated for SBO from the for-
mula
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SHG efficiency, arb. units
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Fig. 2. SHG efficiency near the maximum of the Ti:sap-
phire laser tuning curve for different angles of incidence:
(dotted line) radiation propagates along the crystallo-
graphic a axis (6 = 0°) and (solid line) the crystal is rotated
by the angle 6 =9.6°.
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The envelope factor (3) takes into account the
angular dependence of the refractive indices in an
anisotropic crystal, the angular change in nonlinear
coefficients, and the angular dependence of the
Fresnel reflection coefficients. In general, it is fairly
difficult to calculate this factor. However, we used the
fact that (according to our data) the domain walls are
fairly thin (Fig. 1), and the domain structure can be
considered homogeneous for the linear optical coeffi-
cients. Thus, we used the formula for the envelope fac-
tor derived for a homogeneous crystal of mm2 symme-
try [10].

Figure 2 shows the results of calculating the SHG
radiation at a wavelength near the maximum of the
Ti:sapphire laser tuning curve. It can be seen in Fig. 2
that, at a corresponding choice of the angle of rota-
tion, the interference of the domain contributions can
be changed from completely destructive to more con-
structive. At small angles of rotation, as a rule, the
spectral dependence is shifted; however, a simulta-
neous shift and change in the shape of the spectral
curve may generally occur [11]. Thus, it is of interest to
study the angular dependences of random quasi-
phase-matching.

This dependence was experimentally studied using
532-nm pump radiation to implement SHG at a wave-
length of 266 nm. The theoretical and experimental
angular dependences of the signal at doubled fre-
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Second harmonic intensity, arb. units
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Fig. 3. Angular SHG dependence under random quasi-
phase-matching in an irregular SBO domain structure:
(circles) experimental data, (dotted line) theoretical curve
for the calculated Ak, and (solid line) theoretical curve for
Ak = 1.0035Ak1c.

quency upon crystal rotation around the pump polar-
ization axis are shown in Fig. 3. These dependences
are in good agreement with the results of theoretical
calculations from formula (2) at angles of rotation of
—15°to 15°. Initially, to plot the theoretical curve, we
used the wave mismatch calculated with refractive
indices derived from the Sellmeier formula; the coeffi-
cients were taken from [9]. In this case, the calculated
and experimental dependences were in poor agree-
ment. The calculated curve is highly sensitive to varia-
tions in Ak. In this context, we used the least-squares
method to compare the experimental and calculated
data. The wave mismatch was taken to be a variable
because the error in its determination is controlled by
the error in approximating the refractive indices. The
best agreement was observed at Ak = 1.0035Ak ;.. To
determine the increase in the SHG efficiency due to
random quasi-phase-matching, a 432-pum-thick, sin-
gle-domain sample was taken as the reference. The
SHG efficiency at random quasi-phase-matching in
an irregular domain structure corresponding to an
angle of rotation of 10° increased by a factor of 501
with respect to the SHG efficiency in a single-domain
sample under normal incidence of radiation. The
experimental increase in the SHG efficiency nearly
coincides with the calculated one (500).

SHG radiation in the near-UYV range (particularly
at a wavelength of 354.7 nm) is most interesting for
practice because it falls in the strong absorption band
for most known nonlinear crystals, except for SBO.
Figure 4 shows the calculated SHG efficiency near
this wavelength. This result indicates that, to obtain
the maximum SHG efficiency in the samples under
study at this wavelength, the domain structure must be
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Fig. 4. Spectral dependence of the SHG efficiency at
wavelengths near 354.7 nm: (thin solid line) a single-
domain sample (multiplied by 500), (bold solid line) a
sample with an irregular domain structure rotated by 3.1°,
and (dotted line) a regular domain structure (divided by
7000).

rotated by 3.1°. In this case, the SHG efficiency under
random quasi-phase-matching increases by a factor of
1600 in comparison with mismatched conditions. For
comparison, Fig. 4 shows the SHG efficiency for an
ideal regular domain structure of the same thickness as
the irregular structure in the samples studied. This
efficiency exceeds that for our samples by a factor of
8000; however, as was mentioned above, the technol-
ogy of such regular SBO structures is still absent.
Hence, according to the aforesaid, it should be devel-
oped. Note that the spectral width of the random
quasi-phase-matching peak at a wavelength near
355 nm in the domain structure under consideration is
about 100 GHz. The quasi-phase-matching peak has
the same width in the ideal regular domain structure.
This means that, here, the limitations on the spectral
width for a regular domain structure and for a random-
ized sample studied are nearly identical.
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