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Abstract—Using a nonlinear photonic crystal (NPC) of strontium tetraborate, we obtained the secondhar
monic generation of femtosecond pulses in the nonlinear diffraction regime with an efficiency of 1.9% that
is tunable in the nearUV spectral range, as well as fourthharmonic generation under the conditions of ran
dom quasiphasematching with maximum efficiency of 10–5 that is tunable in the farUV spectral range.
The efficiency of secondharmonic generation in strontium tetraborate NPC under the conditions of random
quasiphasematching was significantly lower. The fourthharmonic was tunable between 187.5 and
232.5 nm. The previously predicted red shift of spectral components in the generated radiation spectrum
upon NPC rotation is demonstrated experimentally.
DOI: 10.1134/S0030400X11080029

INTRODUCTION
The invention of lasers 50 yeas ago stimulated the
development of nonlinear optics. Currently, methods
of nonlinear optics are widely used for the frequency
conversion of radiation to different spectral ranges,
thus complementing methods of laser generation. The
efficiency of nonlinearoptical interaction critically
depends on the parameters of used homogeneous non
linear media. The mechanisms of the frequency con
version in these media are well studied. Today, the
attention of specialists working in the area of nonlinear
optics is focused on studying the properties of spatially
inhomogeneous nonlinear media [1]. These media
represent a sequence of areas with periodically chang
ing orientation of the static polarization vector and
sign of the secondorder nonlinear susceptibility,
which enables the partial compensation for the phase
mismatch between the interacting waves in the process
of nonlinearoptical conversion, thus leading to effi
cient generation in cases where angular phasematch
ing is unavailable. An extreme case of this medium is a
regular domain structure (RDS) wherein both the
quasiphasematching [2] and the nonlinear diffrac
tion [3] regimes are realized. In general, regular, as
well as irregular, domain structures can be considered
as nonlinear photonic crystals (NPC) [4]. Nonlinear
optical frequency conversion becomes possible in
irregular structures both due to random quasiphase
matching [5] and nonlinear diffraction [6, 7]. The
advantages of the aforementioned types of phase
matching are the possibility of using maximal tensor
components of the nonlinear susceptibility of the

medium that are usually inaccessible under angular
phasematching (the restrictions on the polarization
of the interacting waves are lifted out), the fact that
angular and spectral characteristics are not critical,
and the possibility of conversion of all spectral compo
nents with equal efficiency [7], which is important in
the case of frequency conversion of ultrashort light
pulses. Domain structures in ferroelectric crystals,
such as KDP, KTP, LiNbO3, LiTaO3, strontium bar
ium niobate (SBN), and other crystals belong to this
type of media.
Despite the achievements of modern nonlinear
optics, the farUV spectral range remains essentially
unexplored. In particular, angular phase matching for
secondharmonic generation (SHG) is possible to
achieve only down to 205 nm in BBO. Further
advancement into a shorter wavelength range of the
spectrum is possible via sumfrequency generation,
which in turn leads to the significant complication of
the experimental setup. To this end, typically, high
power femtosecond laser systems that include regen
erative amplifiers and contain a large number of non
linear crystals are used, which implies the use of delay
stages for pulse synchronization. A detailed analysis of
the generation of radiation in the wavelength range
near 200 nm via angular phasematching has been
given in [8]. The situation is further complicated by
the limited choice of ferroelectric crystals transparent
in the farUV spectral range. Only one known ferro
electric crystal, MgBaF4, has a transparency range
that enables the generation of radiation down to
140 nm [9]. This crystal, however, is not widely used
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Fig. 1. Phasematching diagram in reciprocal space: (a) random quasiphasematching, (b) nonlinear diffraction.

because its nonlinear coefficients are extremely small.
In contrast, strontium tetraborate has the highest non
linearities among the crystals transparent in the far
UV spectral range, and its transparency range extends
down to 125 nm [10]. Although this crystal lacks angu
lar phase matching for SHG [11], previous studies
underscored an unusual dependence of the second
harmonic signal on the propagation angle inside the
crystal [12] and a high conversion efficiency of up to
1% [11, 12], which is not typical for nonphase
matched generation. Previously, we have established
that strontium tetraborate crystal has a tendency to
form irregular domain structures [13]; thus, it can be
considered as an NPC.
Here, we report the results of experimental studies
of frequency conversion of radiation in an NPC of
strontium tetraborate (SBO) to near and farUV
spectral ranges. There are two limiting geometries of
phase matching, which are determined by the relative
position of pump and reciprocal lattice vectors of
NPC, which are shown in Fig. 1. In the case where
these vectors are parallel, only a random quasiphase
matching takes place [14]; otherwise, both random
quasiphasematching and nonlinear diffraction are
possible [15]. In vector form, the phasematching
condition for these two cases is given by

k 2 = 2k 1 ± Q,

The effect of nonlinear diffraction can be observed
upon the propagation of pump radiation parallel to the
crystallographic b axis. The studied SBO sample No. 1
that contained irregular domain structures was 6 ×
6.5 × 5 mm in size. A Tsunami femtosecond laser
(SpectraPhysics) tunable at 710–1020 nm was used
as a pump source. The laser pulse width was 40–100 fs.
The laser radiation with an average power of up to 1 W
was focused into the crystal by a lens with a 10cm
focal distance. The polarization of the pump radiation
was parallel to the crystallographic c axis of the crystal.
Under the normal incidence of the pump radiation on
the input face of the crystal, two highly directed beams
of the second harmonic that were deviated by equal
angles to both sides of the pump beam were observed
(Fig. 2). For the normal incidence of the fundamental
radiation with the central wavelength of 800 nm, the
nonlinear diffraction angle measured from the direc
tion of propagation of the pump radiation was 16.6°.
This value is in good agreement with the value of 16.9°
calculated from the phasematching diagram (Fig. 1).

(1)

where k 1,2 are the wave vectors of the pump and the
second harmonic waves, respectively; Q = πm d is the
reciprocal lattice vector that has a continuum of
allowed values in an irregular NPC; d is the thickness
of an individual domain; and m = ±1, ±3, ... is the
quasiphasematching order. Depending on the
domain distribution, a particular structure can favor
either nonlinear diffraction or random quasiphase
matching in a given spectral range because different
reciprocallattice wave vectors are involved in these
processes. However, in the case of an irregular domain
structure, the possibility of generating tunable radia
tion in a wide spectral range is common for both pro
cesses.
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Fig. 2. Nonlinear diffraction in strontium tetraborate
NPC. Central spot corresponds to a nonphasematched
SHG.
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The spectra of pump and secondharmonic radia
tion were recorded with Ocean Optics USB4000 and
HR4000 spectrometers, respectively. Figure 4 shows
the spectra of the pump radiation (with the central
wavelength of 800 nm) and the second harmonic. The
average pump power was 840 mW. The spectrum of the
pump radiation did not reveal any indication of self
phase modulation and caused by it broadening
observed in SBN crystal [7]. For various wavelengths,
the secondharmonic spectrum shows a narrowing of
about 10–20% on the frequency scale as compared to
the pumpradiation spectrum. A relatively smooth
spectrum of the second harmonic is explained by a
lower energy resolution of the HR4000 spectrometer
in the shortwavelength range.
Continuum of reciprocallattice vectors, which is
typical of irregular domain structures allows genera
tion of radiation tunable in a wide spectral range. Fig
ure 5a shows the spectral dependence of the average
power of the second harmonic for the case where the
crystal position relative to the pump beam was fixed
(curve 1) and for the case where NPC was tuned to a
maximal power of the second harmonic at a given
pump wavelength (curve 2). The tuning was accom
plished by translating the crystal parallel to the crystal
lographic a axis and by rotating about the crystallo
graphic c axis, so that different parts of the domain
structure the spectrum of the reciprocallattice vectors
of which was the most favorable for efficient conver
sion were exposed to the pump radiation. The spectral
range where an efficient SHG was obtained extends
from 510 to 355 nm. The maximal average power of
the generated radiation at the secondharmonic fre
quency was 5.6 mW in a single beam when pumped by
radiation with the central wavelength of 800 nm and
average power of 0.98 W. The conversion efficiency to
second harmonic was 0.57%. Spectral dependence of

2

0
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Figure 3 shows the calculated and experimental
dependences of the nonlineardiffraction angle on the
central wavelength of the secondharmonic radiation.
A small difference between the calculated and the
experimental values in the longwavelength range can
be attributed to limited precision with which the coef
ficients in the Sellmeier equation, which governs the
SBO index of refraction are known [11].
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Fig. 4. Spectra of pump radiation (1) and second har
monic (2).

the average secondharmonic power contains a contri
bution from the tuning curve of the pump laser; how
ever, single maxima and minima reflect the spectrum
of reciprocal lattice vectors of the NPC. This spectrum
can be revealed by getting rid of the energy parameters
via normalization of the secondharmonic power to
pump power squared (Fig. 5b). The obtained depen
dence shows that the spectrum of effective reciprocal
lattice vectors involved in the nonlinearoptical fre
quency conversion is sufficiently broad, but, simulta
neously, contains maxima and minima.
When using a 5cm lens, the maximal average
power of the second harmonic with the central wave
length of 400 nm was 17.4 mW in two beams for a
P2ω, mW
6
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Fig. 5. (a) Spectral dependence of the average power of
second harmonic of the femtosecond laser in a single
beam. (b) Obtained spectrum of reciprocallattice vectors
of the NPC. (1) For fixed NPC position, (2) with NPC
tuning.
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Fig. 6. Experimental arrangement for FHG: (1) Tisapphire laser; (2, 4) 10cm lens; (3) BBO crystal; (5, 8, 13) iris diaphragm;
(6) Glan prism; (7) pumpradiation beam block; (9) SHG power meter; (10, 12) 5cm lens; (11) SBO NPC; (14) interference
filter; (15) lens with a focal distance of 112 mm; (16) MSDD1000 monochromator; (17) power meter or photomultiplier.

pump power of 0.92 W. The conversion efficiency to
the second harmonic was thus 1.9%, which is a factor
of five higher than that obtained in [7] in an SBN crys
tal whose nonlinear susceptibility is a factor of 3.4
higher than that of SBO. The above efficiency sets a
record among all experiments conducted so far in the
nonlinear diffraction geometry. In some cases, the
noncollinear scheme is preferable because it auto
matically separates the interacting beams in space.
RANDOM QUASIPHASEMATCHING
An SBO sample No. 2 with the dimensions of 5 ×
11 × 9 mm was used for the frequency conversion of
radiation to the farUV spectral range. The sample
geometry was optimized for the frequency conversion
under the conditions of random quasiphasematch
ing. Preliminary results of these studies were published
in [16].
First, we tested SBO sample No. 2 for SHG in the
regime of nonlinear diffraction, as well as under the
conditions of random quasiphasematching. As it
turned out, sample No. 2 had lower SHG efficiency in
the regime of nonlinear diffraction than sample No. 1.
At the same time, the SHG efficiency under the con
ditions of random quasiphasematching was at least
an order of magnitude lower than that in the regime of
nonlinear diffraction. This allowed us to suggest that
the nonlineardiffraction regime is favorable in this
sample from the point of view of the frequency conver
sion of ultrashort pulses to the farUV spectral range.
The conducted experiments on the fourthhar
monic generation (FHG) revealed an opposite situa
tion, that is, no signal at the fourthharmonic fre
quency was detected in the nonlineardiffraction
regime. At the same time, the signal could be reliably
detected in the random quasiphasematching geom
etry.
The experimental arrangement for FHG from the
femtosecond laser in the random quasiphasematch
ing geometry is shown in Fig. 6. The secondharmonic
radiation was generated in a 1mm thick BBO crystal
cut for Type I phasematching. The crystal was
installed between two 10cm lenses in the focal plane
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of the system. The maximal average secondharmonic
power reached 135 mW, which corresponds to the
conversion efficiency of 14.4%. The secondharmonic
radiation selected by a Glan polarizer was focused into
the NPC with a 5cm lens. The domain structure of
the NPC was studied with a Carl Zeiss Axio
Observer.A1m optical microscope. The structure con
tained 262 domains with the total length of 2.1 mm
along the crystallographic a axis. The domain thick
ness varied randomly between several tenths of a
micron to tens of microns. Despite the limitation on
the resolution of optical microscopy imposed by the
wavelength, we were able to reliably identify domains
of opposite polarity by the character of etching down
to 0.2µm thickness. The measured waist radius of the
secondharmonic beam was 37 µm at 1/e2 power level,
which corresponds to the peak power of 0.3 GW/cm2.
The secondharmonic polarization was parallel to the
crystallographic c axis, which allowed us to use the
maximal nonlinear coefficient dccc. The generated
radiation at the fourthharmonic frequency was
focused on the input slit of an MSDD 1000 mono
chromator equipped with a Hamamatsu HLS192
detector to register the spectra. The spectral sensitivity
range of the matrix photodetector was 200–1100 nm.
The spectral resolution of the monochromator in the
spectral range under consideration was 0.023 nm
(5 cm–1). Either a Newport 918D detector with a
Newport 1931C power meter, or a Hamamatsu
H578304 photomultiplier was installed at the axial
output of the monochromator. An Acton 172N inter
ference filter with a maximal transmission at 173.5 nm
was installed in front of the monochromator for sup
pression of the secondharmonic radiation. The max
imal average power of the fourth harmonic at the cen
tral wavelength of 200 nm was 1 µW, which corre
sponds to the conversion efficiency of 10–5.
Figure 7 shows spectra of the second and fourth
harmonics. The fourthharmonic spectrum corre
sponds to the case of normal incidence of the second
harmonic radiation on the NPC. Apparently, its shape
is not typical for the spectrum of radiation generated
under angular phasematching conditions. While the
secondharmonic spectrum is smooth, the spectrum
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Fig. 7. Spectra of second (right) and fourth (left) harmon
ics of the Tisapphire laser.

of the fourth harmonic consists of a series of peaks.
Typically, the width of the spectral peaks was 0.1 nm,
while the spacing between them varies between 0.1 and
0.3 nm. Taking into account this character of the spec
trum, a distortion of temporal structure of the gener
ated pulses is expected.
Theoretical calculations reported in [17] revealed
that the destructive interference of fields generated in
individual domains in irregular domain structures
could be changed to a more constructive interference
by rotating the NPC. An indepth analysis [14]
showed that the conversion efficiency is preserved
upon simultaneous increase of the incident pump
radiation wavelength and propagation angle of radia
tion in NPC. That is, for a pump radiation with a finite
spectral bandwidth, spectral components of generated
radiation will experience a shift towards longer wave
lengths when the rotation angle of the NPC is
increased. To test this prediction, we recorded the
spectra of the generated radiation in some cases. In the
first case, for the normal incidence of the secondhar
monic radiation on NPC, the central wavelength of
the pump radiation was varied in the vicinity of 800 nm
with 1nm steps. In the second case, the pump wave
length was kept at 800 nm, but the NPC rotation angle
was varied. The results are presented in Fig. 8. Rota
tion of NPC or tuning the central wavelength of the
pump radiation changes the spectrum of the generated
radiation. At the same time, the spectra of the gener
ated radiation maintain strict correspondence to each
other depending on the central wavelength of the
pump radiation and the NPC angle of rotation. At
normal incidence, the shape of the spectrum centered
at 199 nm is identical to that corresponding to 200 nm
and the NPC angle of rotation of 20° (Fig. 8a).
This effect can be explained by the compensation for
the phase mismatch between the interacting waves that

0
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λ, nm

0
197
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201
λ, nm

Fig. 8. Shift of components in spectrum of generated radi
ation upon NPC rotation: (a) (1) λ = 199 nm, θ = 0°;
(2) λ = 200 nm, θ = 20°; (b) (1) λ = 199.5 nm, θ = 0°;
(2) λ = 200 nm, θ = 13°.

appears upon an increase in the pump wavelength as a
result of the corresponding increase in optical thick
ness of the domains upon rotation of the NPC.
It is helpful to introduce enhancement factor in the
conversion efficiency due to random quasiphase
matching as the ratio of conversion efficiencies in an
NPC and a monodomain sample. In the case of the
frequency conversion of broadband radiation in an
irregular NPC, the value of this factor can vary signif
icantly within the spectral bandwidth of the generated
radiation. In this case, it is convenient to define this
factor in terms of spectrumintegrated power of the
radiation generated in the NPC and in the reference
sample. As a reference, we used a monodomain sam
ple that had the thickness of 432 µm in the direction of
the crystallographic a axis and was oriented such that
its crystallographic c axis was parallel to the second
harmonic polarization. The measured factor of
increase of the conversion efficiency due to random
quasiphasematching was 320. By varying the central
wavelength of the fundamental radiation, we obtained
FHG from a femtosecond Tisapphire laser tunable in
the range of 232.5–187.5 nm.
DISCUSSION
The negative result obtained in the experiment on
the fourthharmonic generation in sample No. 2 in the
regime of nonlinear diffraction can be explained as
follows. First, as can be seen from the table, efficient
generation of radiation in this regime in the spectral
range under consideration requires values of recipro
callattice vectors which correspond to effective
domain thickness of several hundred nanometers,
whereas an average domain size in sample No. 2 was
8 µm. On the contrary, in the case of the generation of
radiation in the random quasiphasematching
OPTICS AND SPECTROSCOPY
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Calculated values of required reciprocalgrating vectors and effective domain thickness for various nonlinearoptical processes
that correspond to them
Random quasiphasematching

Wavelength
of generated radiation, nm

Q, μm

–1

355–510
400
177.5–232.5
200

0.23–0.52
0.38
1.95–5.32
3.35

d = π/Q, μm

Q, μm–1

d = π/Q, μm

6.04–13.77
8.26
0.59–1.61
0.94

3.12–5.67
4.56
13.71–26.30
19.50

0.55–1.01
0.69
0.12–0.23
0.16

regime, the domain size must be several times larger
than in the nonlinear diffraction regime. Second, the
increase in the nonlinear diffraction angle with a
decrease in the wavelength (Fig. 3) leads to the limita
tion of the conversion efficiency due to the limitation
of the spatial overlap volume of interacting waves
inside the NPC. In the case of the normal incidence of
the pump radiation with the central wavelength of
400 nm, the calculated angle of propagation of the
second harmonic inside the NPC is 19.5°.
Denoting the NPC contribution to the conversion
efficiency due to nonlinear diffraction as F, the inten
sity of the generated radiation in the NPC under con
sideration can be expressed as
2

(

)

I 2ω = χ(2) I ω2 F n12n2S ,
where χ (2) is the secondorder nonlinear susceptibility,
and S is the beam crosssection area in the focal spot
at e–2 level of intensity. Neglecting the difference
between pulse durations of the generated radiation in
the NPC under consideration, the parameter ℜ
defined as the ratio of contributions of the NPC struc
ture can be written as

⎛
⎞⎛ (2) 2 ⎞
FSBO ⎜ n12n2S η ⎟⎜ χ I ω ⎟
ℜ=
=
,
FSBN ⎜ χ(2) 2 I ⎟⎜ n12n2S η ⎟
ω
⎝⎠⎝⎠
SBO

(2)

SBN

where η is the maximal conversion efficiency in the
NPC. When the beam is focused with a 10cm lens,
the comparison using expression (2) of the NPC based
on strontium tetraborate with the strontiumbarium
niobate NPC used in [7] yields the value of ℜ equal to
46.
Considering the narrowing of the secondhar
monic spectrum and the group velocity dispersion,
one can suggest that the secondharmonic pulse width
should be larger than that of the pump pulses. Using
the expression given in [18] for the case of collinear
conversion, the secondharmonic pulse width for the
sample under study is estimated to be about 2 ps. How
ever, the linear dependence of the pulse width on the
length of the medium means that, for a 1mm thick
crystal, the secondharmonic pulse width would be
OPTICS AND SPECTROSCOPY
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about 350 fs. The crystal thickness must be determined
based on the compromise between getting short pulses
and achieving high output power of the second har
monic.
In the experiment on the frequency conversion to
the farUV spectral range, the factor of increasing the
conversion efficiency due to random quasiphase
matching was 320, in agreement with the calculated
value within an order of magnitude. However, the cal
culated value is 800 times smaller than the value corre
sponding to the firstorder quasiphasematching in
RDS of the same thickness as the NPC under consid
eration. The significant reduction of the conversion
efficiency in the NPC is the price that one has to pay
to achieve generation of radiation tunable in a wide
spectral range. Taking into account that the power
density of the secondharmonic radiation used in our
experiments was significantly lower than the optical
breakdown threshold for nanosecond pulses, it is
expected that the conversion efficiency can be
increased considerably by using a more powerful
pump source.
The main factors that determine the shortwave
length cutoff of the fourthharmonic tuning range are
absorption in air and the tuning curve of the pump
laser, whereas absorption in strontium tetraborate is
less of a concern. We found a peak in the absorption
spectrum of the NPC material at 209 nm correspond
ing to absorption coefficient of 0.6 cm–1. According to
[10], absorption in this area is not caused by the main
components of the NPC material. Presumably, invol
untary admixtures cause these specific features of the
absorption spectrum. Hence, with an improvement in
the quality of the used materials and implementation
of technologies protecting the melt from impurities
during the growth process, these admixtures can be
removed.
CONCLUSIONS
We have demonstrated SHG in a strontium tetrab
orate NPC in the nonlinear diffraction regime in the
nearUV spectral range with maximum conversion
efficiency of 1.9%. It was established that the contri
bution of NPC based on strontium tetraborate signifi
cantly exceeds that of an NPC based on strontium
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bariumniobate. The efficiency of SHG under the
conditions of random quasiphasematching in the
strontium tetraborate NPC was considerably lower.
On the contrary, upon generation of radiation in the
farUV spectral range, an opposite situation took
place. The fourthharmonic signal was detected only
in the random quasiphasematching scheme. This
circumstance can be explained by the presence of the
corresponding components in the spectrum of recip
rocallattice vectors of the NPC. Due to random
quasiphasematching, FHG from a femtosecond
laser tunable from 187.5 to 232.5 nm was realized. The
maximal average power of the radiation at 200 nm was
1 µW, which corresponds to the conversion efficiency
of 10–5. Additionally, we experimentally demonstrated
the previously predicted red shift of components in the
spectrum of generated radiation upon the rotation of
the NPC.
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