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Abstract

Concurrent spontaneous parametric down-conversion (SPDC) processes have proved to be an
appealing approach for engineering the path-entangled photonic state with designable and
tunable spatial modes. In this work, we propose a general scheme to construct high-dimensional
path entanglement and demonstrate the basic properties of concurrent SPDC processes from
domain-engineered quadratic nonlinear photonic crystals, including the spatial modes and the
photon ﬂux, as well as the anisotropy of spatial correlation under noncollinear quasi-phasematching geometry. The overall understanding about the performance of concurrent SPDC
processes will give valuable references to the construction of compact path entanglement and the
development of new types of photonic quantum technologies.
Keywords: quantum state engineering, entanglement production and manipulation, spontaneous
parametric down-conversion, correlation anisotropy
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

intrinsically different from those from bulk homogeneous
crystals [5].
When the quadratic NPC is designed to supply multiple
reciprocal vectors, several QPM parametric down-conversion
processes can happen simultaneously in the single quadratic
NPC [6–11]. Extending this concurrent yet classical scheme
to the quantum regime, multiple reciprocal vectors in a single
quadratic NPC give simultaneous excitation of several SPDC
processes, i.e. concurrent SPDC processes [12–14], thus
enriching the variety of entanglement as well as providing
high-dimensional entangled states.
Two-photon amplitudes of down-converted photons from
quadratic NPCs differ in polarization [15–19], frequency
[20–23], spatial mode [13, 14, 24–27] or angular momentum
[28–30], which acts as the key advantage of such crystals over
the homogeneous ones, thus underlines the compact generation
of various photonic states. Among those, the path-entangled state
is of great interest since it has potential applications in quantum

Developing quantum light source is of essential importance to
quantum fundamentals and quantum technologies [1, 2]. A
conventional and well-developed method to prepare entangled photon pairs is spontaneous parametric down-conversion
(SPDC) in nonlinear optical mediums. When momentum and
energy conservations are satisﬁed in such materials, a higherenergy pump photon will split into two lower-energy photons,
namely the signal and idler. Continuous efforts towards
desirable quantum light source which emits bright, robust and
ﬂexible entangled states have been made in recent years from
different quadratic materials. Among them, quadratic nonlinear photonic crystal (NPC) with periodically modulated
nonlinearity χ(2) [3, 4] is a peculiar one wherein the quasiphase-matching (QPM) condition is fulﬁlled with the reciprocal vector rising from the modulated dielectric domain
structure, hence the entangled property of photon pairs can be
2040-8978/17/065201+08$33.00
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communication, quantum metrology and quantum computation
as well as possible extension to high-dimensional Hilbert space
and multi-photon fashion. A path-entangled state such as NOON
state, W state etc is usually constructed by post-processing after
the photons generated from homogeneous nonlinear crystal. In
recent years, the concurrent SPDC processes in a monolithic
NPC are proposed to be a direct way for generating path
entanglement, however only two-dimensional NOON state is
studied [12–14]. Here in this work, we for the ﬁrst time propose
the general method for engineering the high-dimensional pathentangled state from a single NPC based on the combinations of
noncollinear concurrent QPM geometries. Meanwhile, twophoton spatial correlation in noncollinear geometry is studied.
The anisotropy of spatial correlation is found to be related to the
noncollinear QPM geometry as well as the pump focusing. In
addition, we made a comprehensive study on the spatial modes
and photon ﬂux under typical concurrent SPDC processes. These
studies give a detailed description for the spatial properties of
entangled photons generated by concurrent SPDC processes,
which will further shed light on the construction of compact path
entanglement and the development of new types of photonic
quantum technologies.
The paper is structured as follows. In section 2, singlephoton properties of down-converted photons are discussed,
including the spatial modes and the photon ﬂux. Theoretical
descriptions and experimental results for the anisotropic
spatial correlation are introduced in section 3. After these
analyses, we make a discussion about the potential application of 2D quadratic NPCs as integrated quantum light
sources in section 4.

All the
 slowlyvarying terms and constants are absorbed
into y0 . k p, k s, and k i are wave vectors of the pump, signal and
idler, respectively. Here for simplicity we have assumed that
the cross section of the crystal is much larger than the interaction area, so that the transverse integration range can be
considered as inﬁnite. Also the crystal length is considered to
be inﬁnite so that the single longitudinal mode approximation
is satisﬁed. We can see from equation (3) that effective SPDC
process
of the phase-matching condi calls
 for

 satisfaction
tion k s + k i + Gm, n - k p = 0.
2.2. Typical QPM geometries of concurrent SPDC processes

For a single QPM-SPDC process in which only one reciprocal vector is involved, the collinear QPM geometry is
indicated by ﬁgure 1(a). In this case, the spatial forms of
down-converted photons are similar with those in birefringence-phase-matching (BPM) SPDC processes. However, in
two-dimensional quadratic NPCs, multiple noncollinear
reciprocal vectors could be involved, resulting in rich QPM
geometries. Figure 1(b) illuminates two typical QPM conditions wherein two concurrent SPDC processes take place
in a hexagonal quadratic
pair

 coexisting

 ofQPM
NPC. The
geometries follow k p - G1,0 - k s - k i = 0 and k p - G 0,1 

k s - k i = 0. Generally, the down-converted photons will
emit
 as either one of conical beams with principle axis along
k p - G1,0 or k p - G 0,1. Here we illustrate two typical QPM
geometries. The upper of ﬁgure 1(b) corresponds to the
beam-like emission of two-photon NOON state, i.e. two
photons simultaneously occupy either one of the two spatial
modes. It is a two-photon maximally path-entangled state in
the form of (∣20ñ + ∣02ñ ) / 2 , while the lower one corresponds to the emission of heralded single-photon path
entanglement which have been studied in [14]. The quantum
states can be written as

2. Single-photon properties of down-converted
photons generated in 2D quadratic NPCs
2.1. The general two-photon state generated by QPM-SPDC
process

∣yñ =

For an inﬁnitely large quadratic NPC, the periodically modulated quadratic nonlinearity can be expressed by
 

c (2) (r ) = d33 å fm, n e-iGm, n⋅ r ,

1 †2
(aˆ1 + aˆ 2† 2)∣0ñ
2

(4 )

1 † †
aˆ i (aˆ s1 + aˆ s2† )∣0ñ ,
2

(5 )

and
∣yñ =

(1 )

m, n


in which Gm, n (m, n = 0, 1, 2) is the reciprocal vector
with corresponding Fourier coefﬁcient fm, n [3]. d33 is used
since the polarization conﬁguration of discussed QPM-SPDC
process is e  (e + e). In the following discussion and
experiments all the SPDC processes are degenerate.

Taking c(2) (r ) into the interaction Hamiltonian,


HI = e0 dr c (2) (r ){Ep(+) Es(-) Ei(-) } + h. c.,
(2 )

respectively. With the tilted reciprocal vectors, the signal
and idler photons can appear from the same side of the pump
even sharing the same spatial mode as sketched in the upper
of ﬁgure 1(b) which differs from the BPM SPDC process.
Similarly, the down-converted photons from three
concurrent SPDC processes will emit as three conical beams.
Figure 1(c) describes a particular QPM geometry of three
concurrent
processes.
Three reciprocal vectors,
 SPDC


namely G 2,0, G 0,2 and G1,1 which are supplied by a tetragonal
quadratic NPC, can provide two beam-like modes which are
designed to overlap with the in-plane modes of another
conical beam emission of down-converted photons at a
certain
QPM
conditions
 temperature.



 can be written

as k s1 + k i1 + G 2,0 - k p = 0, k s2 + k i2 + G 0,2 - k p = 0,




and k s2 (1) + k i1 (2) + G1,1 - k p = 0. Therefore, a three-

òV

we obtain a general two-photon state based on the ﬁrst-order
perturbation theory [31],






∣yñ = y 0å fmn d (3) (k s + k i + Gm, n - k p) a † (k s) a † (k i )∣0ñ .
m, n

(3 )
2
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Figure 2. The experimental capture of spatial distributions of the

down-converted photons generated from the RPLT crystal, which
are captured at the focal plane of a convex lens when the temperature
of crystal is controlled at (a) 160 °C, (b) 176 °C, (c) 205 °C, and
(d) 226 °C.

Such three-dimensional path-entangled state can supply
as the basis for constructing other types of path entanglement such as multi-photon path entanglement when seeded
by a two-mode coherent state [12].
In general, such ﬂexible design of reciprocal vectors
provides an extensible scheme to the higher-dimensional
entangled states. For example, ﬁgure 1(d) is a sketch of the
QPM geometry of generating a general high-dimensional
path-entangled state,
Figure 1. (a) The QPM geometry of collinear SPDC in one-

∣yñ =

dimensional PPLT crystal. (b) Two typical QPM geometries in a
HPLT crystal for the generation of two-photon NOON state and
single-photon path entanglement. (c) The QPM geometry of highdimensional path-entangled state achieved in a RPLT crystal where
three concurrent SPDC processes take place simultaneously. (d) The
sketch of the concurrent QPM geometry of high-dimensional pathentangled state achieved in cascaded 2D poled crystal. Micrographs
of the corresponding crystals: (e) 1D PPLT, (f) HPLT, and
(g) RPLT.

m=1
M

+ åQi, j∣0102 1i  1j 0M - 10M ñ .

This general path entangled state contains M spatial
modes in total and indicating all the possibilities of two
photons to be distributed into the same mode or different
modes. Such concurrent SPDC process can be realized by a
series of cascaded χ(2)–inverted structures on a single quadratic NPC wafer. This high-dimensional path-entangled state
gives rise to different types of W states with controllable
modes.

(6 )

can be generated. hj ( j = 1, 2, 3) are the ﬁber collection
efﬁciencies for thethree SPDC
 processes. The SPDC processes fulﬁlled by G 2,0 and G 0,2 are spatially symmetric and
can be considered to be identical with h1 = h2 and
f2,0 = f0,2 . If we let b = f2,0 h1 = f0,2 h2 and g = f1,1 h3,
equation (6) can be simply written into
∣yñ µ b (∣2, 0ñ + ∣0, 2ñ ) + g∣1, 1ñ .

(8 )

i¹j

dimensional path-entangled state
∣yñ = y 0 ( f2,0 h1aˆ1† 2 + f0,2 h 2 aˆ 2† 2 + f1,1 h 3 aˆ1† aˆ 2†)∣0ñ

M

å Pm∣0102 2m  0M - 10M ñ

2.3. Experimental measurement of spatial modes of concurrent
QPM-SPDC processes

The aforementioned theoretical design of concurrent SPDC
processes is experimentally studied here by capturing the
spatial mode of photon pairs from several types of quadratic
NPCs. In our experiment, the pump laser is 532 nm, and
the wavelength of degenerated down-converted photons is

(7 )
3
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Figure 3. (a)–(c) In-plane emission angles (outside quadratic NPCs) of the down-converted photons at different temperatures in RPLT, HPLT

and PPLT respectively. (d)–(f) Measured photon ﬂux in RPLT, HPLT and PPLT respectively.

1064 nm. The polarization conﬁguration of concurrent QPMSPDC processes is e  (e + e) so that d33 is used. We
design three different quadratic NPCs as shown in ﬁgure 1.
The ﬁrst one is one-dimensional periodically poled lithium
tantalate (PPLT, see ﬁgure 1(e), the poling period is
5.248 μm), in which collinear QPM condition is fulﬁlled as
illuminated in ﬁgure 1(a). The second quadratic NPC is a
hexagonally poled lithium tantalate (HPLT, see ﬁgure 1(f),
the side length of the hexagon is 7.507 μm), wherein two
reciprocal vectors are involved in concurrent SPDC processes
and the path-entangled states described by equations (4) and
(5) can be generated. Thirdly we design a rectangularly poled
lithium tantalate (RPLT, see ﬁgure 1(g), the side length of the
quadrate is 10.496 μm) inside which the path-entangled state
described by equation (7) is generated by three concurrent
SPDC processes.
The spatial mode of photon pairs varies with the temperature since wave vectors of pump, signal and idler photons
are temperature-dependent [32]. The spatial distribution of
down-converted photons at different temperature is captured
by a CCD (Princeton Pixis 1024B) at the Fourier plane of an
f=50 mm lens behind the crystal. We choose the RPLT
crystal sketched by ﬁgure 1(g) as a representative because it
covers most of the possible concurrent SPDC processes in 2D
quadratic NPCs. Figures 2(a)–(d) show the measured spatial
distribution evolution when the temperature increases.
Figure 3(a) shows the quantitative information about the
spatial distributions, indicating the temperature-dependence
of the noncollinear emission angles in x–z plane, in which the
three
curves
correspond
to the SPDC processes supported by



G 2,0, G 0,2 and G1,1, respectively. Temperature points A–D in
ﬁgure 3(a) correspond to the situations of ﬁgures 2(a)–(d),
respectively. At a low temperature (point A) all the SPDC
processes occur, with down-converted photons emitting in

three cones. When the temperature increases, the cones will
shrink and at a particular temperature (point B in ﬁgure 3(a)),
the spatial distribution of down-converted photons will
exhibit a conical and two beam-like modes, as shown in
ﬁgure 2(b). The overlapping regions (points 1 and 2) in
ﬁgure 2(b) contribute to the high-dimensional two-photon
path-entangled state, in which a pair of photons exists in the
superposition of three states: both in mode 1, both in mode 2,
and separated in modes
 1 and2. When the temperature
continues to increase, G 2,0 and G 0,2 cannot compensate the
phase
mismatch and only one SPDC process supported by

G1,1 exists, and the emission angles keep decreasing before
the last SPDC process ﬁnally disappears.
Similarly, ﬁgures 3(b) and (c) give results from HPLT
and 1D PPLT crystals, respectively. In ﬁgure 3(b), Point A
corresponds to the situation when two conical beam are tangent and the heralded single-photon entangled state can be
achieved, as illuminated in the lower of ﬁgure 1(b), while
Point B gives the beam-like two-photon NOON state as
shown in the upper of ﬁgure 1(b). After taking the thermal
expansion of quadratic NPCs [33] into account, the theoretical (black line) and experimental (red dots) values agree
well. Slight difference may result from the fabrication
deviation of the quadratic NPC period and the measurement
aberration in temperature.
2.4. Experimental measurement of photon flux of concurrent
QPM-SPDC processes

The conversion efﬁciency of SPDC processes in quadratic
NPCs is crucial for evaluating the potential as bright quantum
light sources. We pump the crystal with a 532 nm CW laser
whose power keeps 637 mW, and measure the photon ﬂux by
capturing down-converted photons with an EMCCD (Andor
Solis iXon3 888) behind a 1064 nm interference ﬁlter of
4
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40 nm bandwidth. Figures 3(d)–(f) show the total counts of
down-converted photons in our RPLT, HPLT and 1D PPLT
crystals, respectively. The measured conversion efﬁciency of
SPDC process in 1D PPLT exhibits the highest one, being
9.54 ´ 10-9 pairs per pump photon, while efﬁciencies in 2D
HPLT and RPLT turn out to be 7.63 ´ 10-9 and
1.17 ´ 10-9, respectively (the length of crystals is 20 mm,
18 mm, 18 mm respectively). Consider the transmissivity of
the interference ﬁlter is 61%, total conversion efﬁciency is
1.56 ´ 10-8, 1.25 ´ 10-8, and 1.93 ´ 10-9 respectively.
Here for concurrent SPDC processes, we have summed up all
the spatial modes.
Figure 3(d) shows how the photon ﬂux of RPLT varies
with the temperature. At a low temperature (point A),
 there

exist three concurrent SPDC processes supported by G 2,0, G 0,2

and G1,1, respectively. As the temperature rises, the photon
ﬂux keeps constant within a range of temperature until point

B, where only one SPDC process can be supported by G1,1,
and the counts of down-converted photons decrease rapidly.
When the temperature keeps increasing, G1,1 also fails to
compensate the phase mismatch after point D. The photon
ﬂux of each SPDC process can be obtained and it should be
decided by the Fourier coefﬁcient of the involved reciprocal
vector. Similarly, ﬁgures 3(e) and (f) give the results from
HPLT and 1D PPLT crystals, respectively.
In our experiment, the pump beam waist radius is
59.5 μm, and only the down-converted photons whose
emission angles outside the crystals are less than 7.75 mrad
can overlap with the pump beam in the whole crystal. The
walk-off length of down-converted photons is smaller than
the length of crystals under most circumstances. We can see
from ﬁgures 3(a) and (d) that the photon ﬂux of concurrent
SPDC processes does not decrease when the walk-off length
is much smaller than the crystal length (when the temperature
ranges from about 190 °C–220 °C).

example, in the following discussion we will calculate the
spatial correlation of photon pairs generated by the HPLT
shown in ﬁgure 1(f).
The focused Gaussian pump beam can be treated as
classical wave under paraxial propagation condition,
⎛ q 2 w2 ⎞

p 0⎟
dqp exp ⎜⎜ 4 ⎟⎠
⎝
 
´ exp [i (k pz z + qp ⋅ r - w p t )] ,



Ep(+) (r , z , t ) = E 0

ò

(9 )

while the signal and idler ﬁelds are treated quantum
mechanically,

E j(-) (rj , t ) =









ò dqj exp [-i (kj ⋅ rj - wj t )] aˆ† (qj).

(10)

Here we focus on the spatial correlation of two-photon
state and treat three interactive waves as monochromatic ones
with angular frequency of wp, ws and wi, respectively, which
could be experimentally justiﬁed by narrowband

ﬁlters. w0
stands for the waist radius of pump beam. k p and kj ( j=s, i)
are wave vectors of the three interacting waves. k pz is the



projection of k p in z direction. qp and qj ( j=s, i) are the
transverse wave vectors of pump, signal and idler.
By taking equations (9) and (10) into (2), under the ﬁrst
order perturbation theory, the two-photon state can be
expressed as

∬ dqs1dqi1F (qs1, qi1) a† (qs1) a† (qi1)∣0ñ
 
 


+ y0 ∬ dqs2 dqi2 F (qs2 , qi2) a † (qs2) a † (qi2)∣0ñ ,

∣Yñ = y0

(11)

 
 
in which F (qs1, qi1) and F (qs2 , qi2 ) are two-photon mode


functions ensured by G1,0 and G 0,1, respectively. Due to the
symmetry of the crystal, the two mode functions are the same,
so we can simply concentrate on one mode when calculating
the spatial correlation:
   


∣Yñ1 = y0
dqs dqi F (qs , qi ) a † (qs) a † (qi )∣0ñ
(12)

3. Spatial correlation anisotropy of down-converted
photons

∬

3.1. Theoretical description of two-photon spatial correlation
under concurrent noncollinear QPM-SPDC processes

in which the two-photon mode function can be written as
 
 
F (qs , qi ) = E (qs , qi ) sinc (Dkz L / 2) .
(13)

Photonic quantum technology requires further understanding
about the two-photon spatial correlation. When the pump
beam is strongly focused, the photon pair generated through
noncollinear phase-matching exhibit obvious spatial correlation asymmetry [34–36], which can inﬂuence correlation
measurement and quantum imaging. However, the previous
studies focus on single SPDC process fulﬁlled by a collinear
reciprocal vector, where entangled photons distribute symmetrically beside the pump beam. The asymmetry in spatial
correlation mainly results from both the noncollinear propagation of two photons and the birefringence of crystal. In this
paper we focus on studying the spatial correlation of entangled photons generated by concurrent SPDC processes
wherein multiple noncollinear reciprocal vectors are involved
and the birefringence is smaller enough to be ignored. As an

Here we have considered that the cross section of the
crystal is much larger than the interaction region of three
 
waves, so it can be treated as inﬁnity. E (qs, qi ) is introduced
by the focused pump, and Dkz = k pz - k sz - k iz - Gz is the
phase mismatch along z axis, i.e. the propagation direction
of

the pump. Gz is the projection of reciprocal vector G1,0 (or

G 0,1) in z direction, and kjz = kj L cos qj - qj sin qj ( j=s, i)
is the projection of kj along z direction. kj L = k j2 - qj2 is the
longitudinal wave vector of entangled photons which has a
noncollinear angle qj with the z axis in noncollinear geome
tries. The transverse wave vector qj contains in-plane (x–z
plane) and out-of-plane projections, written as qj and qj ^ in
turn, where qj =
5

qj2 + qj2^ . Using the ﬁrst order Taylor
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Figure 5. Experimental setup for spatial correlation ellipticity

measurement. The HPLT crystal is controlled at 172.3 °C and
pumped with a 532 nm laser to generate the two-photon NOON
state. The waist of pump beam is 59.5 μm, and the length of crystal
is 18 mm. After the crystal, the down-converted photons of 1064 nm
are separated from the pump by a dichromatic mirror. Then one
mode of the NOON state is blocked, while the other mode is split
into two beams and detected by two single photon detectors at the
Fourier planes of two lenses for 2D coincidence counting
measurement. The bandwidth of 1064 nm interference ﬁlter is
10 nm, and the detector for the signal has a 80×80 μm2 sensing
area, scanned in the Fourier plane of a f=38.1 mm lens, and the
detector for the idler has a sensing area of 180×180 μm2, centered
at the Fourier plane of a f=50 mm lens.

Figure 4. The theoretical calculation of the dependence of parameter
η on crystal length L and pump beam waist ω0.

expansion we can get
⎧
⎡⎛
⎪
q2
 
E (qs , qi ) = exp ⎨ - ⎢ ⎜⎜qs  cos qs + qi  cos qi - s sin qs
⎪
2k s
⎩ ⎢⎣ ⎝
⎤ 2⎫
⎞2
w ⎪
sin qi ⎟⎟ + (qs ^ + qi ^)2 ⎥ 0 ⎬ ,
⎥⎦ 4 ⎪
2k i
⎠
⎭

When qs ^ = 0, we get the in-plane correlation

qi2

Dkz = -

⎡ ⎛ q w 0 cos qs ⎞2 ⎤
s
F (qs , 0, 0, 0) = exp ⎢ - ⎜
⎟ ⎥
⎢⎣ ⎝
2
⎠ ⎥⎦

(14)

⎡ ⎛ q 2 cos2 q
qs2 cos qs
s
s
´ sinc ⎢ ⎜⎜ +
⎢
2k p
2k s
⎣⎝

⎛
⎞2
q2
q2
⎜⎜qs  cos qs + qi  cos qi - s sin qs - i sin qi ⎟⎟
2k s
2k i
⎝
⎠
2k p

(q + qi ^)2
- s^
+
2k p

qs2

cos qs
2k s

+

L⎤
+ qs  sin qs) ⎥
2⎦
⎡ ⎛ q w 0 cos qs ⎞2 ⎤
s
= exp ⎢ - ⎜
⎟ ⎥
⎢⎣ ⎝
2
⎠ ⎥⎦

qi2 cos qi
2k i

+ qs  sin qs + qi  sin qi .

⎡ ⎛ q w 0 cos qs ⎞2
⎛ qs w 0 ⎞2
s
⎟
´ sinc ⎢ - ⎜
⎟ x+⎜
⎝ 2 ⎠
⎢⎣ ⎝
2
⎠

(15)

Compared with the SPDC process in collinear geometry
[37], we can see that noncollinear QPM introduces extra
terms, thus resulting in the asymmetry between qj and qj ^.
In collinear SPDC geometry, qs = qi = 0, equations (14)
and (15) write

´

⎛
w2 ⎞
 
E (qs , qi ) = exp ⎜ - [(qs  + qi )2 + (qs ^ + qi ^)2 ] 0 ⎟ , (16)
4 ⎠
⎝
Dkz = -

(qs  + qi )2
2k p

-

cos qs k p
ks

x+

⎛ qs w 0 ⎞ L ⎤
⎜
⎟
.
⎝ 2 ⎠ L nc ⎥⎦

(18)

Meanwhile, when qs  = 0, we get the out-of-plane correlation
⎡ ⎛ q w 0 ⎞2 ⎤
F (0, qs ^, 0, 0) = exp ⎢ - ⎜ s ^ ⎟ ⎥
⎣ ⎝ 2 ⎠⎦
⎡⎛ q 2
q 2 cos qs ⎞ L ⎤
⎟⎟ ⎥
´ sinc ⎢ ⎜⎜ - s ^ + s ^
⎢⎣ ⎝ 2k p
2k s ⎠ 2 ⎥⎦

q2
q2
(qs ^ + qi ^)2
+ s + i . (17)
2k p
2k s
2k i

Similar results have been reported in [38–40].
Experimentally, we keep detecting the idler photon at the
center of the Fourier plane of a lens where qi  = qi ^ = 0, and
scan the other detector for the signal photon to study the
asymmetry of spatial correlation in and out of x–z plane. In

our experimental setup, ∣qj∣ is small compared with wave

vector ∣kj∣, and sin qj  1. So we get a simpliﬁed form of inplane and out-of-plane mode function.

⎡ ⎛ q w 0 ⎞2
⎡ ⎛ q w 0 ⎞2 ⎤
= exp ⎢ - ⎜ s ^ ⎟ ⎥ sinc ⎢ - ⎜ s ^ ⎟ x
⎣ ⎝ 2 ⎠
⎣ ⎝ 2 ⎠⎦
⎛ q w 0 ⎞2 cos qs k p ⎤
x⎥.
+ ⎜ s^ ⎟
⎝ 2 ⎠
⎦
ks
6
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Figure 6. (a) Theoretical and (b) experimental results of the two-photon spatial correlation in one mode of two-photon NOON state. (c) The

extracted spatial correlation in x–z plane and (d) y direction, black dots stand for measured data, and the red lines show the theoretical
calculation.

In which L nc = w0 sin qs represents the noncollinear
length, which describes the noncollinear geometry [35] and
x = L k p w 20 is the focus parameter of the pump beam.
From equations (18) and (19) we ﬁnd that the in-plane
spatial correlation is both decided by x and L nc, while the outof-plane correlation only depends on x. If L  L nc,
equations (18) and (19) exhibit nearly the same spatial correlation. However, if L ~ L nc, the spatial correlation along
two directions differ from each other, thus exhibiting spatial
anisotropy.
We deﬁne a parameter h = Dqj Dqj ^ to describe the
anisotropy, where Dqj, Dqj ^ represent the full width at half
maximum of spatial correlation along direction of qj and qj ^.
When h  1, spatial correlation appears to be symmetrical,
otherwise, small h indicates explicit spatial anisotropy.
Figure 4 is the theoretical simulation of how h varies with w0
and L under the QPM situation illuminated by the upper of
ﬁgure 1(b). The spatial correlation tends to be asymmetrical
when the pump beam is strongly focused in long quadratic
NPCs. Furthermore, as concurrent SPDC processes provide
possibilities for ﬂexible spatial mode modulation, correlation
asymmetrical can be easily altered through noncollinear QPM
geometry engineering.

3.2. Experimental measurement of spatial correlation under
noncollinear QPM geometry

In this section, we experimentally observe the spatial correlation ellipticity in the noncollinear QPM geometry. Figure 5
shows the experimental setup. The HPLT crystal works in the
noncollinear QPM geometry shown in the upper of
ﬁgure 1(b), which generate the two-photon NOON state [14],
and only one mode of the NOON state is used to measure the
ellipticity of spatial correlation while the other is blocked. We
ﬁx one single photon detector at the center of Fourier plane
behind the HPLT crystal, and scan the other detector at the
Fourier plane to perform 2D coincidence measurements.
Figure 6(a) illustrates the theoretically simulation of the 2D
spatial correlation and ﬁgure 6(b) shows the experimental
results. The horizontal and vertical axises are along directions
of qj and qj ^, respectively. Figures 6(c) and (d) demonstrate
the extracted spatial correlation in and out of the x–z plane
which are expressed by equations (18) and (19), both theoretically and experimentally. The inﬂuence of detector diameter has been taken into consideration. The length of HPLT
crystal is 18 mm and the waist radius of pump beam is
59.5 μm, giving the expectation of h for NOON state to be
0.410. And the measurement gives h = 0.594, exhibiting
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Express 23 1203–12
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obvious asymmetry in spatial correlation as well. The
deviation between experimental measurement and theoretical
expectation may be induced by temperature ﬂuctuation and
the photon pairs with nondegenerate wavelengths, which
were also detected in our experiment due to the ﬁnite bandwidth of interference ﬁlters. To meet the QPM condition,
photon pairs with nondegenerate wavelengths should exhibit
conical modes, resulting in the expansion of spatial correlation. And the narrower spatial correlation in x–z plane is more
susceptible to the expansion.

4. Discussion
We reported our exploration about concurrent SPDC processes in 2D domain-engineered NPCs. The detailed characterization on the performance of concurrent SPDC
processes will give valuable references to the construction of
compact path entanglement. When introducing more functions into the NPC, such as beam splitting and focusing [25],
it will become an attractive element in prompting the development of photonic quantum technologies.

Acknowledgments
This work was supported by the National Natural Science
Foundation of China (Contracts No. 11422438, No. 11690031,
No. 11627810 and No. 11621091).

References
[1] O’Brien J L, Furusawa A and Vučković J 2009 Nat. Photon. 3
687–95
[2] Politi A, Matthews J C F, Thompson M G and O’Brien J L
2009 IEEE J. Sel. Top. Quantum Electron. 15 1673–84
[3] Berger V 1998 Phys. Rev. Lett. 81 4136–9
[4] Broderick N G R, Ross G W, Offerhaus H L,
Richardson D J and Hanna D C 2000 Phys. Rev. Lett. 84
4345–8
[5] Xu P and Zhu S N 2012 AIP Adv. 2 041401
[6] Gallo K, Levenius M, Laurell F and Pasiskevicius V 2011 App.
Phys. Lett. 98 161113
[7] Chen L, Xu P, Bai Y F, Luo X W, Zhong M L, Dai M,
Lu M H and Zhu S N 2014 Opt. Express 22 13164–9
[8] Levenius M, Pasiskevicius V and Gallo K 2012 Appl. Phys.
Lett. 101 121114
[9] Lazoul M, Boudrioua A, Simohamed L M and Peng L H 2015
Opt. Lett. 40 1861–4
[10] Lazoul M, Boudrioua A, Simohamed L M, Fischer A and
Peng L H 2013 Opt. Lett. 38 3892–4

8

