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Noncollinear frequency doubling in a random nonlinear photonic crystal of strontium tetraborate via
nonlinear diffraction from virtual beam is investigated. This effect is shown to be useful for
ultrashort pulses characterization in broad spectral range. Nonlinear photonic crystals of strontium
tetraborate are a promising medium for ultrafast diagnostics in short-wavelength applications.
© 2011 American Institute of Physics. 关doi:10.1063/1.3554370兴
Progress in studies of ultrafast phenomena is directly
connected with both development of ultrashort pulses generation techniques and methods of their characterization. For
the latter, the nonlinear optical techniques based on noncollinear second harmonic generation are of most prevalence.1,2
The use of angular phase matching in this case considerably
widens the dynamical range of pulses to be characterized.
For diagnostics of deep and vacuum ultraviolet pulses, the
achievement of angular phase matching becomes more complicated and the development of other phase matching methods becomes necessary. Different kinds of phase matching in
random nonlinear media are extensively investigated in recent years. A special case of these media is nonlinear photonic crystals 共NPC兲 that contain antiparallel ferroelectric domains with random thickness. The feature of random NPC is
a broad spectrum of reciprocal superlattice vectors that contribute quasiphase matching along a wide spectrum of interacting pulses. Particularly, autocorrelation of counterpropagating waves in random NPC is investigated3 and combined
action of random quasiphase matching 共RQPM兲 and total
internal reflection is studied.4 These papers employ strontium
barium niobate as a random nonlinear medium that limits the
applicability of ideas developed in them to the visible. If any
of the interacting waves falls into the spectral range shorter
than 270 nm, the only random nonlinear medium that can be
used is strontium tetraborate 共SBO兲. Nonlinear coefficients
of SBO are highest among nonlinear crystals transparent in
this range.5 The transparency of this crystal may be limited
to 125 nm.6 Despite that strontium tetraborate is not proved
to be a ferroelectric, antiparallel domains were found in it.7
Nonlinear diffraction 共NLD兲 in random NPC of SBO was
studied in Ref. 8 and wide spectral tunability of this phase
matching method was demonstrated in Ref. 9. RQPM in
SBO was investigated in Refs. 10 and 11 and the latter study
revealed that for short-wavelength ranges, the subbands in
the band structure of NPC become rather narrow, which may
influence the accuracy of autocorrelation measurement. In
view of this, the most promising autocorrelation geometry is
the employment of nonlinear diffraction from virtual beam
共NLDVB兲. This effect was recently discovered in artificially
designed NPCs representing a superposition of several periodic superlattices12 and in two-dimensional periodic NPC.13
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One may expect that the same effect could be observable in
as-grown NPCs with a high degree of randomization, though
larger necessary peak power might be expected.
In the present communication, we report the observation
of NLDVB in self-organized NPC of SBO and study the
main features of background-free autocorrelation technique
based on this effect. In difference with Ref. 12, the nonlinear
medium in our experiment is not periodic but a random NPC.
The laser source used was a femtosecond oscillator with
several hundred kilowatts peak power. Another difference is
the use of traditional autocorrelation optical scheme with
fixed spatial and controlled temporal overlap instead of a
scheme with uncontrollable temporal overlap. The sample
under study was the crystal of strontium tetraborate with the
dimensions 6 ⫻ 3.5⫻ 3.8 mm3 along the crystallographic
axes a, b, and c, respectively 共in Pnm21 space group representation兲. All facets of sample are perpendicular to corresponding crystallographic axes. The sample contained onedimensional NPC structure with domain walls perpendicular
to the a axis. The radiation from Tsunami/MilleniaVs femtosecond oscillator was divided into two parallel beams that
were focused with a cylindrical lens 共F = 94 mm; external
angle between beams: 6.75°兲 into NPC. One of the beams
passed optical delay line to control the arrival of the femtosecond pulse into NPC with respect to the pulse in the second beam and to ensure their temporal overlapping inside
NPC. Two limiting interaction geometries are possible for
nonlinear diffraction in one-dimensional 共1D兲 NPC, as
shown in Fig. 1. In the first case, the wave vectors of intersecting input radiation beams propagate in the plane orthogonal to domain walls 关Fig. 1共a兲兴 and nonlinear polarization is
proportional to the largest nonlinear coefficient dccc of SBO.
In the second case, the beams lie in the plane of domain
walls 关Fig. 1共c兲兴 and a smaller nonlinear coefficient dcaa was
employed. In the first case, refraction coefficients of both
input and generated waves were angle-independent. In the
second case, the generated wave refractive index becomes
angle-dependent. The patterns of nonlinear diffraction for
800 nm central wavelength of input radiation are presented
in Fig. 2 and illustrate sensitivity to the geometry of beams
propagation.
Figures 2共a兲–2共e兲 present NLD patterns for propagation
in the plane perpendicular to domain walls, the geometry that
was not investigated in Ref. 12. Every two fundamental
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FIG. 3. 共Color online兲 Experimental 共points兲 and calculated 共lines兲 dependences of NLD angles on the NPC rotation angle in geometry from Fig.
1共a兲. The middle sets of data correspond to NLD from virtual beam.

FIG. 1. 共Color online兲 Experimental geometries and corresponding noncollinear phase matching diagrams in NPC of SBO. Input beams lie in the 关共a兲
and 共b兲兴 ab crystallographic plane and in the 关共c兲 and 共d兲兴 bc plane.

beams denoted by A and B produces two NLD second harmonic beams lying to the left and to the right from the corresponding fundamental beam; however, if incidence angles
of A and B beams are equal, left and right nonlinearly diffracted beams from A and B fundamental beams overlap, due
to mirror symmetry, and only two NLD spots are seen 关Fig.
2共a兲兴. Overlapping is broken when we rotate NPC 关for instance, clockwise by 8° in Fig. 2共b兲兴. Blocking whether the A
or B beam proves that second harmonic 共SH兲 spots with
larger NLD angle 共␣兲 correspond to the right 共A兲 fundamental beam 关Fig. 2共c兲兴, while spots with smaller NLD angle 共␤兲

FIG. 2. 共Color online兲 Nonlinear diffraction patterns in 1D NPC for geometry in 关共a兲–共e兲兴 Fig. 1共a兲 and in 共f兲 Fig. 1共c兲.

are nonlinearly diffracted from the left beam 关Fig. 2共d兲兴. For
anticlockwise rotation, this situation becomes symmetrically
inverted. Tuning the delay allows to adjust temporal overlap
of both fundamental beams and SH spot ␥ from the virtual
beam appears 关Fig. 2共e兲兴. Note that for this case 关Fig. 1共a兲兴,
the spot diffracted from the virtual beam is seen separately
only in case of angular mismatch between domain walls and
wave vector of virtual beam.
External propagation angles of two SH beams nonlinearly diffracted from virtual beam can be found from phase
matching diagram 共Fig. 1兲
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4

共1兲

where 1A,B are the external incidence angles of fundamental
beams A and B onto NPC input facet and  = 共1A + 1B兲 / 2 is
NPC rotation angle.
Calculated and experimental dependences of NLD
angles are presented in Fig. 3, the SH diffracted from the
virtual beam being the middle sets of data. Randomness of
the NPC under study is the factor that enables observability
of NLD in the wide range of rotation angles, due to wide
reciprocal superlattice vector spectrum.
The NLD pattern for geometry in Fig. 1共c兲 identical to
the case12 is presented in Fig. 2共f兲 for zero NPC rotation
angle. In this case, we also obtained agreement between experimental NLD angles 共17.5° for NLD from individual
beams and 17.8° for NLDVB兲 and calculated ones 共17.6° and
18°, correspondingly兲.
For autocorrelation measurements, we employed the geometry according to Fig. 1共a兲 to employ the largest SBO
nonlinear coefficient. The position of NPC was adjusted to
find better reciprocal superlattice spectrum and to maximize
the NLDVB signal. Rotation angle  was chosen to be 8°.
The SH average power was measured with Newport 共Irvine,
CA兲 918UV/1931C detector with BG39 filter installed in
front of it. Varying the delay between input fundamental
beams results in autocorrelation function presented in Fig. 4
共empty circles兲. For the comparison, we used 0.5 mm thick
beta barium borate 共BBO兲 crystal cut in the direction of angular phase matching 共solid line with dots兲. The pulse duration measured using NPC SBO was 82.1 fs, while that measured with BBO was 81.8 fs. The broadening of pulses under
measurement in both nonlinear media can be neglected.
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different geometries. NLDVB is continuously observable in
a wide range of NPC rotation angles. The accuracy of autocorrelation measurements using this effect is as high as in
case of angular phase matching. The tuning of central wavelength does not require the adjustment of nonlinear medium.
NPCs of SBO are promising materials for pulse diagnostics
in a short-wavelength range.

FIG. 4. 共Color online兲 Autocorrelation functions obtained using NPC
SBO 共 = 82.1 fs, PNLDVB = 4.72 W兲 and 0.5 mm thick BBO
共 = 81.8 fs, PBBO = 850 W兲.

In case of angular phase matched reference crystal, the
average power of autocorrelation signal PBBO was approximately 200 times higher than in case of NLDVB in SBO,
which is understandably due to the high randomness of the
latter.14 One may expect that this loss in power will be accompanied by the increase in tuning range of measured laser
sources and by the angular detuning tolerance. Large randomization is not only the factor that enables observation of
NLDVB in a wide-angle range but it also allows adjustment
of better signal-to-noise ratio. The measured contrast between maximum signal and background in Fig. 4 is 1600 for
NPC SBO and 21 100 for BBO. At the same time, the background in the measurement using BBO 共40 nW兲 appeared
to be more than ten times higher than that in case of NPC
共3 nW兲. The contrast in our measurement is also much better
than in another autocorrelation experiment with random
media.3
We additionally performed autocorrelation measurements at two different central wavelengths of oscillator,
namely, 760 and 780 nm. These measurements were performed at the same conditions as for 800 nm, without any
tuning of NPC. The results are quite similar to those for 800
nm central wavelength.
In conclusion, we observed nonlinear diffraction from
virtual beam in random NPC of strontium tetraborate for two
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