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ABSTRACT We report quasi-phase-matched second-harmonic
generation in periodically poled lithium niobate (PPLN), where
both fundamental and second-harmonic waves are ordinary
waves. It provides a lower-limit value for dp; of 1.1 pm/V.
The measured temperature and wavelength bandwidth of the
second-harmonic signal are in good agreement with the theor-
etical predictions. Since the dx» = dyyy nonlinear coefficient of
LiNbO3 changes its sign as a result of electric field periodic pol-
ing along the Z direction, we deduce that all tensor components
of the second-order susceptibility x® of trigonal 3m crystals
are reversed, thereby expanding the quasi-phase-matching pos-
sibilities in these crystals. Furthermore, it enables the realization
of all-optical processes based on the nonlinear coefficients in
the XY plane, such as all-optical polarization rotation in PPLN,
as well as multipartite entanglement experiments based on sim-
ultaneous phase matching using different elements of x® in
a single LiNbO3 crystal.

PACS 42.65.-k; 42.65.Ky; 42.65.Lm

1 Introduction

Quasi-phase matching (QPM) is a widely used
method today in designing ferroelectric crystals for nonlinear
frequency conversion. QPM is usually achieved by periodi-
cally reversing the electrical dipole of the crystal along the Z
direction. It is well known that this also reverses the sign of
nonlinear coefficients that have Z dependence, for example
dy3(=dzzz) and ds (= dzyy) [1,2]. It is very interesting to
investigate nonlinear processes using the other non-zero co-
efficients of the second-order nonlinear optical tensor, the
XY plane nonlinear coefficients, namely dyyy and dyxx =
—dyyy. These coefficients allow us to expand the quasi-phase-
matching possibilities in nonlinear processes. Furthermore,
sign reversal of the XY plane nonlinear coefficients allows
realization of second-order cascading processes, which are
difficult to implement with only Z-dependent nonlinear coef-
ficients. For example, the process of all-optical polarization
rotation of a single frequency by two cascaded second-order
nonlinear-optical processes [3] requires us to use d» (= dyyy).
In addition, the sign reversal of the XY plane nonlinear coeffi-
cients can be useful in quantum information applications, e.g.
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for the realization of multipartite continuous-variable entan-
glement [4].

Most of the quasi-phase-matching experiments to date
concentrated on periodic inversion of the largest nonlinear co-
efficient, d33. Assuming that this was done using a stack of
inverted plates [5] made from LiNbO3, we can rotate all even
plates by 180° either around the crystal X axis or around the
Y axis. Both cases will lead to inversion of the d33 coefficient,
but only the first will also invert the dyyy coefficient (the axes
maintain the right-hand Cartesian coordinate system). In the
commonly used case of electric field poling along the Z direc-
tion, the domain inversion is equivalent to a rotation of 180°
around the X axis [6]; hence dy,, as well as all other compo-
nents of x®, are inverted. As far as we know, there is a single
qualitative observation of QPM second-harmonic generation
(SHG) using the dj; coefficient in LiNbO3, where the poling
was performed by laser-heated pedestal growth [7]. Neither
the conversion efficiency nor estimates of d,, are reported
in [7]. Furthermore, we are not aware of QPM experiments
using d; in crystals poled by electric field poling.

In this article we present an experimental investigation of
the d», nonlinear coefficient behavior in periodically poled
lithium niobate (PPLN). The measurements enable us to set
alower limit on the value of d»; in LiNbO3, and provide an es-
timate of the accuracy of the Sellmeier equations for ordinary
waves in LiNbOj3. In addition, we analyze all optical polariza-
tion rotation, based on ordinary-wave QPM processes.

2 Experimental setup and results

In order to study QPM processes based on dy, in
electric field poled LiNbO3, we have performed SHG ex-
periments with a Y-polarized pump in two PPLN samples.
The experimental setup (Fig. 1) includes either a tunable cw
diode laser (ANDO AQ4321D), lasing in the range of 1520—
1580 nm, and amplified by an Erbium-Doped Fiber Amplifier
(EDFA) with a 100 mW saturation power, or an un-amplified
tunable cw diode laser (New Focus 6262) emitting 5 mW in
the range of 1506—-1586 nm. The Y-polarized beam was fo-
cused into a waist radius of 22 pum in the middle of a ~ 6-mm-
long PPLN crystal. The poling length inside the crystals was
4.18 mm, and the poling periods 16 +0.01 pm and 15.48 £
0.01 pm. The Y-polarized second-harmonic light was meas-
ured using a silicon photodetector, which is insensitive to the
pump wavelength.
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FIGURE 1 Experimental setup for QPM SHG using the d» coefficient in
PPLN

We have observed a phase-matched second-harmonic sig-
nal with both crystals. For the crystal with poling period
16 wm, the highest conversion efficiency is obtained at
a wavelength of 1536.6nm and a crystal temperature of
27 °C. By measuring the second-harmonic power as a func-
tion of the pump power, as shown in the inset of Fig. 2,
we have deduced an external conversion efficiency coeffi-
cient of 3.15 x 10~* % W~!. Taking into account the Frensel
reflection losses of the fundamental and second-harmonic
waves (14.2% and 14.9%, respectively), and the poling length
(4.18 mm), the normalized internal conversion efficiency is
0.12% W~ m~'. By comparing this measurement to the cal-
culated conversion efficiency of a focused Gaussian beam [8]
with a Boyd—Kleinman parameter & = 0.754, we have de-
rived alower-limit value dy; = 1.1 pm/V. This is a lower-limit
value, since it assumes that the PPLN crystal has a perfect
50% duty cycle throughout the entire poling length of the
sample. This value is almost twice lower than the previously
commonly referenced value, dy; = 2.1 pm/V, for the funda-
mental wavelength 1.064 pum [9].

We have also measured the SHG power versus the pump
wavelength (Fig. 2) and compared it to a theoretical calcula-
tion, based on the conversion efficiency equation for Gaussian
beams [8]. Edwards and Lawrence [10] predicted that the
phase-matched wavelength should be slightly lower than that
measured, i.e. 1535.6 nm instead of 1536.6 nm. Note that the
theoretical prediction assumes an optimal phase-mismatch
value of ~400m~! [8]. In Fig. 2 we have added a fixed off-
set to the calculated wave-vector difference in order to obtain
the theoretical and experimental peaks at the same wave-
length. This implies that the experimental refractive-index
difference n,y, — 1y is larger by 0.16% with respect to the
one calculated based on [10], i.e. 0.04800 instead of the nom-
inal calculated value of 0.04793. By using a different set of
Sellmeier coefficients [11], which is given only at a fixed
temperature of 21 °C, we obtain a slightly larger difference
of 0.22%. The widths of the experimental and theoretical
curves in Fig. 2 are essentially identical, thus indicating that
the phase matching is obtained throughout the entire poled
length.

The temperature dependence of the SHG power at a pump
wavelength of 1541.4 nm, shown in Fig. 3, is compared to
a theoretical curve, based on [8]. Edwards and Lawrence [10]

1 .
I‘ + measured data
0.9y + ¥ -== theoretical curve
2 ¢
g 08 : » Crystal Temperature = 27°C
>07 4 t Poling Period = 16um
il 4 1 6
- 1
£ 08 + 1z A
S 05} $ z o '
5 ! 4 |2
3 04} 4 y 2|0 i
o 1 T
<03 + ¥ o
g ) 1‘, » 0 Pump power [mW]
n 02} + "o 10 20 30 40 A
¥
0.1} t A |
A
0 4-& . ‘EM ‘
153 1535 154 1.545 155

wavelength [pm]

FIGURE 2 Measured and theoretical SHG power versus wavelength. The-
oretical curve was shifted up by 1.0nm in order to coincide with the
measured curve. The inset is the measured and calculated second-order fit of
SHG power versus fundamental power
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FIGURE 3 Measured and theoretical SHG power versus crystal tempera-
ture. Theoretical curve was shifted down by 16 °C in order to coincide with
the measured curve

50

predicted that the phase-matched temperature should be
slightly higher than that measured, i.e. 113°C instead of
97 °C. By applying again the fixed correction of 0.16% to the
refractive-index difference n,y, — 1, as found in the previ-
ous experiment, we observe the theoretical and experimental
peaks at the same temperature. The widths of the experimental
and theoretical curves are essentially identical.

The phase-matched wavelength versus temperature was
measured for both crystals (Fig. 4). Compared to theoretical
curves based on [8,10], there is a ~ 1.5 nm shift at pump
wavelengths near 1520 nm from the measurement on the
15.48-pm PPLN crystal, and a ~ 1-nm shift at pump wave-
lengths near 1540 nm from the measurement on the 16-pm
PPLN crystal. By applying the fixed correction of 0.16%
to the refractive-index difference n.,,, — 1,4, the theoretical
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FIGURE 4 Measured and theoretical ([10] and corrected by 0.16%) phase-
matched wavelength versus temperature in both PPLN samples

and experimental curves coincide. In fact, the same correc-
tion factor of 0.16% leads to a good agreement between the
measurements and theoretical predictions in the three differ-
ent experiments we have performed.

3 Discussion

The phase-matched process that was observed re-
lies on periodic reversal of the dy; coefficient. Moreover,
according to the second-order susceptibility x ® spatial sym-
metry [12], da1 (= dyxx) = dis (= dxyx) = —d»n (=dyyy) in
LiNbO3, and consequently it is reasonable to conclude that the
sign of d; and d¢ is also periodically reversed in the case of
periodic poling. Furthermore, the d33 and d3; nonlinear coef-
ficients are also reversed in PPLN. Hence, all non-zero PPLN
tensor components of x ® are reversed when periodically pol-
ing in the Z direction.

Quasi-phase matching using the dy, coefficient can be
used for example in x @ : x® cascaded cross polarized wave
(XPW) generation. Presently this process is realized, for ex-
ample, in BaF, by a x® four-wave-mixing process, and has
a direct and important application for contrast enhancement
of femtosecond pulses in petawatt femtosecond laser sys-
tems [13, 14]. Efficiencies of XPW generation in the order of
10% require an extremely high intensity level of 400 GW /cm?
at a pulse duration of 50 fs. With cascading in quadratic crys-
tals, one can achieve the same efficiency with much less power
density because it is well known that the effective cubic non-
linearity based on second-order cascading can exceed signifi-
cantly the nonlinear effects based on the bulk cubic nonlinear-
ity x®. Furthermore, the efficiency of the cascaded x® : x®
process in the condition of double phase matching is propor-
tional to the fourth power of the crystal length, contrary to
a single-step process, which is proportional only to the square
of the crystal length. The two steps required for cascaded
single quadratic crystal XPW generation are: generation of
a Y-polarized second harmonic with a Y-polarized funda-
mental wave using the dy; (= dyyy) coefficient, followed by
difference-frequency mixing based on the d3; (= dzyy) coef-

ficient of the Y-polarized second-harmonic and Y-polarized
fundamental waves, generating in this way a XPW at the
fundamental frequency. To estimate the advantage of the cas-
caded approach, we calculated the ratio of the efficiencies
of the cascaded XPW generation process in LiNbOj3 and the
direct XPW generation process in BaF, in approximation of
non-depleted pump and with the same input intensity [15, 16]:
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2
dyyydzyy L ]

(1)

Using ny ar, = 1.474, ne1n = 2.21 and ny, 1n = 2.26 (re-
fractive indices at A = 1.536 um and at room tempera-
tre), xgop, = 160 pm?/V2 [17], dyyy = 1.1pm/V, dyyz =
43pm/V, L ~4 mm, and assuming that the product of the
QPM orders for the two cascading steps mm, = 1 we ob-
tain that the direct process is ~ 95 000 times weaker. Since the
efficiency of the process is proportional to the square of the
pump intensity, for the same XPW generation efficiency the
x® 1 x@ cascaded process requires ~ 310 times less inten-
sity than the direct four-wave-mixing process.

Another application in the field of quantum information
is multipartite entanglement based on simultaneous phase
matching in a single crystal of several optical parametric os-
cillator channels, as recently proposed for a KTP crystal [4].
However, in contrast to KTP crystals, where there are only
three possible second-order interactions, in LiNbO3 there are
four possible second-order interactions for an x-cut sample:
ZZ-7Z,YY-Z;YZ-Y and YY-Y.

4 Summary

In this article, we have studied QPM interactions
using nonlinear coefficients in the X-Y plane of electric field
poled LiNbO3. The measurements set a lower limit on the
magnitude of dy; of 1.1 pm/V. Furthermore, we conclude that
all components of the PPLN electro-optic and nonlinear ten-
sors will have periodic sign reversal. In addition, we deduce
that other trigonal 3m uniaxial ferroelectric crystals behave
in a similar fashion, and in particular LiTaO3. This enables
new and interesting possibilities, for all-optical processing
and multipartite entanglement, based on nonlinear and Pock-
els electro-optic effects in periodically poled LiNbO3 and
LiTaOj3 using Y- and X-polarized components of the x ? ten-
sor or the electro-optic tensor.

ACKNOWLEDGEMENTS This work was supported by the Is-
raeli Ministry of Science and by the Israel Science Foundation, Grant No.
960/05. S.M. Saltiel is thankful for the hospitality of Tel-Aviv University,
Department of Physical Electronics and for the support of the Gordon Cen-
ter for Energy Studies and the Bulgarian National Science Fund (Grant No.
F1201/2002).

REFERENCES

1 N.G.R. Broderick, R.T. Bratfalean, T.M. Monro, D.J. Richardson,
C. Martijn de Sterke, J. Opt. Soc. Am. B 19, 2263 (2002)

2 Y. Chen, R. Wu, X. Zeng, Y. Xia, X. Chen, Opt. Laser. Technol. 38, 19
(2006)

3 S. Saltiel, Y. Deyanova, Opt. Lett. 24, 1296 (1999)

4 R.C. Pooser, O. Pfister, Opt. Lett. 30, 2635 (2005)



100 Applied Physics B — Lasers and Optics

5 P.A. Franken, J.F. Ward, Rev. Mod. Phys. 35, 23 (1963) 13 A.Jullien, O. Albert, F. Burgy, G. Hamoniaux, J.P. Rousseau, J.P. Cham-
6 Y.Q.Lu, Z.L. Wan, Q. Wang, Y.X. Xi, N.B. Ming, Appl. Phys. Lett. 77, baret, F. Augé-Rochereau, G. Chériaux, J. Etchepare, N. Minkovski,
3719 (2000) S.M. Saltiel, Opt. Lett. 30, 920 (2005)
7 G.A. Magel, M.M. Fejer, R.L. Byer, Appl. Phys. Lett. 56, 108 (1990) 14 A.Cotel, A. Jullien, N. Forget, O. Albert, G. Chériaux, C.L. Blanc, Appl.
8 G.D. Boyd, D.A. Kleinman, J. Appl. Opt. 39, 3597 (1968) Phys. B 83, 7(2006)
9 V.G. Dmitriev, G.G. Gurzadyan, D.N. Nikogosyan, Handbook of Nonlin- 15 G.L Petrov, O. Albert, N. Minkovski, J. Etchepare, S.M. Saltiel, J. Opt.
ear Optical Crystals (Springer, Berlin Heidelberg, 1991) Soc. Am. B 19, 268 (2002)
10 G.J. Edwards, M. Lawrence, Opt. Quantum Electron. 16, 373 (1984) 16 N. Minkovski, G.I. Petrov, S.M. Saltiel, O. Albert, J. Etchepare, J. Opt.
11 D.E. Zelmon, D.L. Small, D. Jundt, J. Opt. Soc. Am. B 14, 3319 (1997) Soc. Am. B 21, 1659 (2004)

12 R.W. Boyd, Nonlinear Optics, 2nd edn. (Academic, San Diego, CA, 17 R. DeSalvo, M. Sheik-Bahae, A.A. Said, D.J. Hagan, E.W. Van Stryland,
2003) Opt. Lett. 18, 194 (1993)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


