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Applications of non-collinear second harmonic generation
in one-dimensional periodically poled crystals
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Abstract

Whereas the commonly used collinear quasi-phase-matched interaction is usually suitable for phase matching only a single nonlinear
process, non-collinear interactions offer rich variety of phase matching possibilities, employing different elements of the nonlinear tensor,
and various orders of quasi phase matching. By studying the dependence of the second harmonic process on the angle and the phase
matching order in a periodically poled LiNbO3 crystal, we can non-destructively derive the duty cycle of the structure. The obtained duty
cycle agrees well with surface scan measurements using an atomic force microscope. Furthermore, by proper selection of the non-col-
linear angle, we demonstrate simultaneous second harmonic generation of two cross polarized waves.
� 2007 Elsevier B.V. All rights reserved.
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Quasi phase matching (QPM) is an efficient method for
second harmonic generation (SHG) of a pump wave in a
nonlinear crystal [1]. It is common to use collinear interac-
tions, where the pump wave and the second harmonic (SH)
wave propagate in the same direction thereby enabling
large interaction lengths and efficient conversion. However,
non-collinear interactions are much more flexible for appli-
cations that require phase matching of more than one pro-
cess. In this article we demonstrate that non-collinear SHG
can be used in one-dimensional periodically poled crystals
for characterization of the crystal properties (in particular,
the average duty cycle D, defined as the ratio of the length
of (say) the positive nonlinear coefficient to the entire per-
iod) and for simultaneous generation of cross polarized SH
waves. Average duty cycle measurements are very impor-
tant in order to deduce the phase matching possibilities
and efficiencies of different orders of QPM. Simultaneous
generation of two states of polarizations cannot be realized
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by birefringence and may be used for multi-partite entan-
glement [2] and for cross polarized wave generation [3].

The efficiency of the nonlinear process in a collinear
interaction for the mth QPM order is proportional to
[(2/mp) · sin(pmD)]2. It can be calculated from this relation
that, for example, the efficiency of a 3rd-order QPM pro-
cess with a duty cycle of the structure of 67%, is zero. On
the other hand, 2nd-order QPM gets its highest efficiency
for duty cycles of 25% and 75%, but its efficiency is nullified
for duty cycle of 50%. In fact, as the QPM order is
increased, the process becomes more sensitive to duty cycle
variations. High orders QPM is required, for example, for
the generation of short wavelengths, since owing to high
dispersion at these wavelengths, the coherence length
becomes very small (smaller than the poling resolution).
Other processes which require high order QPM are back-
ward generations [4]. For these and similar high order
QPM cases it is most desirable to measure the duty cycle
which highly affects the efficiency of the process. Duty cycle
measurements are also required for electro-optic filtering in
PPLN [5], where the performance of the filter is dependent
on the duty cycle.
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We present here a method to use non-collinear QPM
SHG for duty cycle measurements. The configurations of
the non-collinear phase matching scheme are shown in
Fig. 1a. The ~ki¼1;2 vectors represent the wave numbers of
the pump and SH and their magnitudes are equal to
2pni/ki, where ki are the corresponding wavelengths and
ni are the corresponding refractive indices. ~Gm is the reci-
procal lattice vector (RLV) of the crystal. It points in the
direction of the poling modulation and its magnitude is
2pm/K, where K is the poling period. The phase matching
condition can be written as

k2
2 ¼ 4k2

1 þ G2
m � 4k1Gm cos u ð1Þ

The ability to non-collinearly phase match the SHG pro-
cess for different RLV orders can be used to measure the
effective average duty cycle of the periodic modulation.
The different QPM angles for SHG interaction can be cal-
culated from the non-collinear phase matching condition
and are presented in Fig 1b, for all the interactions that
were measurable in the experiment (for LiNbO3 coefficients
d31, d22, d33 which correspond to eoo, ooo and eee interac-
tions respectively). The stage rotation angle h is also the an-
gle between the propagation direction of the fundamental
in free-space and the Y axis of the crystal. When h equals
zero, the propagation of the fundamental wave in free-
space and inside the crystal is perpendicular to the RLV
direction, i.e. / = 90�. For other values of h, / is calculated
using Snell’s law. The efficiency for every interaction is
dependent on Fresnel transmissions and reflections, on
the walk off between the interacting waves and on the
RLV order. Up until now, duty cycle was rarely deter-
mined by nonlinear measurements [6], since collinear inter-
action can be usually phase matched by a single QPM
order. We demonstrate here that the average duty cycle
can be accurately derived from a set of non-collinear
measurements.

The experimental setup is based on a temperature-tuned
periodically poled LiNbO3 (PPLN) optical parametric
oscillator source [7], pumped by a 1047 nm Q-switched
Nd:YLF, in order to generate signal wavelengths between
1489 and 1537 nm (by varying the 29 lm PPLN crystal
Fig. 1. (a) Vectorial scheme for non-collinear SHG using different RLV’s
of the same grating. (b) External propagation angle of phase matched SH,
d, with respect to stage rotation angle, h, for different RLV values and
different possible interactions. The dotted lines mark simultaneous
generation of cross polarized SH waves.
temperature from 100 to 200 �C). The signal wave was
adjusted to the desired polarization using a half wave plate
followed by a polarizer and then focused to the crystal with
a waist radius of �34 lm. The SH generator was a
10 · 7 · 0.5 mm3 PPLN crystal with 9 lm period, held in
a temperature controlled rotating stage with an angular
resolution of 0.016�. The fundamental wave’s power was
measured by an Ophir 2A-SH thermal detector and the
2x waves’ powers were measured by an Ophir PD-300 sil-
icon detector or by another silicon detector which was
amplified and viewed on a scope.

Non-collinear SHG of a 1520 nm pump was used to
measure the average duty cycle of the periodically poled
crystal, held at 220 �C. While rotating the stage of the crys-
tal to different angles, for phase matching different QPM
orders, the SH intensity generated by each RLV as well
as the input and output angles were recorded. These angles
agree, with better than 1� accuracy, to the calculation
(Fig. 1b), and enable to determine the QPM order for each
interaction. The measured intensities were compared to a
split-step Fourier numerical simulation [7,8], in which the
input was a non-depleted single-mode Gaussian beam, hav-
ing a waist radius of 34 lm in the middle of the crystal. The
nonlinear coefficients used for the simulation were
d33 = 27 pm/V, d31 = 4.35 pm/V and d22 = 2.1 pm/V.

The experimental and simulation results are shown in
Fig. 2c and d for eee and eoo interactions, respectively,
plotted on log scale. The log scale was used since the results
span over five-orders of magnitude and cannot be com-
pared on a linear scale. Since zero efficiency of the simula-
tion cannot be plotted on a log scale, it was set to 10�9
Fig. 2. (a) Periodically poled crystal’s domain inversion pattern and
topography after etching. (b) Surface scan of the PPLN sample by AFM,
(c) eee and (d) eoo SH efficiency with respect to RLV order for different
simulated duty cycles, 50% (short dashed black) 60% (long dashed green)
and 55% (red line) and experimental results (dashed dot blue). (For
interpretation of the references in colour in this figure legend, the reader is
referred to the web version of this article.)



Fig. 4. Angle (a), temperature (b) and wavelength (c) tuning curves for
ooo interaction (open squares – experimental; solid line – simulation) and
eoo (diamonds – experimental; dashed line – simulation). (d) Image by
PixeLink digital camera of simultaneous cross polarized SHG.

Fig. 3. (a) Period and angle solutions for �1–3.5 lm pump wavelength for
non-collinear cross polarized SHG. (b) Vectorial scheme for non-collinear
simultaneous cross polarized SHG.
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W�1 for viewing purposes. The comparison between the
simulation and experimental efficiency curves indicates
clearly that the periodic poling of the crystal has an average
duty cycle of 55%. Setting the duty cycle in the simulation
to either 50% or 60% results in large changes of the line
shapes of the efficiencies, both for eee and eoo interactions.
Hence, the accuracy of this method is better than 5%. The
experimental results were measured and shown in Fig. 2c
and d to be about one order of magnitude lower than the
simulated results. The differences between the measured
and calculated efficiencies may be caused by possible devi-
ations of the pump wave from a perfect Gaussian beam, as
well as imperfections in the poling process. Since the same
crystal and the same pump wave were used for all measured
QPM orders, the same deviation from simulation results is
expected, thus this constant deviation for all QPM orders
should not affect the interpretation of the results in
Fig. 2c and d.

In order to characterize the poling period, duty cycle
and quality of the poling process it is common to perform
surface etching. The surface etching creates trenches in the
C� areas, as illustrated in Fig. 2a, which can be scanned
locally by atomic force microscope (AFM). AFM scans
of both facets of the crystal were taken to validate the duty
cycle measurement (a sample scan is shown in Fig. 2b). Ten
arbitrary scans of �90 · 10 lm2 area were taken at each
facet and the average duty cycle and period were calculated
from all the scans. The original C+ facet had an average
duty cycle of 55.4 ± 1.4% (trench vs. period) and the origi-
nal C� facet had an average duty cycle of 45.4 ± 3.9%
(bump vs. period), which gives trapezoidal patterns of the
inverted domains, as illustrated in Fig. 2a. Since the
AFM measurement is done on the crystal surfaces, it can
only provide limiting values for the duty cycle that is expe-
rienced by the optical wave. The duty cycle inferred by the
non-collinear SHG measurement agrees with the range of
duty cycles indicated by the surface AFM scans and gives
more precise volume estimation. Owing to the local varia-
tions in the duty cycle of the sample, the proposed method
is sufficiently accurate.

Furthermore, simultaneous generation of two cross
polarized non-collinear SH beams was observed, as shown
in Fig. 4d. Since this kind of processes is important for
quantum optics [2] and all-optical signal processing [3]
applications, we have studied it in more detail. The two
waves were generated by simultaneous QPM of the non-
collinear ooo and eoo interaction by 3rd-order RLVs of
the grating. Further evidence for this simultaneous genera-
tion is provided by the calculations shown in Fig. 1b, where
the two different processes are simultaneously phase
matched for jhj = 18.2�. This simultaneous generation is
not a fortunate coincidence of phase mismatches of the dif-
ferent processes as in collinear interactions [9]. It was
shown [7] that non-collinear interactions in one dimension-
ally poled crystal enable the simultaneous generation of
two different processes. This kind of simultaneous genera-
tion can be performed in a wide and continuous spectral
range by using the appropriate poling period and incidence
angle. The vectorial scheme for the simultaneous cross
polarized SHG is shown in Fig. 3b. The pump has an
ordinary polarization in the x–y plane and generates simul-
taneously an ordinary SH wave (using the ooo interaction)
and an extraordinary SH wave, polarized in the z direction
(using the eoo interaction). The two different non-collinear
phase matching conditions can be solved together to pro-
duce the equation for the period of the modulation. The
solution is given by

K ¼ 2p
m2m2

1 þ m1m2
2

m2ðk2
2e � 4k2

oÞ þ m1ðk2
2o � 4k2

oÞ

" #1=2

ð2Þ

The solution for the angle / can be achieved by substitut-
ing K to any of the equations for the non-collinear phase
matching conditions. The continuous set of solutions using
m1 = m2 = 3 and temperature of 220 �C is presented in
Fig. 3a for the spectral range of �1–3.5 lm.
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We have measured the angular, thermal and spectral
tuning properties of the simultaneous cross polarized SH
waves as shown in Fig. 4a,b and c, respectively. The full
width at half maximum (FWHM) of the angular tuning
was �0.35� for the ooo interaction and �0.3� for the eoo

interaction. The thermal FWHM was �40 �C for the eoo
interaction and �150 �C for the ooo interaction. The spec-
tral FWHM with respect to the fundamental wavelength
was �60 nm for the eoo interaction and �30 nm for the
ooo interaction. All measured tuning curves fit well with
simulated tuning curves results.

We measured the conversion efficiencies for the gener-
ated waves using a pump wave of 12 mW average power
with pulse width of 8.5 ns and repetition rate of 5.1 kHz.
The ordinary and extraordinary SH waves average powers
were 9 nW and 235 nW, respectively, corresponding to
internal conversion efficiencies of 4.58 · 10�7 %W�1 and
1.3 · 10�5 %W�1 (after considering Fresnel transmission
of the fundamental and SH waves). The calculated efficien-
cies are 2.2 · 10�5 %W�1for the ordinary SH and 9.3 Æ 10�5

%W�1 for the extraordinary SH. The differences between
efficiencies of the experimental results and the calculations,
as was mentioned above, may be caused by possible devia-
tions of the pump wave from a perfect Gaussian beam, as
well as imperfections in the poling process. The larger dif-
ference for the ooo interaction is due to the fact that in
LiNbO3 this interaction generates polarization in the y

direction which is close to the propagation direction of
the SH wave, therefore the efficiency is decreased by a fac-
tor of sin2a where a is the angle of propagation with respect
to the crystal’s y direction, which gives for a � 15� a
15-fold decrease in efficiency.

The wide spectral bandwidth of the simultaneous cross
polarized SHG in the non-collinear configuration is useful
for frequency doubling of broadband signals, e.g. tunable
or ultrashort-pulse sources. Measured bandwidths of the
non-collinear SH waves at 760 nm are 7.8 THz and
15.5 THz for the ordinary and extraordinary waves, respec-
tively. The calculated bandwidths for collinear interactions
are 234 GHz and 909 GHz for the ordinary and extraordi-
nary waves respectively, which are 33 and 17-fold narrower
than the corresponding non-collinear interactions. The
non-collinear configuration is also suitable for group veloc-
ity matching of one interaction [10] or two interactions [11]
simultaneously.

In summary, we have proposed in this article a method
to measure the average duty cycle by non-collinear SHG in
1D periodically poled crystal. The derived duty cycle agrees
with surface scans of the crystal by AFM. Furthermore, in
comparison to our suggested method, the AFM scan has
two major downfalls for the assessment of actual duty cycle
which effects the nonlinear interactions. First, it is a surface
measurement of the crystal’s topography after the etching
process, whereas the non-collinear SHG measurement is
a volume measurement, in areas which are more relevant
for nonlinear interactions, and can thus be used for map-
ping it inside the crystal. Second, the AFM scan is local
(100 · 100 lm2 is considered a large area to scan), whereas
the non-collinear SHG measurement is a macroscopic
assessment of the average duty cycle that effects the nonlin-
ear interactions. Moreover, for cases where the structure is
not homogeneous and contains widely varying duty cycles
the AFM scan can not give the QPM characteristics of the
structure whereas the non-collinear measurement averages
the inhomogeneity to give the required efficiency predic-
tions. Nonlinear measurement of the average duty cycle
can also be performed by collinear QPM [6], but this kind
of method requires a tunable source and is not practical for
the whole range of poling periods.

Non-collinear interactions also enable simultaneous
SHG of cross polarized light. The conversion efficiency
dependence on the crystal temperature, entrance angle
and pump wavelength was measured, and agrees well with
numerical simulations. Spectral widths of the non-collinear
interaction were found to be significantly larger than those
of collinear interactions and may be used for simultaneous
generation of cross polarized light from broadband
sources.
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