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ABSTRACT

We generate conical second-harmonic waves through the parametric frequency conversion in a two-dimensiona
annular, periodically poled nonlinear photonic structure under the transverse excitation with a fundamental Gaussian
beam. We explain the effects observed experimentally by applying the concept of nonlinear Bragg diffraction to the case
of the conical frequency generation. We study the polarization properties of the conical emission at the second-harmonic
frequency and demonstrate that each of the parametrically generated waves represents a superposition of the Bessel
beams.
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1. INTRODUCTION

The effect of the Bragg diffraction is usually observed for the propagation of linear waves in media with a periodic
change of the optical refractive index [1]. For certain incidence angles, the partial refracted waves add coherently and
form a strong beam propagating outside the sample at the angles B,=sin™ (mA/ A) where X is the wavelength, A is the
modulation period, and mis an integer number. Importantly, the similar Bragg diffraction can also occur in mediawith a
spatially homogeneous optical refractive index which have nonlinear properties varying periodically. This effect, known
as nonlinear Bragg diffraction was first discussed by Freund [2], and it was observed experimentally in naturaly
laminated crystals exhibiting non-regularity and dispersion of the nonlinear domains [2-4]. Recently, nonlinear
diffraction has also been reported in second- and third-harmonic generation in the presence of transient optically-induced
one-dimensional grating [5]. Nonlinear diffraction is observed also in photonic crystals with simultaneous modulation of
both linear and nonlinear properties [4-7]

Here we study theoretically and observe experimentally the nonlinear Bragg diffraction for the conical second-harmonic
generation (SHG) in a two-dimensional nonlinear photonic structure [8,10,11] fabricated in a periodically poled
stoichiometric Lithium Tantalate (SLT) crystal with the annular periodic modulation of the second-order nonlinear
response. We observe that atransverse illumination of aradially periodic structure [see the image (a) in Fig.1 by a strong
Gaussian beam leads to multiple conical emission of the second-harmonic (SH) waves [see the photo (b) in Fig.1. These
SH waves form a set of rings in the far-field zone, and the angles of their propagation satisfy the well-known Bragg
relation, i.e they are determined by a ratio of the second-harmonic wavelength to the period of the nonlinearity
modulation. We study the polarization properties of the diffracted SH rings and demonstrate that they are defined, in a
complex way, by the input polarization and the second-order nonlinear susceptibility tensor. In a general case, the
polarization varies with the azimuthal angle of the ring. Moreover, we show theoretically that in such an annular quasi-
phase-matched structure the field inside the sample consists of the Bessel beams of different widths, so that the observed
diffraction rings are the far-field images of the second-harmonic Bessel beams generated inside the nonlinear crystal.
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2. EXPERIMENT

We consider a planar photonic structure with a two-dimensional periodic modulation of the second-order
nonlinearity but homogeneous linear refractive index. In general, two-dimensional quasi-phase-matched (QPM) photonic
structures have been suggested and explored exclusively for the longitudinal geometry when the input beam is directed
perpendicular to the domains of periodically varying second-order nonlinearity. Here, we explore a novel transverse
geometry for the two-dimensiona nonlinear photonic crystal formed by a circularly periodic poled structure.

To explain the observed SH diffraction rings observed in experiment described below, we consider the phase-matching
(PM) conditions for the corresponding SHG process. The sample with annular QPM structure [9] with the period A is
excited with an intense laser beam. In contrast to Ref.[9], the beam is directed along the axial symmetry axis of the
structure [12] that is also axis Z of the crystal. The general vectorial phase-matching condition 2k;+Gp, + Akpy = ko™
with k; and k™ wave-vectors of the fundamental and SH waves, G,,, the m-order of reciprocal vector of the %(2)
modulation G, =m(2n/A), Ak, the mismatch and m the order of the generated SH wave. This phase matching condition
will be analyzed by splitting it into the transverse: k.sino,,, = G, = mG;,, and the longitudinal: kocoso., - 2k;= Ak, phase-
matching conditions [13]. With a correct choice of the fundamental wavelength or crystal temperature, a given
diffraction order will be longitudinally phase-matched with Ak, =0. As an example, in Fig.1(c), the third diffraction
order SH process is phase-matched (Aks =0) and for this interaction both PM conditions are satisfied simultaneoudly.
Inside the crystal, the propagation angles of all transversely phase-matched waves are found from the relation, sino,, =
m, /mA. Outer angles are: B, =sin(m\,/A) that coincide with the formula for the Bragg diffraction. The maximum
numbers of the SH rings exiting from the flat output surface is M3 =A/A,. The SHG process in the transverse direction
determines the total maximum diffraction orders, M,=n,A/A,. For this transverse SHG the longitudinal fundamental
mismatch will be Ak, =2k ;. Its compensation is possible when two counter-propagating fundamental waves are used [14-

17).
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Fig. 1. (a) Front facet of the SLT sample. (b) A photo of the first two diffraction SH rings. (c) Phase-matching diagram of
the SHG process in the transverse QPM grating. (d) Polarization structure of the “ordinary" (left), ~extraordinary"
(middle), and small-angle (right) SH rings. Fundamental wave (red) hasthe Y polarization.

The discussion so far considered the phase-matching conditions in single plane (single azimuthal angle ¢ defined in Fig.
1). Since the structure is annularly periodically poled and it is suggested that excitation is in the centre of the structure
the conclusions will be valid for any azimuthal angle ¢ and consequently the SH radiation will appear in form of
concentric cones with cone angles .

In Fig. 2(d) it is shown photo of the first two orders SH conical waves and the 13-th order SH conical wave that is both
longitudinally and transversely phase-matched. The fundamental beam is exactly in the center of the structure. The photo
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on Fig. 2(b) istaken when the beam is shifted from the center. In this case the process of SHG should be considered as
result of interaction of the fundamental beam with one dimensional periodical poled grating. As aresult instead of rings
we record line of diffracted spots. More than 7 consecutive orders are seen. The two strong points at both sides of the
photo correspond to the 13-th order nonlinear SH diffraction. Below the photo it is shown the microdensitogram
demonstrating the relative intensities of the diffracted spots. These intensities should be compared with the theoretical
predictions shown on Fig. 2(c), where the dependencies of the wave vector mismatch and the predicted SH efficiency
normalized to the first-order SH signa (inlog scale) as afunction of the diffraction order are shown.

The outer rings possess interesting polarization properties defined by the tensor of the second-order nonlinearity of the
Lithium Tantalate crystal. This crystal belongs to the 3m symmetry point group. For the fundamental beam propagating
along the axis Z, it has the following relevant nonzero components: Oy, = Ohyz, Oy = Oyxx= - Chyy. Note that in
periodical poled crystals with 3m symmetry Ohyy, Ohyxx, Cyyy also change sign [18]. Two types of the SH processes are
possible: Type | [(0o-€), two ordinary waves generate an extraordinary SH wave] and Type 0 [(00-0), two ordinary
waves generate an ordinary SH wave)]. Effective nonlinearities can be found following the method described in [19]

dc(e(f)f) =dyyy cos(p+2y) (@)
d® =d,,, cosasin(p+2y)+d,, sina )

where ¢ is the azimuthal angle counted from the X axis, o isthe diffracted angle inside the crystal, and vy is the angle that
defines the orientation of the input beam polarization plane (for the fundamental wave polarized along X, y=0).

The azimuthal intensity distribution of the ordinary and extraordinary SH depends on the input polarization defined by
theangley. Sincethe two rings are orthogonally polarized thetotal intensity isgiven as
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Fig. 2. Experimentally observed SH rings. The axis X is horizontal. (a) Fundamental beam is exactly in the center of the
annular structure: first several orders and 13-th order SH ring are seen; (b) the sample is shifted horizontally. The
diffraction patterns corresponding to first 7 orders and the 13-th order nonlinear Bragg diffraction. (c) Dependencies of
the wave vector mismatch and the predicted SH efficiency normalized to the first-order SH signal (in log scale) as a
function of the diffraction order. The 13-th order SHG process by nonlinear Bragg diffraction is phase-matched both
longitudinally and transversely.
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where 5(©) = sin?(27L /L&) /(L /L) . 109 = 7/ Ak(©®), andg,, = 2/(zm)sin(zmD) with D being

the duty factor. In Fig.2(c) we illustrate the dependence of the relative intensity |g2’m (in log scale) in each diffraction
order massuming for simplicity that the length of the sample is amultiple of the coherence length Lcop.

For small angles o, when we can neglect a difference in the refractive indices of the two waves, the polarization of the
whole ring will be linear. For y = 0 and y = /2 polarization at any ¢ will be directed along Y, and for y = n/4 dong X-
directions. The intensity of the total ring does not depend on the orientation of the input polarization. For relatively large
o each of the rings propagates with its own phase velocity [n, > ng(a)] and at dightly different internal angles. In this
case, the output polarization as a function of the azimuthal angle depends also on the actual overlap of the two rings at
the output surface since the ordinary and extraordinary rings will be tangentially and radially polarized, respectively. In
Fig.1(d) we show the structure of the predicted polarization ring for the ratio Gyyy/0zy = — 1.7 [20] and large enough
angle o not to allow neglecting the second term of Eq.(2). For relatively long crystals every diffraction order should
appear as adoublet of two cross-polarized rings.

The wave vectors of SH waves emitted by the annular PPLT lay on a cone with a conical angle a. It is known that a
superposition of an infinite number of plane waves with the wave vectors laying on a cone results in a formation of a
Bessel beam [21,22]. A more detailed analysis of the SHG process in the structure with the azimuthal symmetry shows
that, as a matter of fact, the SH wave inside the crystal has aform of a Bessel beam [12]. In the case discussed earlier for
the Strontium Barium Niobate (SBN) crystal, the crystal symmetry caused the SH wave to be represented by just the
first-order Bessel function with a perfect radial polarization [12]. In the case of LiTaO3 or LiNbO3, the beam structureis
more complicated due to the superposition of several components of the %(2) tensor. However, it still can be represented
in terms of a superposition of the low-order Bessel functions with the angularly modulated intensity. The exact formulas
are quite cumbersome, but they can be simplified in the case of small emission angles when tano, <<1,

E(p.6,,2) = 277°d,, J,(E) [U, Sin2y+ T, cos2y] @
where &=kopsinarand p= O+ yz)uz isthe transverse radial coordinate. It is clear that the beam represented by Eq.(4)
islinearly polarized, and its intensity isindependent of the azimuthal coordinate

| 2= 40P A Fo(8), ®

what agrees completely with experimental observations.
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Fig. 3. lllustration of the measurement of the beam size diameter with the knife-edge method.
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The Stoichiometric Lithium Tantalate (SLT) sampleis described in [9]. It isthick L = 0.49 mm, with a QPM period of
7.5 um. Duty factor variesinside the sample from 0.7 at Z+ surface to 0.8 at Z- surface. Z+ and Z- surfaces are polished.
Small 20 nm deep grooves remained after polishing that cause slight fundamental diffraction at angle twice the 1 order
SH diffraction. Intensity of the diffracted wave isless 3%.

To observed these effects, we employ an experimental setup that consists of Mira Ti:Sapphire laser with regenerative
amplifier. It delivers femtosecond pulses with duration of 140 fs and frequency 250 kHz. The time bandwidth product is
0.49. Average output power is 740 mW. The radiation was focused in the sample with 30 cm lens. The beam waist size
at the place of the sample measured with the knife-edge method is 147 um (FWHM) as illustrated in Fig. 3. The
measured beam diameter corresponds to about 100 GW/cm? of intensity. This figure also illustrates the good quality
Gaussian shape of the fundamental beam.

The observed SH rings with laser tuned at 822 nm are shown in Fig.2(a). The cone angle is measured by recording aring
diameter as a function of the distance from the sample. In this way we define that the largest ring is phase matched for
the 13-th order. Its cone angle is measured to be 45.6° (and it is dightly different from the predicted angle of 45.4° by
simple re-scaling the lower-order diffraction patterns. In the same time calculated (with the use of the data for the
refractive index of SLT [23]) phase matching for the 13-th order SH wave gives the phase-matching wavel ength 836 nm
with the cone angle 46.4°. We attribute this difference for the wavelength and angle with the absence of good Sellmeier
equations for the ordinary index of refraction. The calculated longitudinal mismatch and relative intensity of the
diffracted rings are shown in Fig.2(c) for A = 836 nm. It is seen the 13-th order SH ring is phase-matched with Ak3 =0,
and it has the maximum intensity.
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Fig. 4. (a)Quadratic dependence of the 13-th order SH ring. (b) Experimental phase matching curve and theoretical
prediction normalized to the maximal point of the experiment. (c) Spectrum of the fundamental radiation. (d) Spectra of
the SH rings for non phase matched (first-order) and phase matched (13-th order) SH rings.

The phase-matching curve is shown in Fig. 4(b) together with the theoretical prediction based on the model from
Ref.[12] for zero offset in the production of the grating and for the duty factor 0.748. We observe strong similarity of the
experimental curve and the prediction for zero offset. The difference in the phase matching wavelength (822.2 nm -
experimental and 836 nm -theoretical), as we aready discussed, is most likely due to uncertainty in the value of the
ordinary refractive index caused by the lack of accurate corresponding Sellmeier equations. In Fig. 4(a) we verify a
guadratic dependence of the SH power of the phase matched 13-th SH ring as a function of the input power. From this
figure (obtained at 640 mW fundamental power taking into account of all losses), we obtain the interna efficiency for
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the phase-matched 13-th order SH ring, m3 = 0.0036%. Such low efficiency is attributed to the fact that we use 13-th
order QPM interaction and the duty factor varies inside the crystal that leads to the effective length 2-3 times less than
the real sample thickness. The measured efficiency of the SH power generated in the first-order ring is 220 times less
than mys. Our estimation shows that for a 1 mm-long sample operating in the regime of the first order QPM with
homogeneous 50% duty factor a 10% efficiency of the SH generation could be achieved.

The spectra are shown in Fig. 4(c,d). The fundamental spectral width is 8 nm. The spectra of the SH ring in the case
of phase-matching of the 13-th order is 1.3 nm; i.e. amost 2 times less than it should be expected for a stationary
process. This means that the SHG process takes place in the group-velocity mismatch conditions. Indeed, calculated
group-velocity-mismatch length is 0.092 mm for 140 fs fundamental pulse width, that is a half of the expected effective
length of the sample and the expected reduction of the spectra (Iengthening of the pulse) is also correspondingly 0.5 (2
times). In contrast to the phase-matched 13-th order ring, the spectra of non-phase matched (1-st and 2-nd order) rings do
not show reduction and are close to the prediction for the stationary process, A®m, s4= \/ZAwrm,FF- The reason for that is
the short length of interaction equal to the coherence length, that is of the order of few micrometers.

The rings are sensitive to an axia alignment of the fundamental beam. With off-center alignment the SH efficiency is
higher and the number of the observed diffracted orders increases [see Fig. 5 (b)]. For a horizontal shift of the sample,
the observed diffraction spots appear horizontally. For a vertical shift of the sample, the observed diffraction spots
appear vertically. This is explained by the fact that the structure resembles a one-dimensional grating formed from the
sectors situated close to the horizontal (vertical) diameter of the rings. The modifications of the diffraction pattern for the
phase-matched 13-th order ring are shown in Figs .5(a-c). In Figs. 5 (d,e) the experimental intensity distribution of the
first- and 13-th order SH rings are shown. The theoretical prediction for the 13-th order SH ring is given by Eq. (3) and
shown in Fig. 5(f). As seen the averaged trend of the azimuthal intensity distribution on Fig. 5(e) isin good accordance
with the theoretical prediction shown on figure Fig.5(f) confirming the correctness of the model. The six peaks seenin
Fig. 5(e) will be discussed bel ow.
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Fig. 5. (a-c) Modification of the diffraction pattern as a function of the horizontal shift. Numbers indicate the shift in um.
The sample is with horizontal X axis. (d,e) Experimental intensity distribution of m=1 and m=13 SH rings. (f)
Theoretical prediction for the azimuthal intensity distribution of the m=13 SH ring based on Eq.(3).

Another important parameter is the polarization state of the generated SH rings (see Fig. 6). As expected, for the first-
order SH ring the polarization is linear when the input fundamental wave is linearly polarized. This agrees well with the
formulas Egs. (1-2) and Eq. (4) inthelimit of oo —0. When input beam is polarized along X or Y the SH conica waveis
polarized along Y. If the input fundamental beam is polarized at 45 degrees with respect to these axes the output SH
conical wave is polarized along X. Polarization state becomes more complex for higher-order nonlinear diffraction asthe
output signal contains both ordinary and extraordinary contributions.
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As can be seen from the Figs 1(b), 2(a), and 5(a,d,e) the SH rings exhibit an additional azimuthal modulation with six
well-defined peaks. These peaks are insensitive to the input polarization and intensity, and they are observed even in the
regime of linear diffraction of the fundamental beam on the surface relief induced by the poling pattern. Therefore they
are most likely induced by the discrete character of domains boundaries resulting from the well-known ability of
ferroelectric domainsin the SLT [9,24] to retain their hexagonal shape.
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Fig. 6. Polarization properties of the SH rings: (a) Power of the 1-st order SH ring vs. analyzer angle, (b) Total power of the
1-st and 13-th order SH rings vs. the input polarization angle.

3. CONCLUSIONS

In conclusion, we have reported on the first observation of the conical second-harmonic waves generated in two-
dimensional annular nonlinear photonic structures. We have explained the observed effects by employing the concept of
nonlinear Bragg diffraction combined with the longitudinal and transverse phase matching conditions, and demonstrated
that each of the generated waves represents a superposition of the Bessel beams. We have studied the polarization
properties of the conical second-harmonic emission and demonstrated that they depend on the crystal symmetry and the
cone angle. The geometry studied here may enable to generate conical harmonics in other systems including, for
instance, acoustic waves in dielectrics and matter wavesin optical lattices.
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