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Cascaded optical parametric generation in lithium niobate waveguides involves simultaneous quasi-phase-
matching of optical parametric generation and sum-frequency generation. We study details of this process in
reverse-proton-exchange lithium niobate waveguides with quasi-phase-matching gratings from 6 to 42 mm in
length. We identify the cascaded products in the time domain using a frequency-resolved cross correlator and
study cascaded optical parametric generation under different levels of pump depletion. With phase-modulated
gratings, we demonstrate control over the wavelength of the near-transform-limited signal pulses from cas-
caded optical parametric generation. With its low threshold and controllable temporal properties, cascaded op-
tical parametric generation in reverse-proton-exchange waveguides can be a promising candidate for a tunable
light source. © 2007 Optical Society of America
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. INTRODUCTION
ptical parametric generation is the simplest in the fam-

ly of parametric frequency converters, which are common
ources for tunable ultrashort near-infrared and mid-
nfrared pulses. However, applications of optical paramet-
ic generation (OPG) are limited by its high threshold1

nd the often poor temporal properties of generated
ulses. Recently we reported picojoule-threshold OPG in
everse-proton-exchange congruent lithium niobate
aveguides with picosecond pump pulses near 780 nm,
nd near-transform-limited output obtained from cas-
aded OPG.2 However, a systematic study of cascaded
PG was absent, and the simultaneous phase matching
f OPG and sum-frequency generation (SFG) in uniform
ratings was coincidental and hence not readily engineer-
ble. In this paper, we analyze the details of cascaded
PG by studying it in uniform quasi-phase-matching

QPM) gratings of different lengths. Using a frequency-
esolved cross correlator,3 we directly identified the prod-
cts from cascaded OPG and conventional OPG in the
ime domain using a single device at a fixed pump power.
e also studied cascaded OPG under different levels of

ump depletion. In addition, by phase modulating QPM
ratings to synthesize desirable frequency responses, we
ere able to control the wavelength of the near-

ransform-limited signal from cascaded OPG. We may
herefore widely tune the signal wavelength by switching
etween different devices on the same chip and tempera-
ure tune over a narrower wavelength range while retain-
ng controlled temporal properties.
0740-3224/07/030585-7/$15.00 © 2
. CONVENTIONAL OPTICAL PARAMETRIC
ENERATION AND CASCADED
PTICAL PARAMETRIC GENERATION
onventional OPG involves only three waves, the pump,

he signal, and the idler. The pump photons split into sig-
al and idler photons when energy conservation and
hase-matching conditions are satisfied (in this paper, we
efine the signal and the idler as the shorter and longer
utput wavelengths, respectively). The bandwidth of the
utput pulses in conventional OPG usually is much
roader than the transform limit, except for special com-
inations of pump, signal, and idler wavelengths.4 In gen-
ral, one can improve the temporal properties of the sig-
al and idler by adding extra frequency filters at the
xpense of added complexity and significant energy loss.
owever, this high-energy loss can be avoided in cascaded
PG, which uses an extra parametric nonlinear process
s the filter.
In contrast to conventional OPG, cascaded OPG in-

olves four waves and only can occur at signal wave-
engths where OPG and another parametric process are
imultaneously phase matched. Figure 1 shows the con-
traints for cascaded OPG where the extra process is the
FG between the pump and the signal. Besides OPG and
FG, backconversion of the sum-frequency (SF) wave to
he pump and signal waves is also necessary to obtain
ascaded OPG. The phase-matching conditions of these
rocesses can be simultaneously satisfied in QPM grat-
ngs by using different orders of QPM peaks or by engi-
eering multicomponent QPM gratings.
007 Optical Society of America
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We simulated cascaded OPG by solving the coupled
volution equations for the four waves involved [Eq. (1) in
ef. 2]. When the group velocity of both the signal and

dler waves is faster than the pump wave while the extra
ave at the sum frequency is slower than the pump wave,

imulations and experimental results show that the tem-
oral properties of the cascaded OPG products could be
etter controlled than those of the conventional OPG
roducts.2

Although this extra phase-matched process improved
he temporal properties of the output, it limited the tun-
ng ability of the device. In the experiment described in
ef. 2, the signal and idler wavelengths from conven-

ional OPG were tunable from 1.1 to 2.3 �m by tuning
he pump wavelength from 770 to 790 nm.2 However, in
niform QPM gratings, the center wavelength of the sig-
al from cascaded OPG was not a strong function of the
ump wavelength or the temperature. It could only be
uned by several nanometers at approximately three
avelengths: 1190, 1280, or 1430 nm. These three wave-

engths correspond to the three strongest cascaded pro-
esses; other cascaded processes are insignificant. Besides
nvolving optical parametric generation with first-order
PM, these three cascaded processes, respectively, in-
olve second-harmonic generation of the signal, which
enerates yellow light at �595 nm with second-order
PM, SFG between the pump and the idler, which gener-
tes green light at �550 nm with second-order QPM, and
FG between the pump and the signal, which is illus-
rated in Fig. 1 and generates green light at �500 nm
ith third-order QPM. Without losing generality, in this
aper, we only consider the last two strong cascaded OPG
rocesses involving SFG.
In the following sections, we present experimental re-

ults for cascaded OPG in uniform gratings of various

ig. 1. Diagram of the constraints for cascaded OPG involving
imultaneous QPM of OPG and SFG between the pump and the
ignal. kp, ks, ki, and kSFG are the wavenumbers of the pump, sig-
al, idler, and the SF waves. �kOPG��kSFG� is the wave-vector
ismatch in the OPG (SFG) process. We may engineer QPM

ratings to simultaneously satisfy both phase-matching condi-
ions. (a) Photon energy conservation conditions, (b) phase-
atching conditions.
engths and in engineered QPM gratings. We demon-
trate that the temporal properties of the OPG products
an be controlled using cascaded OPG and synthesized
PM gratings.

. EXPERIMENTS WITH UNIFORM
UASI-PHASE-MATCHING GRATINGS

n Ref. 2 we demonstrated that the conventional OPG and
ascaded OPG products were distinguishable both in the
ime domain and in the frequency domain by studying the
utput from the same uniform QPM grating at various
ump power levels. When the QPM grating length was
ong enough and the pump power was high enough, cas-
aded OPG appeared as new peaks in both domains. In
he present study, described in this section, we study cas-
aded OPG more systematically by testing uniform QPM
ratings of different lengths and analyzing the properties
f OPG products using frequency-resolved cross
orrelation.3 At the end of this section, we compare the
ignal and idler pulse shapes.

In the experiments reported here, the FWHM duration
f the pump pulses was 1.8 ps, all the interacting waves
ere in the TM00 waveguide mode, the QPM grating pe-

iods in the devices were 16.45 �m, and the chips were
eated to �130°C. The reverse-proton-exchange
aveguides were fabricated with our usual procedure.2

he cross-correlation technique based on two-photon
bsorption2,5 was chosen for Subsection 3.A to compare
PG in devices with different QPM grating lengths, while

he frequency-resolved cross-correlation technique3 was
hosen for Subsection 3.B to thoroughly study cascaded
PG in a single waveguide device. The former used a
aAsP photodiode while the latter used a piece of LiIO3

rystal and a silicon detector, with an experimental setup
hown in Fig. 2. In this setup, by angle phase matching
he type-I SFG between the signal (idler) and a reference
eam split from the pump wave, the 0.25 mm thick LiIO3
rystal served as a tunable bandpass filter with a filter
unction of sinc2���−�0� /���. The bandwidth �� of the fil-
er was �38 nm for the signal near 1430 nm. The center
avelength �0 was determined by the tilting angle of the
iIO3 crystal. Using this filter, we can obtain the pulse
hape in selected spectral ranges.3

. Cascaded Optical Parametric Generation in
niform Quasi-Phase-Matching Gratings of
ifferent Lengths
igure 3 shows the power spectra and the pulse shapes of

he OPG signal from waveguides with uniform QPM grat-

ig. 2. Diagram of the frequency-resolved cross correlator. The
can delay ensures that the pump and signal pulses temporally
verlap in the LiIO3 crystal. By replacing the LiIO3 crystal and
he silicon detector with a GaAsP photodiode, we obtain a cross
orrelator without frequency resolvability.
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ngs of different lengths. All the different devices were
abricated side by side on the same chip and the duty
ycles of the QPM gratings were nominally 50%. The OPG
hreshold was �200 pJ for the devices with QPM gratings
onger than 18 mm, the same as observed in the previous

easurements.2 For a fair comparison, the pulse shape
nd spectra data were taken for the different grating
engths at pump powers resulting in total photon conver-
ion efficiencies of �10%, except for the 6 mm long grat-
ngs, which had only 2% efficiency with the maximum
vailable pump power. This exception did not affect our
onclusions because cascaded OPG output was absent in
he 6 mm long QPM gratings.

The pulse shapes were obtained from cross-correlation
easurements based on two-photon absorption in GaAsP

hotodiodes with a reference beam split from the pump.2,5

n such a measurement, the signal and the idler outputs
n the whole frequency range would be simultaneously re-
orded. Although the idler wave was not removed by a fil-
er, according to simulations, it would only slightly affect
he pulse shape recorded by cross correlation because the
roup velocity mismatch between the signal at �1420 nm
nd the idler at �1750 nm was � 1

10 of that between the
ignal (idler) and the pump near 784 nm,6 so that signal
nd idler pulses are nearly overlapping in time. We will
xperimentally verify this conclusion in Subsection 3.D
fter we have discussed the details of cascaded OPG in
ubsections 3.B and 3.C.
By comparing curves in Fig. 3 to simulations, we can

dentify the conventional OPG and cascaded OPG prod-
cts both in the frequency domain and in the time do-
ain. In the frequency domain, the narrow peaks at
1428 nm correspond to the cascaded OPG products. In

he time domain, the time zero is set at the peaks of the
onventional OPG products. Comparing the curves in Fig.
, we can see how cascaded OPG and conventional OPG
ompete with each other. Only for gratings longer than
8 mm does the extra signal peak from cascaded OPG
ominate in the frequency domain and become distin-

ig. 3. (a) Power spectra and (b) the pulse shape for the signal
rom optical parametric generation in lithium niobate
aveguides with different QPM grating lengths. The photon con-
ersion efficiencies for all these traces were �10% except for the
mm long gratings for which it was only 2%. The peak of the

onventional OPG products is set as the time zero for all the
urves in (b). All the curves are normalized to their maxima.
uishable in the time domain. The power spectra of the
ignal from QPM gratings shorter than 18 mm show
trong interferences between the two different processes.
hen we isolated the cascaded OPG signal at �1428 nm

rom the conventional OPG signal in the time domain by
econvolving the cross-correlation traces for the long
ratings, a time-bandwidth product close to 0.4 was ob-
ained for the cascaded OPG signal. These results comple-
ent those we obtained in Ref. 2, where we analyzed the

volution of the pulse shapes in a single device with an
8 mm long QPM grating at various pump power levels.

. Identifying Cascaded Optical Parametric Generation
nd Conventional Optical Parametric Generation
roducts Using Frequency-Resolved Cross Correlation
n Subsection 3.A, we found the correspondence between
he signal peaks in the time domain and the frequency do-
ain and identified the conventional OPG and cascaded
PG peaks by measuring devices of different lengths.
owever, we can directly identify cascaded OPG and con-

entional OPG products by frequency-resolved cross-
orrelation measurements of a single waveguide at a fixed
ump power, using the setup shown in Fig. 2. In such
easurements, the ratio between the two peaks on the

ross-correlation traces varies when the center of the fil-
ering wavelength range is tuned. From this variation, we
an identify which peak corresponds to cascaded OPG.

Figure 4 shows the power spectrum and the pulse
hape for the signal from a device with a 34 mm long
PM grating at a pump power level resulting in a photon

onversion efficiency of �10%. Each curve in Fig. 4(b) is a
requency-resolved cross-correlation trace, corresponding
o a wavelength range whose center wavelength is deter-
ined by the bandpass filter. This center wavelength is

ndicated by the baseline of the curve and can be read out
rom the x axis of Fig. 4(a). From the peak-intensity varia-
ions in the different curves in Fig. 4(b), we can deduce
he correspondence between the two peaks in the fre-
uency domain and the two sets of peaks in the time do-
ain. The conventional OPG products and the cascaded

ig. 4. (a) Signal power spectrum with a pump wavelength of
84.4 nm and a photon conversion efficiency of �10%. (b) Pulse
hapes of the OPG signal in different wavelength ranges with a
8 nm wide sinc2-shape bandpass filter. To show the correct rela-
ive power the curves in (b) are not normalized. Baselines are
hifted to indicate center signal wavelength for each trace, which
an be read out from the x axis of (a). On each curve, peak 1 cor-
esponds to the conventional OPG products, and peak 2 corre-
ponds to the cascaded OPG products.
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PG products are, respectively, marked as peak 1 and
eak 2. Although the large bandwidth of the thin LiIO3
rystal used in the frequency-resolved cross correlation
imited the contrast between the peaks on different
urves in Fig. 4(b), the cascaded OPG and conventional
PG products are nevertheless identified and are consis-

ent with results discussed in Subsection 3.A.

. Analysis of Cascaded Optical Parametric Generation
nd Conventional Optical Parametric Generation
nder Different Levels of Pump Depletion
y summing up the frequency-resolved cross-correlation

races in different wavelength ranges, we can restore the
ulse shape for the whole signal band with the idler con-
ribution removed. Figure 5 shows the power spectra and
he pulse shapes under different levels of pump depletion
btained in this way for the device used for Fig. 4. The
ashed–dotted curves were obtained at a pump power
evel resulting in a photon conversion efficiency of �20%
hen the pump wavelength was 782.8 nm and cascaded
PG was absent. All the other curves in Fig. 5 were ob-

ained when the pump wavelength was 784.4 nm and the
ascaded OPG signal was near 1428 nm. The photon con-
ersion efficiency was, respectively, �10%, 20%, and 30%
or the solid, dashed, and dotted curves.

The experimental results match the simulation results
btained from solving Eq. 1 in Ref. 2, and for clarity are
ot shown on the figure. We can explain the different
ulse shapes in Fig. 5(b) with the mechanisms of conven-
ional OPG and cascaded OPG.

The dashed–dotted curve in Fig. 5(b) corresponds to
onventional OPG with no cascading. Because the grating
ength of 34 mm was much longer than the walkoff length
f �5 mm between the signal and the pump, the output
ignal pulse would have a flat-top shape due to group-

ig. 5. (a) Signal power spectra and (b) the pulse shape for a
aveguide with a 34 mm long QPM grating. In both figures, the
ashed–dotted curves (1) correspond to a pump wavelength of
82.8 nm and a photon conversion efficiency of �20%; cascaded
PG was absent. For the solid (2), dashed (3), and dotted (4)

urves, the pump wavelength was 784.4 nm, strong cascaded
PG was present, and they, respectively, correspond to a total
hoton conversion efficiency of �10%, 20%, and 30%. All the
urves in (a) are normalized to their maxima and the baselines
re shifted for a clear comparison in their peak positions, while
he curves in (b) are not normalized and hence show a correct
omparison in photon conversion efficiencies.
elocity mismatch if the pump is lossless, which is illus-
rated in Fig. 6. However, the propagation loss for the
ump was �0.3 dB/cm in the waveguides, and the pump
epletion was significant when the photon conversion ef-
ciency was 20%, and the gain depends exponentially on
he pump power, so that most of the conventional OPG
ignal photons are generated in the front part of the QPM
rating. The signal pulse shape thus became very asym-
etric.
The solid, dashed, and dotted curves in Fig. 5 corre-

pond to cascaded OPG and conventional OPG under dif-
erent levels of pump depletion and can be explained by
urther considering the mechanism of cascaded OPG,
hich involves SFG and its backconversion.
In pure SFG, the power distribution among the inter-

cting waves oscillates following sin2���SFGPL�
sin2��L / �2L0�� (Ref. 7) where � is the normalized gain
arameter in the SFG and P is the peak pump power. L0
s half the oscillation period, after which the backconver-
ion of SFG starts if there is no input sum-frequency
ave. Although the SFG in cascaded OPG is more com-
lex than pure SFG, it still has a characteristic length for
hich we keep the notation L0. As illustrated in Fig. 6,

nly after this length does the backconversion of SFG
tart and does cascaded OPG occur. The cascaded OPG
ignal photons therefore are generated in the rear part of
he QPM gratings. The threshold of cascaded OPG is
lightly higher than that of conventional OPG because
he SFG is required. We can deduce from Fig. 3 that L0 is
12 mm, which is longer than the rough estimation of

0��� /2� /��SFGP=5 mm from �SFG=10% /W cm2 at a
eak pump power of 100 W. This discrepancy comes from
he group-velocity walkoff neglected in the estimation. By
umerically solving Eq. (1) in Ref. 2 we obtained the same
alue as the experimental result. Because the QPM grat-
ng length of 34 mm in the experiments was longer than
0, cascaded OPG and conventional OPG coexisted.
For the solid curve in Fig. 5(b), the pump power was

lightly higher than the OPG threshold. The exponential
rowth of cascaded OPG is much faster than that of con-
entional OPG because of the apparent group-velocity
atching8,9 between the signal (idler) and the pump.
ore photons therefore came from cascaded OPG than

onventional OPG, and the portion of signal photons com-
ng from cascaded OPG was 85% and was the major out-
ut. For the dashed and dotted curves in Fig. 5(b), the
ump power was even higher. With stronger backconver-
ion in cascaded OPG both the bandwidth and the pulse

ig. 6. Illustration of the different properties of conventional
PG and cascaded OPG. No propagation loss is considered for

he pump. L0 is the characteristic length for the SFG in cascaded
PG.
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ength of the cascaded OPG signal increased while the
hoton conversion efficiency no longer increased. How-
ver, more pump photons converted into signal and idler
hotons in the front part of the QPM gratings via conven-
ional OPG, we thus obtained the pulse shapes shown by
he dashed and dotted curves in which conventional OPG
ominated.

. Comparing the Shapes of the Signal and Idler Pulses
rom Optical Parametric Generation
ubsection 3.A, we declared that we can obtain the ap-
roximate pulse shape for the signal without removing
he idler. Here we experimentally verify it by comparing
he solid curve in Fig. 5(b) to the solid curve on the fifth
ow (from top) in Fig. 3(b), which correspond to the same
PM grating length of 34 mm and the same photon con-
ersion efficiency of �10%. Although both the signal and
he idler were measured in the case of Fig. 3(b) while only
he signal was measured by the method used in the case
f Fig. 5(b), the pulse shapes observed for the output were
imilar, confirming that the presence of the idler does not
ignificantly affect the pulse shapes measured without
requency resolving the cross correlation.

For a detailed comparison, we show the signal and idler
ulse shapes in Fig. 7, obtained by summing up the
requency-resolved cross-correlation traces for the signal
nd the idler from a device with a QPM grating length of
2 mm at a pump power level resulting in a photon con-
ersion efficiency of �20%. The two curves in Fig. 7 were
alibrated for the efficiencies of the SFG in the LiIO3 crys-
al at the signal (idler) wavelengths. The peak positions
n the two traces are different because the group velocity
f the idler at �1.8 �m is slightly faster than that of the
ignal near 1.4 �m. In contrast to the signal pulses from a
4 mm long QPM grating shown in Fig. 5, the signal and
dler pulses for the 42 mm long QPM grating in Fig. 7
ave three peaks. We obtained this complex pulse shape

ig. 7. Pulse shapes of the signal and idler obtained by sum-
ing up the frequency-resolved cross correlation traces from a

2 mm long QPM grating at a pump power resulting in a photon
onversion efficiency of �20%. The shadowed regions under the
urves correspond to the cascaded OPG products while the other
egions correspond to the conventional OPG products.
ecause the grating length �42 mm� was over three times
f the characteristic length ��12 mm� of the SFG in cas-
aded OPG [see Subsection 3.C for details]. We had ob-
ained a square pulse shape at a lower pump power level
n the former experiments2 because the pulse length of
he pump in the cross correlation was comparable to the
ime interval between the three peaks, smearing out the
ross correlation. The optimized grating length is there-
ore �34 mm to obtain cascaded OPG signals with the
est temporal properties.

. EXPERIMENTS WITH ENGINEERED
UASI-PHASE-MATCHING GRATINGS

o explore wideband tuning of the transform-limited sig-
al from cascaded OPG, which is distinguishable from a
ackground of conventional OPG signal, we designed de-
ices to generate various signal wavelengths from cas-
aded OPG.

As we discussed in Section 2, cascaded OPG was
eakly dependent on the pump wavelength or tempera-

ure so that the signal wavelength tuning range was only
everal nanometers in uniform QPM gratings. Tuning
ver a broad range of signal wavelengths requires an-
ther method for controlling cascaded OPG. Devices with
PM gratings having the same QPM period �OPG for
PG and different QPM periods �SFG for SFG allow such

ontrol.

ig. 8. (a) Diagram of the phase-modulated gratings. The center
ositions of the domains shift by an amount calculated from an
ptimized periodic phase function. �ph is the phase-modulation
eriod. (b), (c) Simulated QPM peaks of phase-reversal gratings
esigned with �1=�OPG=16.45 �m, �=0.4 �m, and �2=�1−�
16.05 �m (see text for definition of symbols). The grating duty
ycle is 1

3 and the two peaks near �1 and �2 have the same area
n the spatial-frequency domain.
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Although several approaches10–13 exist for engineering
uch multicomponent gratings, for demonstration we
hoose phase-modulated gratings for their loosest fabrica-
ion tolerances. In periodically poled lithium niobate, the
hase modulation is realized with a poling mask, which
eriodically shifts the center positions of the domains
ith a period �ph, which is illustrated in Fig. 8(a). The

hifting function is obtained by numerical optimizations
o have quasi-phase-matching peaks with desired posi-
ions and amplitudes in the Fourier spectrum.10

To understand the properties of phase-modulated grat-
ngs, we study phase-reversal gratings,11 the simplest
hase-modulated gratings with a QPM period � and a
0% duty cycle of phase reversal. These gratings have two
rst-order QPM peaks of the same amplitude close to
ach other in the Fourier spectrum at �1=�+� /2 and
2=�−� /2 where �=2�2 /�ph	�. When the domain duty

ycle is 50%, there is no second-order peak and only two
hird-order QPM peaks at �1 /3 and �2 /3. When the do-
ain duty cycle is 1

3 there is only one second-order QPM
eak at �SFG=� /2 and no third-order QPM peak, which is
hown in Figs. 8(b) and 8(c). If we want different ampli-
udes for the two first-order QPM peaks at �1 and �2, we
an no longer use phase-reversal gratings, so we designed
hase-modulated gratings with the method described in
ef. 10. The general features of higher-order QPM peaks

or such phase-modulated gratings are similar to those of
he phase-reversal gratings but offer more degrees of free-
om to tailor details of the Fourier spectrum.
To reduce the complexity, we prefer phase-modulated

ratings with a domain duty cycle of � 1
3 , using the first-

rder QPM peak at �1=�OPG for OPG and the highest
econd-order QPM peak at �SFG=� /2=�OPG/2−� /4 for
he SFG. In the devices fabricated, �OPG=16.45 �m and
he nominal domain duty cycles were �40% in the 18 mm
ong QPM gratings while � varied. To keep a low OPG
hreshold, the designed gain ratio between the two peaks
t �1 and �2 was 7:3 so that the normalized gain param-
ter � for OPG would be 70% of that in a uniform QPM

ig. 9. Wavelengths of the signal from the strongest cascaded
PG in different phase-modulated gratings. � is a parameter de-

cribing the QPM grating design, defined in the text and shown
n Fig. 8. The solid line is from simulations without any adjust-
ble parameter, and the circle symbols are from experimental
esults.
rating. Both in simulations and in second-harmonic gen-
ration measurements, the sum of � at the two peaks �1
nd �2 was 
90% of � in a uniform QPM grating, and the
eak ratio was close to the designed value 7:3. For these
arameters, a series of second- or third-order QPM peaks
xist while the one at �SFG is the largest. Figure 9 shows
hat the measured wavelengths of the signal from the
trongest cascaded OPG match well with the simulations
nd vary almost linearly with � in the signal wavelength
ange from 1280 to 1370 nm. The simulations were based
n the waveguide dispersion from a model of reverse-
roton-exchange lithium niobate waveguides without any
djustable parameter.14 Similar to the results from uni-
orm gratings, the signal peaks at these wavelengths had
arrow bandwidths, indicating that near-transform-limit
ignal pulses were obtained. Although for ��0, a weak
ignal from cascaded OPG appeared at approximately
280 nm, which corresponded to the second strongest
econd-order QPM peak, we can design more sophisti-
ated QPM gratings to avoid this problem, though these
equire precise control of the waveguide uniformity and
PM grating duty cycles and await future experiments.15

. SUMMARY
imilar to conventional OPG, two problems limit practical
pplications of cascaded OPG in reverse-proton-exchange
ongruent lithium niobate waveguides. The most severe
roblem is photorefractive damage by the green and blue
aves generated in the devices, even if we heat up the

hips to 130°C. The blue waves come from parasitic
econd-harmonic generation of the pump and most of the
reen waves come from the SFG involved in cascaded
PG. Although the green wave from SFG is unavoidable

n cascaded OPG and eliminating other parasitic products
s difficult, this problem may be solved with new
hotorefractive-damage-resistant materials.16–18 The sec-
nd problem is the bottleneck in power conversion effi-
iency. Both cascaded OPG and conventional OPG have a
ottleneck in conversion efficiency because only part of
he leading edge of the pump pulse participates in the
onlinear interactions. An alternative to cascaded OPG is
o compensate for the group-velocity mismatch between
he signal (idler) and the pump with periodic waveguide
tructures so that the whole pump pulse may participate
n the photon conversion.19 Simulations and experimental
esults show that the signal generated in such a device
lso have well-controlled temporal properties.20

In summary, we systematically and experimentally
tudied cascaded optical parametric generation in
everse-proton-exchange waveguides in congruent
ithium niobate with different QPM grating lengths. By
sing a frequency-resolved cross correlator, we character-

zed the temporal properties of the signal generated in
ascaded OPG and studied the process in the regime of
trong pump depletion. We also demonstrated control
ver the signal wavelength from cascaded OPG by using
hase-modulated-QPM gratings. By switching between
aveguides with different grating designs and fine tuning

he pump wavelengths, obtaining transform-limited and
avelength-tunable signals from cascaded OPG is pos-

ible.
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