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ABSTRACT

We generate conical second-harmenic waves Wrough the parametric frequency conversien in a two-dimensional
annutar, periodically poled nonlinear phatonic struclure under the transverse excilation with a fundamenal Gaussian
beam. We explain the effecis abserved experimentally by applying the concept of nonlinear Bragg Giffraction to the case

of the conicat frequency g ion. We study the polari properties of the conicat emissicen at the second-harmenic
frequency and demenstyale 1hat gach of the parametrically g d waves rey a superposition of the Dessel
beams,
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1. INFRODUCTION

The effect of the Bragg diffraction is usually observed for the prapagation of linsar waves in media with a periodic
change of the aptical refractive index [1]. For certain incidence angles, the partiaf refracted waves add coherently and
form a strong beam propagating outside the sample at the sngles #,=sin"' (mif A) where X is the waveknglh, A is the
modulation period, and m is an integer number. Imporiantly, the similar Bragg diffraction can also ccour in media with a
spatially homog, optical refy index which have soolincar propertics varying periodically. This effect, known
a3 nonlincar Bragg diffraction wes first discussed by Freund {2], and it was observed experimentally in naturaily
laminated crystals exhibiting non-regutarity and dispersion of the nonlinear domains {2-4). Recenily, n{mlmcar
diffraction has also been reported in second- and third-hammenic in the presence of ient opticaily-ind
one-dimensional grating {3]. Nonlinear diffraction is observed also in photonic crystals wilk simulianeous modulation of
both tincar and nonlinear properies (4-7)

Here we sludy theorelically and observe experimentally the noslinear Bragg diffvaction for the conical second-harmonic
generation (SHG) s a awo-dimensions] nenlinear photoni¢ structure [8,16,11] fabricated in 2 periodically poled
stoichiometric Lithiuny Tantalate (SLT) crystal with the sonular periodic medulation of the second-erder nonlinear
response. We observe thal a transverse illumination of a redially periodic struciure {see the image (a) in Fig.1 by a strong
Grussian bearn leads to mindtiple conical entission of the d-harmonie (SH) waves fse¢ the photo (b) in Fig.§. These
SH waves form a set of rings in the [ar-field zone, and the angles of theis propagstion salisfy the well-known Bragg
relation, i.¢ they nre delermined 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 inpul polarization and the second-erder nontinear susceptibility tensor. In & general case, the
polarization varies with the azimuthal anple of the ring, M . we show th icatly that in such an annular quasi-
phase-matched structurs 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 1he nonlincar crystal.
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2. EXPERIMENT

We consider a planar photenic struciure with a two-dimensional periodic modulation of the second-order

nonlinearity but homogencous lineat refractive index, In peneral, two-ditnensional quasi-phass-matehed (QPM) pholonic
structures have been suggested and explored exclusively for the fongitudinal geometry when the input beam is direcied
perpendicular to the domains of periodically varying second-order nonlinearity. Here, we explore a novel fransverse
geometry for the two-dimensional nonlinear photonic erystal formed by a circularly periodic poled structure.
To explain the observed SH diffraction rings observed in experiment described below, we consider the phass-matching
{PM) conditions for the cotresponding SHG process. The sample with annular QPM structure [9] with the peciod A is
axciled with an inlense laser beam. In contast 1o Ref[9), the beam is directed along the axial symmelry axis of the
structure [12] that is also axis Z of the crystal. The general vectorial phase-matching condition 2k, +G, + Ak, = K™
wilh k; 208 k' wave-vectors of the fundamsntal and $H waves, G, the m-order of reciprocal vector of the 3(2)
madulation G =m{2r/A), Ak the mismatch and s the order of the generated SH wive. This phase matching condition
will be analyzed by splitting it inte the transverse: kssine, = G,, = mG,, and the longitudinal: kycosa, « 2k,= Ak, phase.
matching conditions [13}. With a comect choice of the fundamental wavelength or crystal temperature, a given
diffraction order will be longiudinally phase-matched with Ak, =0. As an example, in Fig.1{c), the third diffracticn
order SH process is phase-matched {Ak; =0) and for this interaction hoth PM conditions are satisfied simultancously.
Insidz the crystal, the propagation angles of all transversely phase-matched waves are found from the relation, sinc, =
may /ngA. Outer angles are: fi, =gin" (ml/A) that coincide wilh the fermufa for the Bragg diffraction. The maximum
aumbers of the SH rings exiting from the flat output surface is M =A/A;. The SHG process in the transverse direction
datermines the total maxisnum diffraction orders, My=n;AfA;. For this transverse SHG the longitudinal fusdamental
mismatch will be Ak, =2k, Its compensation is possible when two couner-propapating fund 1 waves are used [ 14-
i7).

Fig. L, (a) Front faget of the SLT sample. (k) A photo of the first two difiaciion SH rings. (<) Phase-maiching diagram of
the 811G process in the transverse QPM grating, (d) Polarization stucture of the “ordinary” (le), ~extraordinary™
{middle), ard small-angle (right) SH rings. Fundamenlal wave (red) has the ¥ polarization,

The discussion sa far considered the phase-matching conditions in single plane {single azimuthat angte @ defined in Fig.
1). Since the structure is annularly periodicatly poled and it is suggested that excitation is in the centee of the stractirs
the conclusions will be valid for any azimuthat angle @ and consequently the SH radiation will appear in form of
conceniric canes with cone angles J,...

in Fig. 2(a) it is shown photo of the fiest two orders SH coniea) waves and the [3-th order SH conical wave that is both
longitudinally snd transversely pl tched. The Fi i beam is exactly in the center of the structure. The photo
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on Fig. 2(b) is taken when the beam js shilled from Lhe center. In this case the process of SHG should be considered as
result af interaction of the fndamental beam with one dimensional pericdical pofed grating. As a result instead of rings
we record line of diffracted spots. Mote Lhan 7 conseculive orders are seen. The two strong points st both sides of the
phote correspond 10 the E3-th order nonlinear SH diffraction. Befow the phote it is shown the micredensitogram
dem ing the relative § ities of the difiracted spots. These intensities should be compared with the theoretical
prediclions shown on Fig, 2(c), where the dependencivs of the wave vector mismatch and the predicted $H efficiengy
nommalized to the first-order SH signal (in log seale) as a function of the diffraction order are shown.

‘The outer rings possess inleresling polarization properties defined by the tensor of the second-order nonlinearily af the
Lithium Tactalate crystal. This crystal belongs 10 the 3m symimetry point group. For the fundamental beamn propagating
along the axis Z, i has the fllowing rel ponents: dre: = iz oy = dyxe™ - dyyy Note that in
periodicat poled crystals with 3m symmetry duy, thar, dyy; also change sign £18). Two types of the SH processes are
possible: Type [ [{oo-c), wo ordinary waves genctate an exirsordinary SH wave] and Type 9 [{oo-0), two ordinary
waves generate an ordinary SH wave)], Effective nonlincarities can be found following the method deseribed in {1 9]

ol = d,,, coslp+2y) (1)

dif} = dy,, cos asinlp+2y)+ dy, sine @
wheve @ is the azimuthal angle counted from the X axis, a is the diffracted angle inside the crystal, snd ¥ is the angle that
defines the orientation of the input beam polarization plane (for the fundamental wave polarized along X, £=0).

The azimuthal intensity distiibution of the ordinary and extraordinary $H depends on the input polarization defined by
the angle y. Since the twe rings are orthogonally polarized  the telal intensity is given as
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Fig. 2. Experimeninlly observed Sil rings, The axis X s horizonial, (a} Fundamental beam is exacily in the cenler of the
annular structure: first several orders and 13-th order 53 ring are scen; (b) the sample is shifted horizoncally, The
diffraction pattems cormesponding (o first 7 orders and the 13-th order nonlinear Bragg difffzction. (¢) Dependencies o
the wave vectar mismatch and the predicted SH efficiency normalized o the first-Geder SH signal {in log scale) as
Tunclion of the diffraction order. The 13.h order SHG proeess by nenlinear Bragg difftaction is phase-matched both
longitudinally and transversaly.
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where §09) = sin?(2aL /L9 (aL 11PD T, LOD) « x 1 Ak, and g, = 21(mm)singzmD) with D being

the duty Pactor, in Fig2(c) we flustrale the dependence of Lhe relative intensity ];2.“ (in log seale} in each diffraction
order i1 assuming for simplicity that the length of the sample is a multiple of the coherence length Loy,

For small angles o, when we can neglect a difference in the refractive indices of the two waves, the polarization of the
whole ring wilt be linsar. For = 0 and ¥ = #/2 polarization a4 any @ will be directed nlong Y, and for ¥ = /4 along X~
directians, The intensity of the total ring does not depend on the orientation of the input pofarization. For relatively farge
& each of the rings propapates with its own phase velocily [n, > n (@)} and at slightly diflerent inlernal angles. In this
case, the outpul pelarization as a function of the azimuthal angle depends aiso on the actual overlap of the two rings al
the cutput surface since the ordinary and extraordinary rings will be tangentially and mdially polarized, respectively. In
Fig.1(d) we show the ssruclure of ihe predicled polarizstion ting for the ratio dy /gy, = — 1.7 [20} and large enough
angle & not to allow neglecting the second term of Eq.(2). For relatively long crystals every diffvaction order should
appear as a doublet of 1wo cross-polarized rings.

The wave vectors of SH waves emiited by the annular PPLT Jay on a cone with a conical angle ot [l is known that a
supesposition of an infinite number of plant waves with the wave veclors laying on a cone results in a [ormation of a
Bessel beans [21,22]). A more detailed apalysis of the SHG process in the structure with the azimuthal symmetry shows
that, a5 a matter of facl, the SH wave inside the crystal hias o form of a Bessel beam [12). [n the ease discussed earlier for
the Strontium Barium Niobate (SBN) crystal, the crystat symmetry caused the SH wave 10 be represented by just the
fisst-order Bessel function with a perfeet radial polarization [12]. In the case of LiTa03 or LiNbO3, the beam stracture is
more complicated due 1o the superposition of several components of the %(2) tensor. However, it still can be represented
in terms of 8 superposition of the { der Bessel functions with the larfy modulated intensity. The exact formulas
are guile cumbersome, but they can be simplified in the case of small emission angles when tanttg <<,

E(p,8,,2) = 2m4’d,, Jo (&, sin2p+ 7, cos2 7] @)

where £k psin o and p=(x2+y") "2 is the transverse sadial coordinate. 1t is clear that the beam represented by Eq.(4)
is linearly polarized, and its intensity is independent of the azimuthal coordinate

T4 oy AT (8, O]
what agrees completely with experimental observations.
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Fig. 3. [Hustration of the measurement of the beam size diameter with ihe knile-edge method.
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The Stoichiometric Lithiun Tantalate (SLT) sample is deseribed in [9], I¢ is thick L = 0.49 yum, with a QPM pesiod of
1.5 pm. Duty factor varies inside the sample from 0.7 at Z+ surface to (.8 at Z- surface. Z+ and Z~ surfaces are polished.
Smalt 20 nm deep grooves remained alter polishing that cause slight fundamental difiraction at angle twice the I order
SH diffraction. Intensity of the diflracted wave is less 3%.

Te observed these cllfects, we employ an experimental selup that consisis of Mira Ti:Sapphirc [aser with regenerative
amplifier. it delivers femtosecond pulses with duration of 140 {5 and freguency 250 kHz. The time bandwidith product is
0.49. Average output power is 740 mW. The radiation was focused in the sample wilh 30 em lens. The beam waist sice
at the place of thl: sample mzasured with the knife-edge methad is 147 gt (FWHM) as iflusieated in Fig. 3, The

d beam di comespands to sbout £00 GWiem? of inlensity. This figure also illustrates the good quality
Gaussian shape aof the fundamental beam.

The observed SH rings with laser tuned at 822 nm are shown in Fig.2{z). The cone angle is measured by recording a ring
diameter as a function of the distance fram the sample, In this way we define that (he Targest ring is phase matched for
the 13-1h order. Its cone angle is measured 1o be 45.6° (and it is slightly different from the predicted angle of 45.4° by
simple re-sealing the lower-order diffraction patterns, In the same lime calculated {with the use of the data for the
refractive index of SLT {23]) phase matching for the §3-1h order SH wave gives the phase-maiching wavelength 836 nm
with the cone angle 46.4° We altribute this difference for the wavelength and angle with the absence of googé Sellmeier
equalions for the ordinary index of relraction. The calculsted longitudinat mismatch and relative intensily of the
diffrected rings are shown in Fig.2(c} for A = 836 nm. [1 is seen the |3-th erder SH ring is phase-matched with Ak, = 0,
and it has the maximum intensity.
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Fig. 4. {a)Quadmtic dependence of the L3-th order SH zing. (b) Experimental phase m:l:hmg curve and theoretical
prcdu:lmn normalized 40 the maximal point of the experi () Sp of the fund, diation. (d) Spectra of
the SH rings for non phase matched {firsi-order} and phase matched [13-th order) SH rings.

The phase-matching curve is shown in Fig. 4(b) logether with the theoretical prediction based on the model from
Rel{12] for zero offset in the production of the grating and for the duty factor 0.748. We abserve strong similarity of the
experimental curve and the prediction for zero offset. The difference in the phase matching wavclength (822.2 om -
experimental and 836 nm -theoretical), as we already discussed, i IS most likely due to uncertainty in the value of the
ordinary reftactive index caused by the lack of cor Sellmeicr equations. In Fig. 4(a) we verify a
quadratic dependence of the SH power of the phase matched 13-th SH 1 ring as a function of the input power. From thig
figure (obtained ai 640 mW fundamental power 1aking into account of alf losses), we obtain the interal efficiency for
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the phase-matched [3-th order SH ring, 1y = 0.0036%. Such low elficiency is altributed to Lhe fact that we use 13-th
order QPM interaction and the duty factor varies inside the crysial that leads 1o the effeclive lengih 2-3 times less than
1he reat sample thickness. The measured efficiency of the $H power generated in the first-order ring is 220 times less
than 5, Our estimatior: shows that for a 1 mm-long sample operting in the regime of the first order QPM wilh
homogensous 56% duty (actor a4 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; ie. almost 2 times less than it should be expected for a siationary
process, This means that the SHG process takes piace in the group-velocity mismatels conditions. Indeed, cateulated
group-velocity-mismatch length is 0.092 mm for 146 fs fundamenta$ pulse width, that is a half of the expecied effective
length of the sample and the expecled reduction of the spectra {lengthening of the pulse} is also correspendingly 0.5 (2
tirzes). tn contrast to the phase-matehed 13-th order ring, the spectra of non-phase matched (1-51 and 2.nd order) 1ings do
not show reduction and are close to the prediction for the stationacy process, AW, = Y2A . The reason for that is
the short length of interaction equal 10 the coherence Jength, that is of the order of few micrometars,

The rings are sensitive to an axial alignment of the fundamental beam. With off-center alignment the SH efficiency is
higher and the number of the observed difiracted orders increases [see Fig. § (b)]. For a horizontal shif} of the sample,
the observed diffraction spols appear horizontally. For a vertical shill 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 herizontal (vertical) diameter of the rings. The modilications of the diffraction pattera for the
phase-matehed 13-th order ting are shown in Figs 5(a-c). In Figs. 5 (d,e} the experimentat intensity distribution of the
first- and [3-1h order SH rings are shown, The theoretical prediction for the 13-1h order SH ring is given by Eq. (3) and
shown in Fig. 5{f). As scen the averaged trend of the azimuthsl intensity distribution on Fig. 5{c) is in geod accordance
with the theoretical prediction shown on figure Fig.5(f) confiming the correciness of the model. The six peaks seen in
Fig. 8(e) wil! be discussed below.

(0

theory

Fig. 5. (a-¢) Modification of the diffraction pattern as & function of the horizontal shift. Numbers indicale the shilt in pm.
The samplc is wuh horizonal X a)us (d,c) Experimenial intensity disiribution of m=} and #={3 SH rings. (£}
Th di for the azimuthal intensily disiribulion of the r=13 SH ring based on Eq.(3).

Another important parameler is the polarization state of the generated SH rings (see Fig. 6). As expecled, for the first-
order SH ring the polarization is linear when the inpul fundamental wave is linearly polarized. This agrees well with the
formutas Eqs. (1-2) and Eq. (4) in the limil of & —0. When input beam is polarized along X or Y the SH conical wave is
polarized along Y. If the input fundamental beam is polarized at 45 degrees with respect lo these axes the output SH
conical wave is polarized along X, Polarization state becomes more complex for higher-order nonlinear diffraction as the
oulpul signal contains both ordinary and extraordinary contribulions.
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As can be seen from ke Figs 1(5), 2(a), and 5(2,d,e) the SH ngs exhibit an additiona? azimuthal modulation with six

well-defined peaks. These peaks are insensilive to the input polarization and jntensily, and they are cbserved even in the

Tegime of lineae diffraction of the fundamental beamn on the surface relief induced by the poling paltern. Theselore they

are most likely induced by the discrele character of domains boundaries resulting from the well-known ability of

fervoeloctric domains in the SLT [#,24] to tetain their hexagonal shape.
¥
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Fig. 6. Polarization propertics of the S13 rings: (3) Power of the -5t order 511 ring vs. analyzer angle, () Total power of the
1-stand E3-th erder 812 rings vs, the input pofarization angle,

3. CONCLUSIONS

In conclusion, we have reporied on the first cbservation of the conical second-hanmonie waves genersied in two-
dimensicnal anaular nonlénear photonic st We have explained the observed effects by employing the concept of
nonlinear Bragg dilTrattion combined with the langitudinal 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 enzble lo generate conical harmonics in other systems inchuding, for
instance, acoustic waves in diclectrics and matter waves in aplical lattices.
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