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We show that transverse engineering of quasi-phase-matched geometries can be used to tailor the spatial
mode function that describes the quantum state of photon pairs generated in spontaneous parametric downconversion. We study several geometries and reveal how properly engineered gratings affect, in particular,
the spatial correlations embedded in two-photon entangled states. © 2004 Optical Society of America
OCIS codes: 270.5290, 190.4410.

Spontaneous parametric downconversion is a reliable
source of photons with entangled properties. The
two-photon states that it generates exhibit spatial
entanglement embedded in the corresponding mode
function, thus yielding entanglement in an infinitedimensional Hilbert space. For example, the spatial
structure of the mode functions of entangled signal
and idler photons forms the basis of multidimensional
quantum imaging1 – 3 or can be used to increase the efficiency of multidimensional quantum communication
protocols. Thus, controlling the spatial characteristics of photons is an issue of paramount importance.
In some cases, such a goal can be achieved by manipulation of the properties of the light beam that
pumps the downconverting crystal.1,4 Here we add
a new strategy to the toolkit, which is based on the
proper preparation of the downconverting crystal,
namely, on spatial quantum-state manipulation by
quasi-phase-matching engineering.
Quasi-phase matching is a major alternative to conventional phase matching in many current applications
of optical parametric processes.5 In quantum optics,
counterpropagating entangled photons generated
in homogeneous quasi-phase-matched (QPM) waveguides have been shown to generate tunable frequency
entanglement with a largely reduced bandwidth.6
Moreover, waveguide modes have been shown to provide new means to control the spatial characteristics
of photons.7 However, one of the key properties of
quasi-phase matching is its potential to tailor the effective phase matching in the form of complex geometries.
Thus, longitudinal modulation of the nonlinearity has
been shown to strongly affect the spatiotemporal properties of entangled photon pairs.8 Here we introduce
a scheme that allows the spatial mode function of the
two-photon state to be controlled by making use of
transversely patterned QPM gratings. The scheme is
valid in both bulk and waveguide configurations and
in photonic crystal geometries. Such QPM patterns
are used in classical nonlinear optics, e.g., for beam
shaping in parametric processes9 – 11 and in spatial
soliton switching.12 Transverse patterning of QPM
gratings might be more convenient than the direct
manipulation of the pump light beam mentioned above
when large mode function variations are required over
small spatial scales or when several functions are to
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be integrated (and, e.g., cascaded) in a single compact
structure.
Let a quadratic nonlinear crystal of length L be
illuminated by a laser pump beam propagating in
the
R z direction. The pump beam writes Ep 共x, z, t兲 苷
dqE0 共q兲exp关ikp 共q兲z 1 iq ? x 2 ivp t兴 1 c.c., where
vp is the angular frequency of the pump beam,
kp 共q兲 苷 关共vs np 兾c兲2 2 jqj2 兴1兾2 is the wave number inside the crystal, q is the transverse spatial frequency,
x 苷 共x, y兲 is a position in the transverse plane, np
is the refractive index at the pump wavelength, and
E0 共q兲 is the field prof ile of the pump beam. The
signal and idler photons are assumed to be monochromatic, with vp 苷 vs 1 vi , where vs and vi are
the frequencies of the signal and the idler photons,
respectively. This assumption is justified by the
use of narrowband interference filters in front of the
detectors. Notwithstanding, we have verif ied that
the main conclusions of this Letter also hold when one
is considering narrow biphoton bandwidths.
The modulation of the quadratic nonlinearity is described by the function d共x, z兲. This function can be
expressed as the Fourier series12
X̀
d共z, x兲 苷
dn exp兵in共2p兾L兲 关z 2 F共x兲兴其 ,
(1)
n苷2`

where L is the period of the modulation in z, and dn
are the Fourier coefficients of the modulation function. The function F共x兲 describes the nonuniform
transverse pattern. In Fig. 1 we show two examples
of transversely patterned QPM gratings. Figure 1(b)
corresponds to a parabolic phase prof ile with
F共x兲 苷 Lx2 兾共2lp f 兲, where lp 苷 2pc兾vp and f is
the equivalent focal length of the grating at the pump
wavelength.11 Figure 1(c) corresponds to a dislocation
configuration, where F共x兲 take values 0 and L兾2 with
transverse period G. For comparison, Fig. 1(a) shows
a QPM grating with no transverse pattern. In the
usual configurations, only the mode of the expansion
of d共x, z兲 that fulfills the phase-matching condition
contributes significantly to the nonlinear process.
The two-photon quantum state that is generated is
given by13
Z
jC典 苷
dqs dqi F共qs , qi 兲as y 共qs 兲ai y 共qi 兲 j0, 0典 ,
(2)
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A共x1 , z1 苷 fs , t1 ; x2 , z2 苷 fs , t2 兲 苷
µ
3F

Fig. 1. Diagram of three QPM structures: (a) standard,
(b) parabolic, and (c) with multiple dislocations.

where the mode function F共qs , qi 兲 can be written as
Z
F共qs , qi 兲 苷
dqp E0 共qp 兲d共qs 1 qi 2 qp 兲W 共qp , qs , qi 兲 .
(3)
The expression for the function d共q兲 is related to the
specific form of R
the transverse pattern of the grating, i.e., d共q兲 苷 dxd共x兲exp共2iq ? x兲, where d共x兲 苷
exp关i2pF共x兲兾L兴 designates the transverse pattern of
the grating. The function W 共qp , qs , qi 兲, which comes
from the phase-matching condition in the longitudinal
direction, is given by
W 共qp , qs , qi 兲 苷 sinc共DkL兾2兲exp共2iDkL兾2兲 ,

(4)

where Dk 苷 kp 共qp 兲 2 ks 共qs 兲 2 ki 共qi 兲 2 2p兾L, ks 共qs 兲 苷
关共vs ns 兾c兲2 2 jqs j2 兴1兾2 and ki 共qi 兲 苷 关共vi ni 兾c兲2 2 jqi j2 兴1兾2 ,
where ns and ni are the refractive indices at the
signal and idler wavelengths, respectively, inside
the crystal. Normalization of the state requires that
R
dqs dqi jF共qs , qi 兲j2 苷 1. The signal and idler photons
traverse linear optical systems described by transfer
functions Hs 共x1 , z1, qs 兲 and Hi 共x2 , z2 , qi 兲, respectively.
The probability amplitude is thus given by2
Z
A共x1 , z1, t1 ; x2 , z2, t2 兲 苷
dqs dqi F共qs , qi 兲
3 Hs 共x1 , z1 , qs 兲Hi 共x2 , z2, qi 兲
3 exp共2ivs t1 2 ivi t2 兲 .

(5)

The biphoton rate, i.e., the probability of coincidence of photons at positions 共x1 , z1 兲 and 共x2 , z2 兲, is
given by G共x1 , z1 ; x2 , z2 兲 苷 jA共x1 , z1 , t1 ; x2 , z2 , t2 兲j2 .
A special correlation function that we use throughout this Letter to show the spatial characteristics
of the photons is the conditional coincidence rate
I0 共x1 兲 苷 G共x1 , x2 苷 0兲, which is proportional to the
probability of detecting a photon at 共x1 , z1 兲 when a
photon is detected at x2 苷 0. In this scheme, the
signal and idler photons produced by the nonlinear
crystal pass through identical 2-f optical systems,
with focal lengths fs 苷 fi , whose transfer function
for the signal photon is given by Hs 共x1 , z1, qs 兲 ⬃
d关qs 2 2px1 兾共ls fs 兲兴, and similarly for the idler photon.
The observation planes are assumed to be located
at the focal length of the lens, z1 苷 z2 苷 fs . The
probability amplitude can now be written as

µ

2p
ls f s
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∂2

∂
2px1 , 2px2
exp共2ivs t1 1 ivi t2 兲 .
l s fs l s f s

(6)

The 2-f system provides a spatial image of the mode
function of the two-photon state F共qs , qi 兲, so by measuring the coincidence rates at different positions in
the transverse plane one obtains information about the
shape of the mode function.
Figure 2 shows the conditional coincidence rate predicted for a parabolic phase grating [Fig. 1(b)]. The
shape of the transverse pattern in the spatial frequency
domain is written as d共q兲 ⬃ exp关2ilp f 兾共4p兲 jqj2兴. In
Fig. 2(b) the equivalent focal length is f 苷 4 cm, and
in Fig. 2(c) it is f 苷 2 cm. For comparison, we show in
Fig. 2(a) a grating with no transverse pattern. The effect of the parabolic phase grating is to create an elliptical mode function, with the ellipticity increasing with
the inverse of the focal length. For free-space propagation of the signal and idler photons in the paraxial approximation, i.e., Hs 共x1 , z1, qs 兲 ⬃ exp共2ijqs j2 兾共2ks 兲 1
iqs ? x1 1 iks z1 兲, and similarly for the idler photon,
this yields that the conditional coincidence rate function will focus in the x direction at z1 苷 f . The main
result shown in Fig. 2 is that the parabolic QPM grating can be used to shape the biphoton rate. Thus the
QPM grating behaves effectively as a cylindrical lens
for the generation of the two-photon state, hence producing the quantum version of the classical result.11
Engineered QPM patterns offer promising possibilities for tailoring the spatial shape of the probability
amplitude such that the correlations between the output photons can be strongly manipulated. The transverse pattern shown in Fig. 1(c) P
can be decomposed
into a Fourier series, i.e., d共x兲 苷 n Cn exp共i2pn兾G兲
for n 苷 . . . 2 3, 21, 1, 3 . . . , where G is the transverse
spatial period of the grating and Cn 苷 2兾共inp兲. The
conditional coincidence rate can be written as
É
∂
µ
X
2px1
2pn
Cn E0
2
I0 共x1 兲 ⬃
ls f s
G
n
µ

∂ É2

2pn , 2px1 ,
2px1
2
3W
0
l s fs
G
l s fs

.

(7)

Fig. 2. Conditional coincidence rate I0 共x1 , z1 兲 for a
parabolic phase grating. (a) QPM with no transverse
pattern; (b), (c) parabolic phase gratings with equivalent
focal lengths f 苷 4 cm and f 苷 2 cm, respectively. Conditions: crystal length, L 苷 1 mm; beam width of the
pump beam, w0 苷 100 mm; focal length of the 2-f system,
fs 苷 20 cm; pump wavelength, lp 苷 532 nm; signal and
idler wavelengths, ls 苷 li 苷 1064 nm.
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mensions,14 which offer fascinating opportunities for
the manipulation of light. In Fig. 3(d) we plot the
function I0 共x1 兲 for a nonlinear photonic crystal with
the same modulation of the nonlinear coefficient in
both the x and the y dimensions and crystal length
L 苷 1 mm.
In conclusion, we have shown that properly designed
transversely varying QPM gratings allow tailoring the
spatial mode function of the two-photon state generated in spontaneous parametric downconversion, which
results in large modif ications of the spatial correlations
between the photons. We note that QPM engineering
also modifies the multimodal coherent superposition of
orbital angular momenta that consist of the two-photon
states,15 – 18 thus providing a powerful way to control the
effective f inite Hilbert space where the corresponding
multidimensional entanglement takes place.19

Fig. 3. Conditional coincidence rate I0 共x1 , z1 兲 for the multiple dislocation transverse grating with transverse period
G 苷 80 mm. (a) w0 苷 20 mm, L 苷 0.1 mm, QPM with no
transverse pattern; (b) w0 苷 20 mm, L 苷 0.1 mm, transverse pattern in the x dimension; (c) w0 苷 50 mm, L 苷
0.1 mm, transverse pattern in the x dimension; (d) w0 苷
50 mm, L 苷 1 mm, transverse pattern in the x and y
dimensions. Conditions: focal length of the 2-f system,
fs 苷 5 cm; pump wavelength, lp 苷 532 nm; signal and idler
wavelengths, ls 苷 li 苷 1064 nm.

In the thin crystal approximation the effect of each
term of the decomposition given in relation (7) is to
shift the pump beam function to the position xn 苷
nls fs 兾G, modulated by its corresponding amplitude in
the Fourier decomposition. When the crystal length
is increased, the phase-matching function W acts as
a spatial filter whose effects cannot be ignored.2 In
Figs. 3(b) and 3(c) we plot the conditional coincidence
rate for the transverse pattern shown in Fig. 1(c) with
period G 苷 80 mm and crystal length L 苷 0.1 mm. For
comparison, we show in Fig. 3(a) the function I0 共x1 兲
for a grating with no transverse pattern. For beam
width w0 苷 20 mm, the pump beam cannot experience
the full transverse modulation of the nonlinear coeff icient, so the nonlinearity effectively behaves as a single
dislocation. The peaks of the expression given by relation (7) are separated, 2ls fs 兾G, whereas the width of
each one is ⬃ls fs 兾共4W 兲; thus Fig. 3(b) does not show
a multipeak structure for I0 共x1 兲. For larger values of
the beam width there are more dislocations inside the
width of the pump beam, so the conditional coincidence
rate has the form of a sinc function. Increasing the
crystal length to L 苷 1 mm causes the secondary peaks
that one can observe in Fig. 3(c) to disappear because
of the spatial f iltering effect of the longitudinal phase
matching. Naturally, more-complex QPM structures
than those considered here yield more-complex spatial
shapes of the spatial amplitude of the two-photon state.
The scheme put forward here applies also to nonlinear photonic crystals, i.e., to nonlinear crystals with
modulation of the nonlinearity in two and three di-
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