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We propose a compact generation of polarization-frequency hyperentangled photon-pair source
emitting at a telecom wavelength by engineering a multi-stripe lithium niobate bulk crystal. Each
stripe is designed to be poled following a dual-periodic structure and serves for a nondegenerate
cross-polarization-entanglement generation. The frequency of photon pair from each stripe differs,
thus resulting in a high-dimensional frequency-entanglement. The degree of entanglement and
temperature-detuning character of the hyperentangled state are analyzed. Furthermore, another
feasible experiment realization of such a photon source is proposed based on guided-wave optics
which improves the performance with high brightness, miniaturization and stabilization. Such high-
dimensional frequency and cross-polarization hyperentangled photon pairs will have potential
applications in quantum communication networks.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Photon pairs generated from spontaneous parametric down
conversion (SPDC) have a variety of accessible degrees of freedom
(DOFs) like polarization, time-bin, frequency, orbital angular
momentum or spatial mode. Each degree of freedom can be
exploited for the entanglement production. Such an entangled
state plays a critical role in quantum information processing
[1-3]. How to effectively expand the number of entangled qubits
is a serious challenge. One of the schemes is to engineer a
simultaneous entanglement over multiple DOFs, referred to as
hyperentanglement [4]. It can enlarge the Hilbert space, thereby
improve the performance of many tasks in quantum information
science such as enhancing the channel capacity in super dense
coding [5], quantum key distribution [6] and assisting the
complete Bell-state discrimination [7-9]. The hyperentanglement
has been experimentally realized from nonlinear crystals and
external linear optical elements are usually adopted [10-12]. How
to simplify the experimental realization and also how to obtain
hyperentangled photon pairs with higher brightness have become
crucial problems in quantum information science.

Quasi-phase-matching (QPM) material opens a new way to
engineer high-flux entangled photon pairs [13] and also enable
new types of two-photon state with unique spatial entanglement
[14,15], or frequency spectrum [16-18]. In this paper, we propose
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a compact polarization-frequency hyperentangled photon source
from a multi-stripe dual-periodic poled lithium niobate (DPPLN)
bulk crystal. We design each stripe to provide concurrent two
type-I1 QPM SPDC processes for nondegenerate photon-pair gen-
eration, yielding a post-selection free polarization-entanglement
generation. The photon pairs from each stripe have different
frequency, and result in a comb-spectrum locating at the fiber
communication wavelength. Besides, we also discuss the feasible
realization of this hyperentangled photon source based on
guided-wave optics. The compact hyperentangled photon source
will have potential applications in quantum information science
such as the wavelength-division multiplexing (WDM) for quantum
communication networks.

2. Structure design and theoretical analysis

The QPM material has been applied to generate polarization-
entangled state [19-24]. As one of the QPM materials, dual-
periodic superlattice [24-26] can provide two reciprocal vectors
hence two QPM SPDC processes will take place simultaneously.
Here we design the DPPLN crystal for cross-polarization-
entangled photon-pair generation at telecom wavelength. If the
superlattice contains N-stripe and the frequency of photon pair
from each stripe differs, then the N-dimensional frequency-
entangled and nondegenerate cross-polarization-entangled state
expressed as Eq. (1) can be generated. It is worth noting that the
N-dimensional frequency-entangled state can only be obtained
after we collect photons from each stripe into the same spatial
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Fig. 1. Schematic description of N-dimensional frequency and cross-polarized hyperentanglement photon-pair generation by type-Il SPDC in an N-stripe DPPLN bulk

crystal.
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Fig. 1 is the schematic description of N-dimensional hyper-
entangled photon-pairs generation. The inset in the top corner of
Fig. 1(a) depicts the structure design of a twice-periodic QPM
materials [24-26]. Fig. 1(b) is the designed comb spectrum when
the multi-stripe crystal is pumped by 780 nm. We label two
poling periods as A; and A, (A7 < A3). Such a DPPLN is designed
to ensure concurrent two type-Il QPM SPDC processes for non-
degenerate photon-pair generation under the conditions of
energy conservation and momentum conservation

Wp = Ws+ W, 2)
— — =
Kp=Ks+Ki+Gpm 3)

where p, s and i represent the pump photon, the down-converted
signal and idler photons. The reciprocal vectors of dual-periodic
superlattice take the form of [27]

27l N 2nm
A1 Ay
where nonzero integers [ and m indicate the orders of reciprocal
vectors. As A1 and A, are independent of each other, the structure
can provide two independent reciprocal vectors to quasi-phase-

match two different SPDC processes simultaneously. Fourier
coefficients are

2 sin(Dq1Im) 2 sin(D,mm)
In mn ’

Gim=G1+Gm = “4)

fl,m = (5)

We choose the duty cycles Dy =D, =0.5,and [=1, m= + 1. We
choose Gy to work for the extraordinary (vertical polarization)
signal and ordinary (horizontal polarization) idler photon-pair
generation while G;_; to work for the ordinary signal and
extraordinary idler photon-pair generation both from the ordinary
pump photon. Besides, to avoid the small domains, A, and A,
should be commensurable so that the Fourier coefficients will not
deviate too much from the theoretical design. Each stripe is
designed to emit such a nondegenerate polarization-entangled
state but the frequency of photon pair from each stripe is different
thus the poling periods of A; and A, are different. Using multi-
mode description of SPDC, we obtain the interaction Hamiltonian
inside such a multi-stripe DPPLN crystal [27-30]

(+) 2 (=) (=) (+) a(=) ~
Eg oEi o+ 25, E El e)+Hc

I:Il ao/d3r(x(2)E (6)
n= l
where V denotes the interaction volume. The pump field is assumed

to be plane wave and nondepleted classical field. EI(,H(_r) t)=

Epei 3 o T ~®p0) while the signal and idler fields are considered to
be nonclassical and represented by quantum operators

? —

A+ Apl( K - T —wit)
S S— R T -] J it 7
4mceonj(w;)S (@) )
where S denotes the transverse area of pump beam, j=s,i. n;
represents refractive index. We consider the bandwidth of the
down-converted beams and introduce a detuning variable v, defined
as [28]

Wp = Ws+0; = (L—V)+(Qi+V), ()
where |v| <Q,, ;. Using the first-order perturbation approxi-
mation in the interaction picture, we can obtain the output entangled
state as

N
@y =3 ( / dvC P (Aky,L)ag a7, 0>
n=1

/ dvCl W (Akg, Ly, ,a;', \0>> 9)
— = — —
in which L denotes the crystal length, Aks, = k p— k s.e— ki 0— G11

- - — — R
and Akg, = k p— k s,0— k j,e— G 1,-1. P(AkL) determines the band-
width of two-photon state and takes the following form [27,28]:

Y(AKL) = e KL/ 2 gjnc == AkL (10)
The coefficients C%" and C%? can be expressed as follows:
iE, (€2,
O — dyyLfy 4 22, [*ne o, 11
halfy, 120\ g emiye (1)
C = doalf, 150 lEp M (12)
Ns,0Me
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We quantify the output state to be maximally entangled or not by
defining a parameter 7y as [24]

_ min(Cly,Co)

eo’
max(C,CV)’

(13)

where 0<y<1, y=1 indicates a maximally entangled state and
y = 0 indicates an orthogonal state.

3. Results and discussions

With different wavelengths of incident pump light, the rela-
tionships between the parameter y and the wavelength of the
signal photon or idler photon are shown in Fig. 2. We can see
v becomes larger and tends to 1 as the signal and idler photons
are degenerate.

Fig. 3 shows the detuning of signal or idler wavelength as a
function of the grating period for two different SPDC processes
converting an ordinary pump photon into |HV ) and |VH) photon
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Fig. 2. Variation of parameter y as a function of the wavelength of signal or idler

photon. The wavelengths of pump photon are 680 nm, 780 nm and 980 nm. The
working temperature is 160 °C.
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Fig. 3. Two SPDC processes of ordinary pump photon to either extraordinary
signal and ordinary idler paired photons or conversely simultaneously. The
wavelength of signal photon or idler photon is a function of the grating period.
The wavelength of pump photon is 780 nm and the working temperature is
160 °C.

pair, simultaneously. It can be seen that for each pair of frequency,
usually two different reciprocal vectors are required to satisfy
both SPDC processes. The degenerate cross-polarization-entangled
photon pair is generated at the point of intersection of two curves.
For further calculations, we design a three-stripe DPPLN crystal
which covers the wavelengths of 1552 nm/1568 nm, 1554 nm/
1566 nm and 1556 nm/1564 nm when the pump is 780 nm. The
wavelength separation is larger than the bandwidth of down-
converted photons which is calculated to be roughly 98 GHz
(AA=0.787 nm at A=1552nm). The working temperature is
designed to be 160 °C. For the three-dimensional frequency and
cross-polarization hyperentangled state generation, the involved
reciprocal vectors for |HV) are 0.656481 um~!, 0.656676 pm~!,
0.656872 um~! and the other set reciprocal vectors for |VH) are
0.657651 um~1, 0.657456 um~', 0.657261 pm~". For the designed
three pairs of reciprocal vectors, the wavelength of signal or idler
photon varies as a function of the working temperature which is
illustrated in Fig. 4. When the working temperature reaches 160 °C,
two sets of tuning curves have six intersection points which imply
that a three-dimensional frequency and cross-polarization hyper-
entangled state is generated. When the temperature deviates
from the designed working temperature, the |[HV) and |[VH) will
associate with different frequency pairs, thus the frequency-
polarization will not be hyperentangled. The hyperentanglement
can be generalized into N-dimensional frequency entangled state if
we design an N-stripe structure.

The photon-pairs generation rate can be calculated from
R=Y0N_, [T®dws (®|a" (ws,)d(ws,)|@>. So we can get the
generation rate of photon pairs [30]
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By substituting |E,|* = 2P/&qn,cS, we can obtain
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where P denotes the pump power. D, is the group dispersion
of the nth frequency pair. For example, we set P=1.0 mW,
S=3mm?, L=20 mm, dy4 =4.6 pm/V [43]. Suppose the stripe
spacing is small, then the generation rate of the nondegenerate
source is found to be 1099 pairs/s. We have to emphasize that the
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Fig. 4. For three-stripe DPPLN, the wavelength of signal photon or idler photon
varies with the working temperature. The wavelength of pump photon is 780 nm.
The desired hyperentangled state emerges at 160 °C.
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Fig. 5. Schematic description of four-dimensional frequency and cross-polarized hyperentanglement photon-pair generation by type-II SPDC in a four-stripe Ti-indiffused

DPPLN waveguide.

number of polarization-frequency hyperentangled photon pairs is
less than 1099 pairs/s since we should collect the photon pairs
from each stripe into the same spatial mode. The spatial indis-
tinguishability can be achieved by the single mode fiber coupling
or by far field collection.

Here we propose another feasible experimental scheme by
using the lithium niobate waveguide [24,31] besides the bulk
crystal. Since when propagating in optical waveguide, light can be
easily confined and maintain their energy. This will improve the
efficiency of the entangled photon generation. Fig. 5 is the
schematic description of four-dimensional frequency and cross-
polarized hyperentangled photon-pair generation from titanium
indiffused lithium niobate waveguide. After being collected into
the same spatial mode such as polarization maintaining fiber, the
source serves as a compact and bright hyperentangled photon
source. By using demultiplexer for wavelength division multiplex
(DWDM), we can separate a pair of specific wavelengths gener-
ated by SPDC before they enter different input ports of WDM
device. We can use WDM filters to combine several of these
together to form a superposition of carrier wavelengths. After a
long distance of propagation, by using a demultiplexer, different
frequencies will emit from different ports. Each two customers in
quantum network will share a frequency pair from two ports and
use the cross-polarized entanglement for quantum information
processing, etc. N frequency pairs then can serve for N pairs of
customers. Integrated quantum photonics [32-34] based on
optical waveguide opens the way for miniaturization, scalability,
complexity and improving the performance of photonic quantum
circuits for future quantum technologies.

For the four-dimensional frequency and nondegenerate cross-
polarization hyperentangled state generation, we design a four-
stripe titanium indiffused DPPLN waveguide which covers the
wavelengths of 1552 nm/1568 nm, 1554 nm/1566 nm, 1556 nm/
1564 nm, and 1558 nm/1562 nm when the pump is 780 nm. The
working temperature is designed to be 160 °C. We set P=1.0 mW,
L=20 mm, dy4 =4.6 pm/V. Suppose that the section of titanium
indiffused waveguide is 9 pm x 9 um. We should consider the
overlap integrals between the pump, signal, and idler over the
transverse coordinates [24]. The effective interaction area is then
defined as the ratio between the product of pump, signal and idler
mode areas and the square of overlap integral [35]. The values of
An, and An, at the pump, signal, and idler wavelengths are
considered following Refs. [24,36]. By substituting this effective
area into the formula of photon-pairs generation rate, we can get
the generation rate of photon pairs roughly equals to 1.74084 x
107 pairs/s. But in fact the photon-pair number collected into the
single mode fiber is less than this theoretical value due to the
coupling loss.

In this work, both the bulk and waveguide multi-stripe DPPLN
are discussed, which are different from techniques using the
natural broadband frequency correlation in SPDC [37,38], we

using multi-stripe DPPLN to generate high-dimensional fre-
quency-entanglement. Compared with the doubly periodic grat-
ings are placed in series in the substrate, our device has the
advantage in the same propagation crystal length (small temporal
walk-off) and controllable propagation phase for each pair after
the crystal. For multi-stripe DPPLN, the initial phase for each pair
is the same and the propagation phase of each pair after the
crystal can be controlled separately, while for the DPPLNs placed
in series, the initial phase for each frequency pair is different
and after the crystal the phase cannot but has to be controlled
separately since each pair will propagate through different crystal
length. On the other hand, for a short duration pump pulse,
considering the group velocity dispersion, the parallel DPPLNs are
preferred for smaller temporal walk-off.

It is worth to mention that for the generation and collection of
such hyperentangled photon pairs one may pay more efforts in
the phase stabilization. The multi-stripe DPPLN waveguide should
be temperature controlled and no phase difference between each
stripe should be introduced into the pump before it splits into
photon pair. Also before collecting the photon pairs into the single
mode fiber or under a far field condition, the difference of phase
accumulation between each frequency pair should be stabilized
as 2nxn (n=1,2,3,...). The frequency bins have to be summed up
after all the stripes in a coherent manner at the output of the
Mach-Zehnder (MZ) interferometer. The relative phase between
all the components will drift anyway, and maintaining a coherent
superposition of all the frequency-bin contributions implies
tolerating phase drifts no larger than 27/100 or so before
degrading the entanglement quality. This would probably neces-
sitate an active stabilization of the MZ interferometer by using a
reference laser, to measure the phase in real time and feedback a
piezo stretcher, and that laser might be itself stabilized against an
atomic transition. It might also be necessary to frequency stabi-
lize the pump laser itself to maintain its overall phase over a
long term.

Although great efforts should be paid, it is feasible to prepare
such a frequency-polarization hyperentangled state. But to dis-
tribute such hyperentangled photon pairs over long distance
through optical fibers is of great challenge [38,39]. Even though,
such a bright hyperentangled state may be utilized for entangle-
ment degree of freedom (DOF) transfer locally. Since polarization
entanglement DOF can transfer onto other photonic DOFs, as
reported in [40]. We may achieve discrete frequency-entangle-
ment DOF transferred from the polarization entanglement DOF,
then we can create and control discrete frequency state by using a
hybrid quantum gate. There are two technologies to analysis
frequency-bin entanglement. One is the technology of electro-
optical modulators (EOMs), as reported in [37,38]. The other is the
technology of nonclassical interference to quantify the amount
of entanglement such as by reconstructing a restricted density
matrix [40], and by Hong-Ou-Mandel type interferometer
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[41,42]. Our frequency-bin entanglement cannot use the current
technology of electro-optical modulators for the analysis settings.

4. Conclusion

In summary, we have proposed a scheme for the generation
of both nondegenerate cross-polarization-entangled and high-
dimensional frequency-entangled photon pair using a multi-
stripe DPPLN crystal. Hyperentangled photon pairs produced from
optical waveguide are extremely compact, better efficiency, and
stable. Combined with simultaneous entanglement in other
degrees of freedom, this type of photon source will certainly
prompt the developments of quantum communication science
with better security and higher capacity. This type of hyperen-
tangled state may work as an initial state for the local transferring
between different DOF entanglements. Another advantage of this
hyperentangled photon source lies in the flexible quasi-phase-
matching technique, enabling a feasible engineering on the
frequency degree. We can obtain frequency-entangled photon
pairs at the telecom S-band (1490—1528 nm), C-band (1528-—
1568 nm) and L-band (1568 —1610 nm) for long-distance quantum
communication. We can also obtain different types of frequency-
entangled photon pairs such as the telecom wavelength for
quantum communication and the atomic absorbing for quantum
storage.
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