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We propose a generalization of quasi-phase-matching of quadratic nonlinear processes that we call angular
quasi-phase-matching �AQPM�. It corresponds to a propagation of three collinear interacting electromagnetic
waves in a periodically poled nonlinear medium at any angle with respect to the grating vector. AQPM
directions are analyzed using groups theory.
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I. INTRODUCTION

Until the 1990’s, birefringence-phase-matching �BPM�
was the only way to obtain high conversion efficiency in
nonlinear media which were single crystals, mainly LiNbO3,
KH2PO4, KTiOPO4, �BaB2O4, and LiB3O5 �1�. However,
BPM forbids the access to the highest coefficient of the sec-
ond order electric susceptibility tensor. Such a limitation was
overcomed by using quasi-phase-matching �QPM� �2�, which
was initiated at the beginning of nonlinear optics and devel-
oped over the last fifteen years �3�. Nowadays, QPM is
mainly realized in LiNbO3 �3�, KTiOPO4 �4�, and GaAs �5�
crystals, where it is possible to periodically reverse the sign
of the second order nonlinear coefficients. Efficient devices,
based on periodically poled LiNbO3 �PPLN� or periodically
poled KTiOPO4 �PPKTP�, are now commercially available.
Meanwhile advances in the periodic poling process have led
to longer and larger PPLN or PPKTP samples, a continuous
tuneability of devices using these crystals is difficult to ob-
tain. In previous works, we showed that it is possible to
improve the QPM tuneability and beam quality by varying
the angle between the grating vector of the periodic poling
and the input laser beam axis, the PPLN and PPKTP samples
being cut as centimetric cylinders �6,7�. Up to now, the rota-
tion was limited to the plane orthogonal to the domains be-
cause the sample depth was too small, of about 500 �m in
PPLN and 1 mm in PPKTP. Progress in PPLN design has
continued since that time, and today we can prepare PPLN
samples with a more important depth of about 5 mm �8�.
This good result is an important issue, because it allows us to
use pump laser beams with a larger aperture, and so with a
higher energy. Moreover it provides a generalization of the
QPM concept, which can be realized in deep PPLN samples
at any angle with respect to the grating vector. We call this
scheme angular quasi-phase-matching �AQPM�. The present
paper is first devoted to the analysis of AQPM including
topology aspects. Then it is applied to second harmonic gen-
eration in PPLN in order to illustrate its potentiality.

II. MOMENTUM CONSERVATION

A. Collinear and noncollinear schemes

We are interested in three-wave nonlinear parametric in-
teractions occurring in a nonlinear medium where the sign of
the second order electric susceptibility is periodically re-

versed. In this case, the momentum conservation is given by
the following vectorial relation �2�:

k3
� − k1

� − k2
� − k�

� = 0� , �1�

where k�
� is the grating vector. k1

�, k2
�, and k3

� are the wave
vectors of the three interacting waves at the wavelengths �1,
�2, and �3, respectively, which are linked by the relation
�1

−1+�2
−1=�3

−1 corresponding to the energy conservation.
With also the momentum conservation, the nonlinear process
is optimized from the interferences point of view, since the
second order nonlinear polarization is in phase with the elec-
tric field of the wave radiated by the nonlinear polarization
itself.

Generally, QPM is achieved in only one direction of
propagation �one-dimensional �1D� access� that is along the
grating vector �3,4�. However, we have shown the ability to
propagate the three interacting waves in successive direc-
tions of the plane containing the grating vector �2D access�.
It was performed in a PPKTP optical parametric oscillator
�OPO� �6� as well as in a PPLN optical parametric generator
�OPG� �7� and has led to the broadest continuous spectral
tuneability that has been possible up to now. We also experi-
mentally observed that with 2D-access QPM, the signal,
idler and pump wave vectors remain collinear, and that even
for values of angles of propagation greater than 30° with
respect to the grating vector. This is a collinear scheme
which was effective in the PPKTP OPO �6�, but also in the
PPLN OPG where no resonator forced the signal and idler
beams to be generated collinearly to the pump one �7�. Our
observations were corroborated by the perfect agreement re-
ported between the calculation of the tuning curves using a
collinear scheme and the experimental data recorded in both
OPO and OPG �6,7�. Obviously, a noncollinear scheme,

where k1
�+k2

�, k3
�, and k�

� are not collinear as shown in Fig. 1,
was also used for the previous calculations based on the the-
oretical developments of Ref. �3�. We found the same tuning
curve of the 2D-access QPM in PPKTP using the collinear or
noncollinear schemes �6�. Then according to the typical
wavelength dispersion of the refractive indices of PPKTP,
the authorized angles between the three interacting vectors
are usually very small, so that the noncollinear scheme is
similar to the collinear one, which is also true for PPLN.
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B. Collinear AQPM

We propose to generalize 2D-access QPM to a 3D-access
QPM that we called AQPM, the grating vector being along
the x axis as shown in Fig. 2�a�. In the case of 2D-access
QPM, the directions of propagation are located in the x-y
plane of the PPLN or PPKTP crystals only. However, AQPM
corresponds to the case where any direction of propagation
with respect to the grating can be considered, the wave vec-
tors of the three interacting waves being collinear each to the
others as shown in Fig. 2�b�. The possibility of a collinear
scheme for 2D- or 3D-access QPM at oblique incidence with
the grating vector can be easily understandable by succes-
sively considering the two first domains of the periodically
poled medium. Any optical parametric interaction can be
considered, and sum-frequency generation is taken as an ex-
ample here. The two incident waves at the circular frequen-

cies �1 and �2, with the wave vectors k1
� and k2

� collinear
each to the other and perpendicularly to the input surface of
the crystal, are both refracted into the first domain in the
same direction, without any deviation according to the Snell
law. Thus the nonlinear polarization wave, whose wave vec-

tor is k1
�+k2

�, propagates in the same direction. If this direc-
tion is not a phase-matching direction, there is a phase mis-

match �k� between the nonlinear polarization and the radiated
wave at �3=�1+�2, whose wave vector can be expressed as

k3
�= �k1

�+k2
��+�k�. Then by taking into account only the radi-

ated field that is collinear to the nonlinear polarization, the
previous vectorial relation reduces to a scalar one, where

�k�� ,��=k3�� ,��−k1�� ,��−k2�� ,�� is the phase mismatch
in the direction of propagation with the unit vector s��� ,��,
where �� ,�� are the angles of spherical coordinates. Actu-
ally, since only one domain is considered, these consider-
ations are exactly the same ones used in a homogeneous
medium �2�. Furthermore, between the first and second do-
mains, there is no discontinuity of the values of the refractive
indices, the periodic poling affecting only the sign of the
second order electric susceptibility. As a consequence, the
three interacting waves are refracted into the second domain
in the same direction than that of the incident ones, and this
is true for any value of the angles between s��� ,�� and the
grating vector. So the three interacting waves are still collin-
ear, and the phase mismatch of the first domain remains the
same in the second one. The general idea of QPM is then to
use the coherence length, i.e., lc= 	

�k , of the considered inter-
action as equal to the length of each domain in order to get
phase matching between the nonlinear polarization and the
radiated field at each interface between domains �2�. This
length has obviously to be taken in the direction of propaga-
tion of the waves s��� ,��. Thus the periodicity to consider is
not �, which is along the grating vector k��, but it has to be
the effective periodicity ��� ,��=2lc�� ,��= � �

sin � cos � � along
s��� ,��, corresponding to an effective grating vector
k���� ,��= 2	

���,��s��� ,��. Then the vectorial relation �1� re-

duces to the following scalar equation:

n3��,��
�3

−
n1��,��

�1
−

n2��,��
�2

−
1

���,��
= 0. �2�

Note that Eq. �2� corresponds to AQPM that is a 3D-access
QPM. Thus it is also valid in the two classical QPM cases:
2D access in the xy plane, i.e., ���=90° ,��= � �

cos � � �6,7�,
and 1D access along the x axis, i.e., ���=90° ,�=0° �=�
�2,3�. It is valid in BPM, corresponding to �→
.

Equation �2� shows that the angular tunability over � and
� induces a tunability of the refractive indices ni�� ,�� as
well as of the effective periodicity ��� ,��. This provides
two useful degrees of freedom which increase the potential-
ity of optical parametric interactions as it is shown in the
following sections.

III. CONFIGURATIONS OF POLARIZATION
AND EFFECTIVE COEFFICIENT

Due to the implication of 1
���,�� in Eq. �2�, there are no

restrictions, contrary to the case of BPM, dealing with the
possible combinations of refractive indices when combining
Eq. �2� with �1

−1+�2
−1=�3

−1 corresponding to energy conser-
vation. Since for each wave i there are two possible values of
the refractive index ni

+ and ni
− that are given by the solutions

of Fresnel equation �8�, then 23 combinations are possible:
type I �n3

− ,n1
+ ,n2

+�, type II �n3
− ,n1

− ,n2
+�, type III �n3

− ,n1
+ ,n2

−�,
type IV �n3

− ,n1
− ,n2

−�, type V �n3
+ ,n1

+ ,n2
+�, type VI �n3

+ ,n1
− ,n2

+�,
type VII �n3

+ ,n1
+ ,n2

−�, and type VIII �n3
+ ,n1

− ,n2
−�. Of course, in

the case of BPM, corresponding to �→
, only three types
are possible: Types I, II, and III, corresponding to the usual
case of a normal dispersion, i.e.,

�ni

�� �0 �9�.

FIG. 1. Noncollinear AQPM; k�
� is the grating vector; k1

�, k2
�, and

k3
� are the wave vectors of the three interacting waves.

(a) (b)

FIG. 2. Collinear AQPM configuration. �a� Scheme of the peri-
odically poled medium where � is the inverting periodicity; s� is the
unit vector of the direction of propagation of the three interacting
waves; the angles � and � are the angles of spherical coordinates in
the dielectric frame �x ,y ,z� of the direction of propagation; � is the
angle between the direction of propagation s� and the x axis. �b�
k�
���� is the effective grating vector in the direction of propagation,

and k1
�, k2

�, and k3
� are the wave vectors of the interacting waves.
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The eight types of AQPM exhibit different conversion
efficiencies due to different angular and spectral acceptances,
and also to different effective coefficients. The effective co-
efficient is defined as

eff = �e3
� � e1

� � e2
�� · �2�. �3�

e1
� ,e2

�, and e3
� are the unit electric field vectors of the three

interacting waves and �2� is the second order electric sus-
ceptibility tensor, ��� and �·� being tensorial and contracted
products, respectively. The acceptances and effective coeffi-
cients depending on the direction of propagation, it is then of
prime importance to consider any direction of propagation in
order to select the most potential one. Note that the configu-
ration of polarization classically used in the case of 1D or 2D
access in PPLN or PPKTP is type IV because the corre-
sponding effective coefficient reduces to 33 that is the high-
est nonlinear coefficient �3,4,6,7�. However, the associated
spectral acceptance is not so high, which can reduce the con-
version efficiency when the parametric interaction is
achieved in the femtosecond regime. Furthermore, it has
been shown that using, for example, type I instead of type IV
allows the emission bandwidth of QPM SHG in MgO-doped
PPLN to be enlarged by a factor of about 4, the involved
nonlinear coefficient being 31 �11�.

IV. SYMMETRY AND TOPOLOGY ANALYSES

A. Symmetry groups

The symmetry of the space of solutions of the AQPM
angles SAQPM�� ,�� formed by all the AQPM directions, can
be determined on the basis of groups theory, by considering
the group of orientation symmetry of the four angular func-
tions of Eq. �2�. The surface corresponding to the function

1
���,�� belongs to the infinite symmetry group G�=

A

x

m 
m, as

shown in Fig. 3�a�. This is also the group of the cylinder, and
it is one of the seven groups of infinite symmetry �12�: A


x

means that the surface remains unchanged by a rotation of

any angle around the x axis, which is collinear to the grating
vector; m is a symmetry mirror orthogonal to the x axis; and

m means that there are an infinity of mirrors containing the

x axis. The angular distributions of functions
ni��,��

�i
, with i

=1, 2 and 3, in Eq. �2� are related to the index surface, which
is a double-layer surface, at the wavelengths �i �9�. We re-
strict our discussion here to periodically poled uniaxial crys-
tals, then the index surface is made of an ordinary and ex-
traordinary layers: The ordinary layer is a sphere of radius
no�� ,��=no for any value of � and �, while the extraordi-
nary layer is a revolution ellipsoid around the z axis, i.e.,
ne

−2�� ,��=cos �2no
−2+sin �2ne

−2 for any value of �, no, and ne

being the ordinary and extraordinary principal refractive in-
dex, respectively. The ordinary layer belongs to the infinite
symmetry group of the sphere Go=

A



m 
m �12�: A
 is an
infinite symmetry axis with any orientation with respect to
the dielectric frame, and 
m means that there is an infinity of
mirrors. The extraordinary layer has the cylinder symmetry

Ge=
A


z

m 
m, where A

z is the infinite symmetry axis along the

z axis. Note that Ge and G� only differ from the orientation
of their infinite symmetry axis. Two cases are distinguished
according to the relative values of no and ne which determine
the optical sign of a uniaxial crystal: In a crystal with a
negative optical sign, which is the case of PPLN, �n+ ,n−�
��no ,ne� as shown in Fig. 3�b�, and a positive optical sign
corresponds to �n+ ,n−���ne ,no�.

B. Topology of the AQPM directions

In the same order of idea than Neumann principle and
Curie laws �12�, the symmetry group GAQPM of the angular
quasi-phase-matching space of solutions SAQPM�� ,�� is
given by the intersection between the symmetry groups G1,

G2, G3, and G� of the four surfaces
n3��,��

�3
,

n1��,��

�1
,

n2��,��

�2
, and

1
���,�� , of Eq. �2�. Then GAQPM is written as

GAQPM = G3 � G1 � G2 � G�. �4�

The intersection between the groups of orientation symmetry
is given by the symmetry elements that are common to all
the groups. Three different groups are involved: G� on one
hand, and Go or Ge, for G1, G2, and G3, on the other hand,
the overall intersection leading to two different groups as
shown in the following subsection. When the three interact-
ing waves are ordinary polarized, which corresponds to
AQPM types IV in a positive uniaxial crystal and type V in
a negative one, then G1=G2=G3=Go. This group having the
highest degree of symmetry, it includes all the symmetry
elements of G�, and Eq. �2� reduces to G� itself, i.e.,

GAQPM=G�=
A


x

m 
m. In this case, the resolution of Eq. �2�
leads to AQPM directions that form a cone which the revo-
lution axis is the x axis corresponding to the grating vector. It
is shown in Figs. 4�a� and 4�b� giving to representations in a
3D space and in a Wülf diagram, respectively. This topoly of
the AQPM space of solutions can be also obtained from the
direct intersection of the four surfaces representing the four
terms in Eq.�2�, which reduces to the intersection between
the surfaces of Figs. 3�a� and 3�b�. As in the case of BPM,

(a) (b)

FIG. 3. �a� Angular distribution of 1
���,�� ��m−1� ;A


x is the in-

finite symmetry axis along the x axis that is the grating vector; m
stands for the symmetry mirror orthogonal to the A


x axis; all the
mirrors are not indicated for more legibility. �b� Ordinary and ex-
traordinary layers of the index surface of a negative uniaxial crystal;
no and ne are the ordinary and extraordinary principal refractive
indices, respectively; all the possible mirrors are not indicated for
more legibility.
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the existence of loci of AQPM directions depends on the
wavelength dispersion of the refractive indices of the consid-
ered crystal �10�.

For all the other configurations of polarization, that is to
say AQPM types I, II, III, IV, VI, VII, and VIII in negative
uniaxial crystals, and AQPM types I, II, III, V, VI, VII, and
VIII in positive uniaxial crystals, there is at least one extraor-
dinary wave, belonging to Ge. Therefore the intersections of
the symmetry groups of Eq. �4� reduce to the three symmetry
mirrors that are orthogonal to the principal axes of the di-
electric frame. Then GAQPM=mmm, which is a finite symme-
try group of the orthorhombic system. The calculation of the
corresponding AQPM directions from Eq. �2� leads to three
possible topologies. They can be distinguished by their inter-
sections with the principal planes xy, xz, and yz, as shown in

Table I: The AQPM directions layer can join xz and xy or yz
planes, as well as two directions of the xz plane, according to
the polarization states of the interacting waves. The different
behaviors of the eight AQPM types are due to specific in-
equalities between refractive indices that are imposed by Eq.
�2�. For example, a hypothetical type-VI AQPM direction
layer joining the xz and yz planes in a negative uniaxial

crystal would impose � n1
o

�1
+

n2
o

�2
��

n3
o

�3
� � n1

e

�1
+

n2
o

�2
�: It is in contra-

diction with normal wavelength dispersion law, i.e.,
n3

o

�3

� � n1
o

�1
+

n2
o

�2
�, so that the considered topology is not allowed

with type VI for a negative optical sign. Table I also indi-
cates that the symmetry group of the topology corresponding
to a junction between xz and xy planes depends on the con-

figuration of polarization: It is
A


x

m 
m in the case of an
�o o o� configuration, and mmm for all the other configura-
tions of polarization.

The results discussed above illustrate the breaking of
symmetry in a uniaxial crystal induced by the grating of the
periodical poling well: In the case of BPM, for which there is
no grating ��→ 
 �, the BPM directions form a cone of revo-
lution around the z axis only, whatever the optical sign �10�.
In this case, the space of solutions belongs to the same sym-

metry group than that of the index surface, i.e.,
A


z

m 
m, where
A


z is an infinite symmetry axis along the z axis. The three
possible AQPM topologies shown in Table I, corresponding
to the cases where an extraordinary polarized wave at least is
involved, also show the breaking of the symmetry of the
uniaxial crystal: Actually, the three topologies have the same
behaviors than three of the five possible loci of BPM in
biaxial crystals �9�. This topological similarity is not surpris-
ing since the symmetry groups of the space of solutions are
the same in the two cases, i.e., the orthorhombic group mmm.

TABLE I. Summary of the possible topologies represented in a Wülf diagram and corresponding sym-
metry groups of AQPM loci according to the type. The two possible optical sign of a periodically poled
uniaxial crystal are considered with a grating vector along the x axis and a normal wavelength dispersion; �o�
and �e� denote the ordinary and extraordinary polarizations, respectively; �abc�, with a, b, and c standing for
o or e, is the configuration of polarization corresponding to the wavelengths sequence ��3 �1 �2�; no and ne

are the ordinary and extraordinary principal refractive indices, respectively; � means that no AQPM direc-
tions are allowed.

(a) (b)

FIG. 4. Conical distribution of the AQPM directions corre-
sponding to ordinary polarized interacting waves in a periodically
poled uniaxial crystal. �a� The 3D representation where the arrows
denote some AQPM directions; �x ,y ,z� is the dielectric frame; A


x is
the infinite symmetry axis along the grating vector; m stands for the
mirror orthogonal to the x axis. �b� The corresponding representa-
tion in a Wülf diagram, where � and � are the angles of spherical
coordinates in the dielectric frame; the continuous line corresponds
to the AQPM cone while each dashed lines denotes loci with the
same value of � or �.
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V. SECOND HARMONIC GENERATION IN PPLN:
COMPARISON BETWEEN AQPM AND BPM,

1D- AND 2D-ACCESS QPM

In order to illustrate the potentiality of AQPM, we com-
pared the tunealibility and spectral acceptances of AQPM
with BPM and classical QPM in the case of second harmonic
generation �SHG� in a periodically poled negative uniaxial
crystal: 7%MgO:PPLN with a grating period �=15 �m.

A. Tuneability

The SHG AQPM space of solutions corresponding to the
different types were calculated from Eq. �2�, by setting �1
=�2 ����� and by using the dispersion equations of
7%MgO:PPLN given in Ref. �13�. Note that types-II and III
SHG are equivalent since �1=�2, the situation being the
same for types VI and VII. Calculated type-I SHG AQPM
curves � versus � are given in Fig. 5�a� for four values of ��.
Figure 5�b� gives type-I SHG AQPM curves �� versus � for
three values of �. We found that type-I SHG AQPM is al-
lowed for fundamental wavelengths ranging between 905
and 5400 nm, the upper wavelength limit being imposed
here by the upper limit of the transparency range of the stud-
ied material only. The SHG AQPM spectral range was cal-
culated for types II–VIII. It is summarized in Table II.

Table II also gives a comparison between AQPM and
BPM in 7%MgO:PPLN by using the same equations of dis-
persion �13�. Then type I BPM is the only one giving solu-
tions according to the equations of dispersion: we found the
possible values of �� ranging between 1050 and 3400 nm.
The corresponding tuning curve �� versus � is the same one
than that of AQPM in the y−z plane ��=90° � of Fig. 5�b�,
since the periodicity in that plane is �=
 for any value of �.
Note that the effective coefficient, which is given by Eq. �3�,
is the same for AQPM and BPM: it is reported in Table III
for each of the eight types of SHG.

In the case of 1D-access QPM, the wavelength tuneability
is achieved by propagating the interacting waves in a single
direction of a multigrating or single-fan-shaped-grating crys-

TABLE II. Comparison between BPM and AQPM topologies and spectral range of 7%MgO:PPLN with
a grating period of �=15 �m. �o� and �e� denote the ordinary and extraordinary polarizations, respectively.
�� and �2� are the fundamental and second harmonic wavelengths, respectively. X means that there are no
BPM or AQPM solutions using the wavelength dispersion equations of the refractive indices of
7%MgO:PPLN of Ref. �13�. � means that BPM types are not allowed.

(a) (b)

FIG. 5. Type I SHG AQPM � and � angles in 7%MgO:PPLN
calculated for different fundamental wavelengths �� from the dis-
persion equation of Ref. �13� using a grating period �=15 �m. �a�
� versus � for four values of ��; dot A corresponds to a direction
allowing AQPM for ��=1064 nm as well as ��=5400 nm. �b� �
versus �� for propagations at �=0° �continuous line�, �=45°
�doted line�, and �=90° �dashed line�; dots O, O�, and O� corre-
spond to ��

���
=0.
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tal �14,15�. With a periodicity �=15 �m, the fundamental
wavelengths of the different types of 1D-access QPM SHG
are the lower limits of the wavelength ranges found for
types-I, IV, V AQPM, i.e., 905, 1400, and 1510 nm, respec-
tively, and the two limits of types-VI=VII AQPM: 2490 and
4640 nm, as shown in Table II. Practical tunable 1D-access
QPM devices are classically based on type IV. Then period-
icities ranging between 4.2 and 30.7 �m must be considered
in order to cover the same spectral range than that of AQPM,
i.e., from 905 to 5400 nm, using the dispersion equations of
Ref. �13�; however, periodicities lower than 15 �m over a
depth of few millimetres are not still available.

Since 2D-access QPM, which corresponds to an angular
tuneability in the x-y plane, is included in AQPM, their com-
parison is also directly possible from Table II. 2D-access
QPM is possible when the AQPM cone joins the x-y plane
with another one. Thus Table II shows that 1050–3400 nm is
the only wavelength range for type-I 2D-access QPM to be
forbidden in 7%MgO:PPLN. Nevertheless type-II, III, and
VIII 2D-access QPM have a nil effective coefficient accord-
ing to Table III, since �=90° and ��,2�=0° in the x-y plane.
As a consequence, the associated conversion efficiency is nil
for these three types, even if the momentum conservation is
achieved. Furthermore, since zzz is of about one order of
magnitude greater than the other coefficients, it is obvious
that type IV is the more interesting one �3,6�. However,
type-IV 2D-access QPM is forbidden at fundamental wave-
lengths located below 1400 nm in 7%MgO:PPLN, while
type-I AQPM is allowed until 905 nm.

B. Spectral acceptance

A wide spectral acceptance is necessary to achieve fre-
quency conversion in the femtosecond regime. The behavior

of the AQPM tuning curves � versus �� of Fig. 5�b� can
easily give an idea of the evolution of the spectral acceptance
L��� as a function of ��. Indeed, the spectral acceptance,
which is defined as the full width ��� at 0.405 of the maxi-
mum of the curve sin c2��kL /2� versus ��, is directly linked
to the derivative of the AQPM tuning curve ��

���
. The three

curves of Fig. 5�b�, relative to type-I AQPM in the planes at
�=0° �x-z plane�, �=45° and �=90° �y-z plane�, all exhibit
a vertical slope, and thus a maximal value of L���, at a
given value of ��; these values are, respectively, 2310 nm
�dot O�, 2230 nm �dot O��, and 1910 nm �dot O��. The cor-
responding calculated values are 117, 119, and 86 nm cm.
The spectral acceptance decreases from either sides of each
of these wavelengths, the minimal values being reached at
the lower and upper limits of the AQPM spectral range. It is
shown in Fig. 6 with the example of a propagation at �
=0°: The fundamental wavelength range corresponds to a
rotation of the 7%MgO:PPLN crystal in the x-z plane, from
�=90° for ��=905 nm, to �=24° for ��=2310 nm, accord-
ing to the dashed curve of Fig. 5�b�. Note that dots O, O�,
and O� denote noncritical AQPM situations with respect to
wavelength, while it is critical from the angular point of
view.

As explained above, the tuning curve of type-I BPM is
given by type-I AQPM in the y-z plane ��=90° �. Thus the
corresponding spectral acceptances are the same for both of
them, i.e., L���=86 nm cm, which is lower than the values
of type-I AQPM performed out of the y-z plane.

We calculated the spectral acceptance L��� of 1D-access
QPM of type-IV SHG over the possible wavelength range in
a multigrating PPLN, with a grating periodicity ranging be-
tween 15 and 30.7 �m, in the fundamental wavelength range
1400–5400 nm. The corresponding curve, which is given in
Fig. 6, exhibits a maximal value of 207 nm cm at 2575 nm,
which corresponds to a grating periodicity �=30.7 �m. This

TABLE III. SHG effective coefficient of PPLN corresponding to
all the possible configurations of polarization for AQPM and BPM.
Types IV, V, VI, VII, and VIII are not allowed for BPM. The coef-
ficients ijk are the independent elements of the second order elec-
tric susceptibility tensor of PPLN. �� and �2� are the double refrac-
tion angles at the fundamental and second harmonic circular
frequency, respectively.

Types
�2� :� ,��

eff
�2�

I
�e o o�

yyy cos��+�2��sin ��1−4 cos2 ��+zxx sin��+�2��

II=III
�e e o�

yyy cos��+�2��cos��+���cos ��4sin2 �−1�

IV
�e e e�

−yyy cos��+�2��cos2��+���sin ��1−4 cos2 ��
��xzx+xxz�cos��+�2��sin��+���cos��+���+

zxx sin��+�2��cos2��+���+zzz sin��+�2��sin2��
+���

V
�o o o�

yyy cos ��1−4 sin2 ��

VI=VII
�o e o�

yyy cos��+���sin ��1−4 cos2 ��+xzx sin��+���

VIII
�o e e�

yyy cos��+�1�cos��+�2�cos ��4 sin2 �−1�

FIG. 6. Spectral acceptance L��� of SHG in 7%MgO:PPLN
calculated as a function of the fundamental wavelength �� from the
dispersion equation of Ref. �13�. The continuous line curve corre-
sponds to type-I AQPM in the x-z plane of a single-grating crystal
with a period �=15 �m rotated from �=24° and �=35°. The
dashed line curve refers to type-IV 1D-access QPM along the x axis
in a multigrating crystal from �=15 to 30.7 �m, and to a type-IV
2D-access QPM in the x-y plane of a single-grating crystal with a
period �=15 �m rotated from �=0° and 29°. Dots B and C refer
to the intersection between the two curves.
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curve is also that of type-IV 2D access in single-grating
PPLN with a periodicity �=15 �m, corresponding to a ro-
tation of the crystal from ��=90° ,�=0° � to ��=90° ,�
=29° � using ��� ,��= � �

cos� �. This maximum is linked to a
vertical slope of the 1D-access QPM curve �� versus �, and
of the 2D-access QPM curse �� versus �. Figure 6 shows
that type-I AQPM exhibits a wider spectral acceptance than
type-IV 1D- or 2D-access QPM for fundamental wave-
lengths ranging between 2000 nm �dot B� and 2420 nm �dot
C�. However, type-IV 1D- or 2D-access QPM are better than
type-I AQPM for fundamental wavelength bigger than
2420 nm. For this latest range, it is obviously more advanta-
geous to use 1D- or 2D-access QPM. Below 2420 nm, the
choice between 1D- or 2D-access QPM and AQPM depends
on the request: In term of conversion efficiency, 1D- or 2D-
access QPM will be more advantageous than AQPM because
the low spectral acceptance will be compensated by the high
effective coefficient; however, in terms of the duration of the
pulse, it will be better to use type-I AQPM, since the wave-
length spreading will be preserved.

VI. CONCLUSION

As a conclusion, we introduced AQPM, which is a gener-
alization of QPM using a single grating. We proposed a to-
pological description of the space of solutions which shows
that the AQPM loci depend on the symmetries of the index
surface and of the grating. This study also shows that by
combining QPM and birefringence, AQPM provides addi-
tional degrees of freedom to tune optical parametric interac-
tions, leading to spectral ranges and acceptances compared
with BPM 1D- and 2D-access QPM. For example, calcula-
tions performed in the case of SHG of 7%MgO:PPLN well
show that AQPM can significantly enlarge the possible
wavelengths range of the parametric processes. In addition to
this example, it will be important to perform calculations for
other interactions, in particular for optical parametric oscil-
lation. The same approach can also be applied to other peri-
odically poled ferroelectric crystals, such as PPKTP �4�, iso-
tropic crystals, such as orientation-patterned GaAs �5� and
ZnSe �16�, or photonic crystals �17,18�.
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