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We theoretically propose a procedure based on a cascading genetic algorithm for the design of aperiodi-
cally quasi-phase-matched gratings for frequency conversion of optical ultrafast pulses during difference-
frequency generation. By designing the sequence of a domain inversion grating, different wavelengths at
the output idler pulse almost have the same phase response, so femtosecond laser pulses at wavelength
800 nm can be shifted to other wavelengths without group-velocity mismatch. © 2007 Optical Society
of America
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1. Introduction

Frequency conversion of a femtosecond pulse to an-
other wavelength is significantly important in the
widespread field of laser science and technology
[1–3]. Femtosecond lasers have a wavelength band-
width as large as tens of nanometers, and a temporal
walk-off effect occurs as a result of large group-
velocity mismatch (GVM). Only thin nonlinear crys-
tal (approximately 100 �m thick) can be used for
femtosecond laser frequency conversion. To meet the
bandwidth and reduce the temporal walk-off effect, a
100 �m thick beta barium borate (BBO) crystal is
often utilized for second-harmonic generation (SHG)
of a femtosecond Ti:sapphire laser [4]. Unfortunately,
the conversion efficiency is low due to the short length
of the crystal. How to improve conversion efficiency
and avoid GVM during a nonlinear parametric pro-
cess remains a challenge. With the emergence of a
domain reversal optical superlattice, a converted la-
ser pulse can be compressed from a chirped femto-
second laser through a nonlinear parametric process,
which is similar to chirped parametric amplification
for generation of a high-power laser. The utility of the
linearly and nonlinearly chirped gratings in quasi-

phase matching for pulse compression and shaping
by SHG has been demonstrated [5–9]. This technique
relies on the engineering ability of quasi-phase-
matched (QPM) gratings and allows compression of
pulses at half of the wavelength of seed pulses. In the
experiments reported in Refs. [5]–[9], unavoidable
sum-frequency mixing occurred during SHG of fem-
tosecond lasers. In addition, discrete domain reversal
gratings were used for SHG because of the difficulty
to fabricate continuous chirped gratings. As a result,
much spectra were not used for pulse compression. To
overcome this problem, a new procedure of designing
aperiodically QPM gratings to compress an optical
ultrashort pulse during SHG was reported previously
[10]. In this method, the length of the domain block is
fixed and can be selected artificially, so the difficulty
of poling can be alleviated in comparison with that of
chirped domain inversion gratings. Furthermore,
this method can be used with the input fundamental
pulse with arbitrary amplitude and phase. However,
GVM between the fundamental and the SH pulse is
still unavoidable, and the length of the crystal should
be restricted to a few millimeters when the duration
of the fundamental pulse is approximately hundreds
of femtoseconds.

We extend this design to the sum-frequency gen-
eration (SFG) and difference-frequency generation
(DFG) for wavelength shifts of optical ultrashort
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pulses. A continuous-wave laser with a sharp line-
width is employed together with a Ti:sapphire laser
during the SFG or DFG process. Because SFG be-
tween two interactive pulses during SHG is avoided
in this situation, the effect of GVM can be eliminated
and the conversion efficiency can be significantly en-
hanced with a relatively long crystal. Frequency con-
version of a femtosecond laser by DFG is discussed as
an example.

QPM gratings generally use sign reversal of the
nonlinear coefficient along the crystal length in a
periodic or aperiodic fashion [10,11]; i.e., mathemat-
ically, d�z� is a square wave whose amplitude is the
intrinsic nonlinear coefficient of the material deff. It
can be decomposed into spatial Fourier components
dm�z� with slowly varying amplitudes and phase:

d�z� � �
m���

��

dm�z� � �
m���

��

�dm�z��exp�iK0mz � i�m�z��.

(1)

We define a kind of grating that consists of a series of
congruent nonlinear crystal blocks. The polarization
direction of each block is determined by genetic algo-
rithms. By applying this method we show how it is
possible to design a QPM crystal that can be used to
produce a near-transform–limited DFG pulse with a
given wavelength.

2. Theories for Difference-Frequency Generation Pulse
Compression in Quasi-Phase-Matched Gratings

The frequency-domain envelope Âm�z, �m� is defined
as [6]

Êm�z, 	� � Âm�z, �m�exp��ik�	m � �m�z�, (2)

where the k vector is a function of frequency and
�m � 	 � 	m is the frequency detuning from the
optical carrier angular frequency 	m. We assume
plane-wave interactions, the slowly varying envelope
approximation, and the process of idler generation
from the input signal and pump waves in the unde-
pleted pump and unamplified signal approximation.
(Here and in the remainder of the paper we use sub-
script m � i, s, p to denote the idler, signal, and pump,
respectively.) In terms of frequency-domain enve-
lopes, we arrive at the following set of coupled-wave
equations from Maxwell’s equations in the frequency
domain:





z Âi�z, �i� � �i
�0	i

2

2ki
P̂NL�z, �i�exp�ik�	i � �i��z,

(3)





z Âs�z, �s� � 0, (4)





z Âp�z, �p� � 0. (5)

The nonlinear (NL) polarization is expressed as

P̂NL�z, �� � 2�0d�z��
��

��

Âs*�z, �� � ���Âp�z, ���

� exp�i�k�	s � � � ��� � k�	p � ����z	d��,
(6)

where we define � � �i � 	 � 	i, �� � 	� � 	p, and
use Âs*���� � Âs*���. From the Eqs. (3)–(6) we ob-
tain the signal, pump, and the output idler envelope:

Âs�z, �� � Âs�z � 0, �� � Âs���, (7)

Âp�z, �� � Âp�z � 0, �� � Âp���, (8)

Âi�L, �� � �i
�
0

L

d�z�dz�
��

��

d��Âs*��� � ��Âp����

� exp��i�k��, ���z�, (9)

where 
 � 2����ini�, �i is the idler wavelength, and ni

is the refractive index at the idler frequency and the
k-vector mismatch:

�k��, ��� � k�	p � ��� � k�	i � �� � k�	s � �� � ��.
(10)

We now assume that the pump is a cw monochro-
matic wave, i.e., its frequency-domain envelope is a
delta function [12],

Âp��� � Ep��� � 0�, (11)

where Ep is the amplitude of the pump wave. Substi-
tuting Eq. (11) into Eq. (9) we obtain

Âi�L, �� � �i
Âs*����Ep�
��

��

d�z�exp��i�k���z�dz,

(12)

where �k��� serves as the transform variable and is
defined as

�k��� � k�	p� � k�	i � �� � k�	s � ��. (13)

The kind of grating that we defined consists of
nonlinear crystal blocks, each with a length of l. Ad-
jacent crystal blocks can have the same or the oppo-
site nonlinear polarization direction. Figure 1 shows
the ideal boundary position of the nth crystal block.
But the ideal boundary departs from the original po-
sition, which could result from some typical but un-
controllable factors in the fabrication process. For
example, in electric-field poled lithium niobate, �l
can be the uniformly overpoled or underpoled domain
length at each domain boundary. In Section 3, we will
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report on the influence of the overpoled domain at
each domain boundary, when a cw pump beam and a
prechirped femtosecond pulse are launched into an
aperodically poled lithium niobate crystal. By opti-
mizing the domain structure, the generated idler
pulse has the same phase for different wavelengths.
It is naturally expected that the idler pulse can be
compressed.

3. Numerical Investigation and Discussion

We assume a cw monochromatic pump wave with
optical carrier frequency 	p and real (temporal peak)
amplitude Ep, since its frequency-domain envelope
can be represented as in Eq. (11). We also assume a
linearly chirped Gaussian signal pulse whose optical
carrier frequency is 	s and whose real amplitude is
Es. The time-domain envelope of the electric field that
corresponds to this pulse is

Bs�0, t� � Es

�0


�0
2 � iC1

exp��
t2

2��0
2 � iC1��. (14)

Using the frequency-domain envelope definition, we
obtain Âs��� for this pulse as follows:

Âs��� �
1


2�
Es�0 exp��1�2��0

2 � iC1��2�. (15)

According to Eq. (12), Âi��� is determined by the
modulated nonlinear coefficient d�z�, crystal length L,
and block numbers n. In our simulations, L and n are
fixed, so our target is to determine the best distribu-
tion of the signs of the nonlinear coefficient so that
the phase response is almost the same for all the
frequency components of idler waves and will lead
the output idler pulse to be compressed.

For the calculation we employed a cascading ge-
netic algorithm to search for the best distribution of
the sign of the nonlinear coefficient. To obtain a com-
pressed idler pulse with a higher conversion effi-
ciency and shorter pulse width, we should optimize
the phase of the idler pulse. We chose a variance of
different phases as the main objective function. The
variance (which is the square of the standard devia-
tion) can be described by

�2 �
1
n���1� �� �2

� ��2� �� �2
� · · · � ��n� �� �2�. (16)

In the simulations, the parameters of the input signal
pulse are taken as �0 � 24.0 fs (FWHM is 40.0 fs) and
C1 � 20�0

2. The center wavelength of the signal pulse
is 800 nm, the center wavelength of the pump pulse is
532 nm, the nonlinear optical crystal is lithium nio-
bate, and temperature T is 25 °C. The refractive in-
dex of lithium niobate for different wavelengths was
calculated from the Sellmeier data of Ref. [13]. The
length of grating L was 5 mm; the length of each
block l was chosen as 4, 5, and 8 �m, and d�z� was
optimized not only to make the phase response of the
idler wave almost the same at the output, but also to
make more frequencies meet QPM conditions.

Figure 2 shows the spectral amplitude and phase
of the compressed idler pulse. After optimization of
the domain inversion structure, the phase of the
generated difference-frequency pulse became rela-
tively uniform for the wavelengths from 1453 to
1818 nm. The calculated results also indicate that
the efficiency increases with the decline of the block
length. On the assumption that the generated idler
pulse is still a Gaussian profile, the ideal full width at
half-maximum (FWHM) duration for the transform-
limited pulse is calculated to be 56.3 fs at a wave-
length of 1588 nm. Our results, indicate that the
calculated idler pulse durations (FWHM) are 35.4,
36.0, and 36.3 fs, which are less than the transform-
limited value shown in Fig. 3. We note that the spec-
tral amplitude is relatively irregular, not a Gaussian
distribution, so the generated pulse can be even
shorter than the Gaussian transform-limited pulse.
It should be noted that, for pulse spectra from 1453 to
1818 nm, the ideal transform-limited pulse is approx-
imately 24.8 fs. The duration of a generated pulse is
still larger than an ideal transform-limited pulse be-
cause of phase and amplitude fluctuations. In addi-
tion, for fixed block length l, the longer the grating,
the higher the conversion efficiency.

In the fabrication process, the poling error is intro-
duced into the boundaries of each domain block. In
our simulation when an error domain length is added
to the boundary of a domain block, an equal amount

Fig. 1. (Color online) Schematic of pulse compression by DFG in
aperiodically poled lithium niobate.

Fig. 2. (Color online) (a)–(c) Spectral amplitude (solid curve) and
spectral phase (dotted curve) of the output idler pulse. The block
lengths of the grating are 4, 5, and 8 �m.
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of the length is subtracted from its adjacent domain
block, as shown in Fig. 1. Figure 4 shows the simu-
lation result for a grating that has overpoled domain
errors of �l�l � 10% and �l�l � 20%, and block
length l of the grating is 5 �m. The error we set is
reasonable by the current room temperature poling
technology. With the simulations, it is obvious in Fig.
4 that the compressed pulse is highly insensitive to
fabrication errors.

4. Conclusions

In conclusion, we have theoretically demonstrated an
analytical approach to the design of a domain inver-
sion grating that can compress idler waves during
difference-frequency generation. A cascading genetic
algorithm was used to optimize the distribution of the
nonlinear coefficient of each block to make the phase
response the same for frequencies within the spectra
of the input pulse. In our simulation, the ultrafast
pulse at the wavelength of 800 nm is shifted to
1580 nm by the DFG nonlinear process. We also sim-
ulated the influence of typical fabrication errors on
the converted pulse and found that it is fairly insen-
sitive.
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