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Generation of dual-wavelength pulses by frequency
doubling with quasi-phase-matching gratings
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We demonstrate generation of two synchronized picosecond pulses at different wavelengths near 778 nm by
frequency doubling of a femtosecond pulse. We use nonlinear frequency filtering with quasi-phase-matching
gratings, which allow us to obtain second-harmonic spectral intensities that are higher than the spectral
intensities of the pump. © 2001 Optical Society of America
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Synchronized short pulses generated at two differ-
ent wavelengths are required in such applications
as pump–probe experiments, coherent control, and
generation of short pulses in the mid infrared by
difference-frequency generation. Over the past sev-
eral years a number of dual-wavelength Ti:sapphire
oscillators have been demonstrated that use relatively
complex dual-cavity designs to eliminate timing jitter
between the pulses.1 – 4 Another approach to the
generation of dual-wavelength pulses is to use linear
frequency f iltering of a single pulse.5,6

The utility of longitudinally nonuniform quasi-
phase-matching (QPM) gratings for fairly arbitrary
pulse shaping by second-harmonic generation (SHG)
has been demonstrated.7,8 This technique combines
pulse shaping with SHG in compact and monolithic
devices and relies on the engineerability of the QPM
gratings. A QPM grating acts as a f ilter on the
frequency components of the first-harmonic (FH)
pulse; this QPM SHG filter function is proportional
to the Fourier transform of the spatial distribution of
the nonlinear coeff icient.9,10

Here we use this QPM SHG pulse-shaping technique
to demonstrate generation of synchronized dual-wave-
length pulses. Using structures with a phase-reversal
sequence superimposed upon a uniform grating, we
produce two synchronized coherent picosecond pulses
by QPM SHG spectral filtering of a single femto-
second FH pulse. The wavelengths of the second-
harmonic (SH) pulses and their temporal lengths are
determined by the grating design, subject to limitation
by the bandwidth of the FH pulse. Because of the
nonlinear nature of QPM SHG filtering, the energy
efficiency is not limited by the passband of the filter
and, in fact, the SH spectral intensity can exceed
the FH spectral intensity over the same bandwidth.
We note that QPM devices similar to those described
here have already been used for a cw frequency
conversion.11

Under the assumptions of plane-wave interaction, an
undepleted pump, slowly varying envelopes, and negli-
gible group velocity and higher-order dispersion of the
material, the QPM SHG process is described with a
transfer-function relation9,10:
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Â2�V� � D̂�V�dA1
2�V� , (1)

where Â2�V� is the frequency-domain envelope of the
output SH and dA1

2�V� is the self-convolution of the
frequency-domain envelope of the input FH and hence
is proportional to the spectrum of the nonlinear drive.
In Eq. (1), D̂�V� is the QPM SHG transfer function,
which is proportional to the Fourier transform of the
nonlinear coefficient distribution d�z�:

D̂�V� � 2ig
Z 1`

2`

d�z�exp�2i�Dk0 1 dvV�z�dz , (2)

where g � 2p�l1n2, l1 is the FH wavelength, and n2 is
the SH refractive index. In Eq. (2) Dk0 � 2k1 2 k2 and
dv � 1�u1 2 1�u2, where ki are the carrier k vectors
and ui � �dk�dv�21jv�vi are the group velocities for
the FH �i � 1� and the SH �i � 2�.

We first consider a constant-duty-cycle uniform
QPM grating of length L and period L0 (and hence
the grating k vector for first-order QPM K0 � 2p�L0).
Ultrashort-pulse SHG with such gratings was previ-
ously analyzed in the literature10,12,13; we reproduce
those results here for reference. The QPM SHG trans-
fer function D̂0�V� for such a grating is calculated
with Eq. (2) as

D̂0�V� � gLjdjsinc�dvVL�2� , (3)

where jdj is related to the intrinsic nonlinear coeffi-
cient of the material, deff , as jdj � �2�p�deff for first-
order QPM; we also assume that the QPM condition
is satisfied: K0 � Dk0. Equation (3) gives a familiar
sinc2 tuning curve when jD̂0�V�j2 is evaluated. The
tuning curve is centered at V � 0 and has a FWHM of
DV0 � 5.57��dvL�, which, for a given dv (material pa-
rameter), is determined by the grating length. If the
width of D̂0�V� is much smaller than the bandwidth
of the nonlinear drive dA1

2�V�, DV, the spectrum of the
generated SH essentially replicates D̂0�V�; hence in the
time domain the SH is a long (compared with the FH)
top-hat pulse of length dvL [see Fig. 1(a)], as is well
known from the literature.14
© 2001 Optical Society of America
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Fig. 1. Schematic of the QPM SHG nonlinear f iltering
devices.

We now consider a QPM grating in which a periodic
phase reversal sequence of period Lm is superimposed
upon the nonlinear coefficient distribution of the uni-
form grating [Fig. 1(b)]. This modulation P�z� is rep-
resented by the Fourier series as

P�z� �
X

n�1, 3, ...
�2�pn� �exp�inKmz� 1 exp�2inKmz�� ,

(4)

where Km � 2p�Lm is the k vector of the modulation.
The QPM SHG transfer function is then calculated
with Eq. (2) as

D̂m�V� �
X

n�1, 3, ...
�2�pn� �D̂0�V 2 nVm� 1 D̂0�V 1 nVm�� ,

(5)

where Vm � Km�dv. As can be seen, the effect of
modulation P�z� on the transfer function is splitting of
the single spectral peak, as is well known from Fourier
analysis: D̂m�V� has a series of peaks at frequencies
V � 6nVm, whose amplitudes scale as 1�n. For
further analysis we neglect the contribution of higher-
order terms (with n $ 3) to Eq. (5) because the two
terms with n � 1 contain �81% of the total spectral
power of D̂m�V�; the contribution of the higher-order
terms to the SH spectrum is further diminished if
Vm is comparable with the bandwidth of the non-
linear drive and can be further reduced with apodized
grating designs. We further assume that the spectral
variations of the nonlinear drive over the bandwidths
of D̂0�V 6 Vm� are small, which for pulses with smooth
spectra leads to the condition that the width of the
individual peaks of transfer function DV0 is much
smaller than drive bandwidth DV. If the splitting
between the peaks, 2Vm, is of the order of DV, this
condition is equivalent to Lm ,, L. Under these
assumptions we obtain the output SH pulse envelope,
using Eqs. (1) and (5), as

Â2�V� � �2�p� �dA1
2�V � Vm�D̂0�V 2 Vm�

1 dA1
2�V � 2Vm�D̂0�V 1 Vm�� . (6)

The result of Eq. (6) can be interpreted as the spectrum
of two coherent long (compared with the FH pulse) SH
pulses of lengths dvLwith different center frequencies.
We note that filtering of frequency components with
such a QPM grating can be viewed as a simple rejection
of the nonlinear drive frequencies outside the desired
narrow spectral bands. However, the important dis-
tinction between a linear bandpass f ilter and the non-
linear QPM SHG filtering action is the eff iciency of the
filtering process. By the nature of the linear band-
pass filter the energy in the f iltered pulse scales with
the bandwidth of the filter, and hence almost all the
pulse energy will be rejected by a narrow-band filter.
In contrast, for the QPM SHG filter the efficiency is
nearly independent of the f iltering bandwidth. Such
a QPM SHG filter can produce spectral intensities that
are comparable with or even higher than that at the
FH, because SH frequency component V is generated
not only from the V component of the FH pulse but
also from pairs of components V0 and V 2 V0 for all
V0 within the bandwidth of the FH pulse.

This insensitivity of the QPM SHG filter efficiency
to the filter bandwidth (which is inversely proportional
to grating length L) is described formally in terms of
the area under the tuning curve, jD̂�V�j2, which is pro-
portional to L but does not depend on the details of the
nonlinear coeff icient distribution as long as the grat-
ing does not contain unmodulated (no QPM grating)
sections.10 In the case of confocal focusing, for a f ixed
energy and pulse length the peak intensity of the FH
pulse is inversely proportional to L. Together, these
scalings make the energy eff iciency independent of L
and hence independent of the f iltering bandwidth.

To put these scaling considerations into more-quan-
titative terms, we calculate the energy efficiencies for
the QPM SHG devices considered in this Letter by fol-
lowing the procedure described in Ref. 10. We use the
result of Eq. (6) and integrate the SH spectral intensity
over all frequencies, assuming confocal focusing and a
Gaussian FH pulse with 1�e intensity half-width t1.
The efficiency is then obtained as

h � �8�p2�exp�2�1�2�t1
2Vm

2�h0 , (7)

where h0 is the eff iciency for the uniform grating
whose transfer function is given by Eq. (3). For
SHG of a FH at wavelength of 1.56 mm in a QPM
grating fabricated upon a lithium niobate substrate,
h0 � 265%�nJ U1, where U1 is the FH pulse en-
ergy.10 The numerical prefactor in Eq. (7) is less
then unity because we neglected the contribution of
the higher-order terms to the transfer function given
by Eq. (5).

To demonstrate generation of dual-wavelength
pulses we fabricated three devices, each of length
L � 40 mm, with different modulation periods upon a
single chip by electric-f ield poling of a 0.5-mm-thick
lithium niobate wafer.15 QPM period L0 was 18.7 mm,
and the chip was held at 150 ±C. The pump source
was an amplified Er:fiber laser producing pulses at
1556 nm with an energy of 2.4 nJ, a pulse length of
570 fs, and a bandwidth of 8 nm. The laser output
was loosely focused through the chip into a spot size
of 120 mm.

Device (a) was a uniform grating with no phase-
reversal modulation. The triangular shape of the SH
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Fig. 2. SH autocorrelation traces for devices (a)– (c).

Fig. 3. SH spectra of the picosecond pulses obtained with
devices (a)– (c).

autocorrelation trace [Fig. 2, curve (a)], implies a
top-hat profile of the pulse itself. Its FWHM of
12.1 ps agrees well with the expected pulse length
of dvL � 12.4 ps. The SH spectrum [Fig. 3, curve
(a)], is a single peak with a width of 0.18 nm. Slight
peak broadening, compared with the expected value of
0.14 nm, is due to the finite instrumental resolution
(0.05 nm) of the spectrum analyzer.

Devices (b) and (c) had modulation periods of Lm �
0.5L � 20 mm and Lm � 0.2L � 8 mm, respectively.
The spectra [Fig. 3, curves (b) and (c)], consist of two
peaks with a separation of 0.62 nm for device (b) and
of 1.66 nm for device (c), in agreement with expected
values. In the time domain the coherent superposi-
tion of two pulses at slightly different frequencies re-
sults in the beating modulation of temporal intensity,
as sketched in Fig. 1(b). The measured autocorrela-
tion traces [Fig. 2, curves (b) and (c)] exhibit oscilla-
tions with modulation depths smaller than 100%, as
expected for a top-hat waveform with periodic dips
whose widths are less than the separation between
them.

The measured SH pulse energies of 180, 170, and
150 pJ for devices (a), (b), and (c), respectively, exhibit
the expected efficiency scaling [Eq. (7)]. The peak
spectral intensities are estimated as 760, 290, and
280 pJ�nm for devices (a), (b), and (c), respectively,
which are greater than the FH pulse peak spectral
intensity of 270 pJ�nm.

In conclusion, we have demonstrated the use of QPM
SHG spectral filtering for generation of dual-wave-
length synchronous pulses. The demonstrated wave-
length separation between pulses is limited by the FH
pulse bandwidth but not by the technique itself. The
nonlinear nature of such QPM SHG filtering allowed
us to obtain spectral intensities at the SH higher than
those at the FH. These devices are monolithic and
compact and require no critical alignment. Future di-
rections for research could include continuous tuning
of the output by use of a fanlike grating,16 use of wave-
guides for high efficiency at low pulse energies,17 and
obtaining larger wavelength separation between the
SH pulses by use of a broader bandwidth source such
as a sub-20-fs Ti:sapphire laser.
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