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An aperiodic optical superlattice is designed. The designing method is universal and can be applied
to all frequency conversion processes by using the coupling of quasiphase matching, without any
limitations to special materials and to given fundamental wavelengths. ©2001 American Institute
of Physics. @DOI: 10.1063/1.1381569#

Nonlinear optical frequency converters are attractive
sources of coherent radiation in applications for which laser
sources are unavailable or for which a wide tunable range is
needed. In the optical frequency conversion process, the
wave vector conservation involves light waves with different
wavelengths. In that case, the wave vector conservation is
just the so-called phase-matching condition. The phase mis-
match between the interacting waves can be compensated
using the birefringence phase-matching~BPM! method. An-
other promising technique is quasiphase-matching~QPM! re-
alizable in periodic,1 quasiperiodic,2 and aperiodic3,4 super-
lattices.

It is well known that the key of QPM is to construct a
structure that provides reciprocal vectors to compensate for
the mismatch. It is easy to find the reciprocal vectors of a
structure by Fourier transformation. For example, the Fourier
spectrum of 1D periodic optical superlattice~POSL! is5

FPOSL~x!5(
m

f m exp~ iGmx!, ~1!

where

Gm5
2pm

L
, ~2!

f m5
2

mp
sinS mp

2 D . ~3!

POSL structure can provide a series of reciprocal vectors,
each of which is an integer times a primitive vector. Com-
pared with the periodic structure, a 1D quasiperiodic optical
superlattice~QPOSL! has a low space group symmetry, its
Fourier spectrum is2

FQPOSL~x!5(
m,n

f m,n exp~ iGm,nx!, ~4!

where
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Xm,n5pD21t2~mlA2nlB!, ~7!

D5t l A1 l B , ~8!

wherem and n are integers,D is an average structural pa-
rameter,l is an important adjustable parameter,l A and l B are
the elementary components, andt the golden mean (1
1A5)/2.

From the above analysis, for POSL and QPOSL, the re-
ciprocal vectors are distributed discretely. Thus POSL and
QPOSL can only be used for single QPM processes such as
second harmonic generation~SHG! or high-harmonic gen-
eration at some specific wavelength. The aperiodic superlat-
tice ~APOSL! has the structure different from both POSL and
QPOSL. Several APOSL structures have been reported,
which has the advantage either for increasing the wavelength
acceptance bandwidth or for pulse compression. Another ad-
vantage of APOSL is that its reciprocal vectors can be de-
signed according to the needs. Furthermore, the relative
magnitude of the Fourier coefficients can be adjusted artifi-
cially. All of these make the APOSL much more flexible for
practical use. Here, in this article, a general designing
method of APOSL will be proposed. As an example, an
APOSL for third harmonic generation~THG! at 1.064mm
will be discussed.

Before describing the APOSL, it should be emphasized
that for any optical superlattice, its structure can be com-
pletely determined by a structure function. The structure
function only takes11 or 21, representing two inverse po-
larization directions in ferroelectric. Two functions will be
used below, which must be defined beforehand. The first is
f loor(x), equal to the greatest integer<x, and the other is
ceil(x), equal to the smallest integer>x.

First, the structure function of POSL is given as

FL~x!5122 f loorS 2x

L D14 f loorS x

L D , ~9!

where L is the period.G152p/L is one of its reciprocal
vector. Then, an aperiodic superlattice is defined as

H~x!5 f L
S f loorS x

dD1ceilS x

dD
2

•dD , ~10!

with the width of its smallest domain being,

d5s
L

2
, ~11!
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wheres is an adjustable parameter. The spectra of POSL and
APOSL are compared in Fig. 1, whereL57.839mm, s
5&/2. It can be seen that the spectrum of APOSL thus de-
fined contains the reciprocal vectorG152p/L.

The Fourier coefficientf of G1 is determined by the
structure parameters. The functionf 5 f (s) is shown in Fig.
2. When neithers nor 1/s is an integer,

f ~s!5
4

sp2 sinS sp

2 D ~12!

otherwise,

f ~s!5H 2

sp
sinS sp

2 D , s>1

2

p
, s,1.

~13!

The APOSL structure is degenerated to POSL structure, as
can be seen from Eq.~11!, and the Fourier coefficient related
are singularities as shown in Fig. 2.

The APOSL thus defined can only be used for single
parametric processes such as SHG, sum frequency genera-
tion ~SFG!, and optical parametric oscillation~OPO!. For
frequency conversion involving two parametric processes
such as THG, the situation becomes more complicated. THG
is generated through two processes: the first one the SHG
and the second the SFG. The wave equations describing the
THG is given by6

dA1

dx
52 ik2A3A2* exp~2 iDk2x!

2 i2k1A2A1* exp~2 iDk1x!,

dA2

dx
52 ik2A3A1* exp~2 iDk2x!2 ik1A1

2 exp~ iDk1x!,

~14!

dA3
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52 ik2A2A1 exp~ iDk2x!,

wherek1 , k2 are two coupling coefficients
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and

Ai5Ani

v i
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Dk15k222k12G1 , ~18!

Dk25k32k22k12G2 . ~19!

Wheren1 , n2 , andn3 are the refractive indices of the fun-
damental, SHG and THG, respectively,v1 , v2 , andv3 are
the angular frequencies of the fundamental, SHG, THG, and
c is the speed of light in the vacuum.k1 , k2 , andk3 repre-
sent the wave vector of the fundament, SHG and THG, re-
spectively.Dk1 , andDk2 are the phase mismatches in SHG
and the sum frequency generation process, respectively.G1

FIG. 1. Comparison between the Fourier spectra of POSL and APOSL.~a!
The Fourier spectrum ofFL(x) and ~b! the Fourier spectrum ofH(x).

FIG. 2. Relation between the structure parameters and the Fourier coeffi-
cient u f (s)u.

FIG. 3. Comparison of the Fourier spectra of three APOSLs.~a! H1(x), ~b!
H2(x), and~c! H3(x).
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and G2 are the reciprocal vector being used to compensate
the mismatch of SHG and SFG, andf 1 and f 2 are the related
Fourier coefficients.

Since there are two parametric processes involved in
THG, two APOSLs should be defined

H1~x!5FL1
S f loorS x

d1
D1ceilS x

d1
D

2
d1
D for SHG,

~20!

H2~x!5FL2
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2
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~21!

with

d15s1

L1

2
, L15

2p

k222k1
, ~22!

and
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2
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2p
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. ~23!

For LiTaO3 with the fundamental wavelength atl
51.064mm and at room temperature,L1 and L2 can be
calculated,L157.839mm, L252.174mm. If d is chosen to
be 3.3mm, thens150.842, ands253.036.

Based on the above definition, an aperiodic structure
H3(x) for THG can be defined, which is

H3~x!5H2~x!1S f loorS f loorS x

dDg D
2 f loorS ceilS x

dDg D D ~H2~x!2H1~x!! ~24!

here,g is a very important structure parameter, its range is
0,g,1.

By Fourier transform, two vectors,G1 for SHG andG2

for SFG can be found with the related coefficients beingf 1

5g f (s1) and f 25(12g) f (s2), respectively. From Eqs.
~21! and ~22!, we can get
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k25
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c
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Changingg, we can change the relative magnitude ofk1 and
k2 . Accordingly, the ratio of coupling coefficientd
5k1 /k2 is changed. The relation betweend andg is

g5

2ds1UsinS ps2

2 D UA3n1

2ds1UsinS ps2

2 D UA3n11s2UsinS ps1

2 D UAn3

. ~27!

As is reported, when the ratio of coupling coefficientd
'0.4429, the conversion efficiency of THG is highest.6

Thus,g is calculated to be 0.295. Figure 3 shows the com-
parison of Fourier spectrum ofH1(x), H2(x), and H3(x).
Compared with those ofH1(x) andH2(x), the Fourier spec-
trum of H3(x) is more complex, which includes all the re-
ciprocal vectors emerged in the two formers. Figure 4 shows
the relation of energy conversion of three waves in APOSL.
The conversion efficiency of THG can be above 90%. Com-
paratively, the THG conversion efficiency of a QPOSL has
been shown in Fig. 5, which is about 60%.7

What has been described above is taken an aperiod
LiTaO3 superlattice as an example for direct THG. It must be
emphasized that the method is universal, without considering
special material and incidental wavelengths. Equations~20!–
~24!, and~27! are applicable to all two-frequency conversion
processes.
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FIG. 4. Conversion efficiency of THG in APOSL. FIG. 5. Conversion efficiency of THG in QPOSL.
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