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Abstract: Recent advances of high-quality lithium niobate (LN) on insulator technology have revital-
ized the progress of novel chip-integrated LN-based photonic devices and accelerated application
research. One of the promising technologies of interest is the generation of entangled photon pairs
based on spontaneous parametric down-conversion (SPDC) in LNs. In this paper, we investigated,
theoretically and numerically, Type II SPDC in two kinds of LNs—undoped and 5-mol% MgO doped
LNs. In each case, both non-poled and periodically poled crystals were considered. The technique
is based on the SPDC under Type II extended phase matching, where the phase matching and the
group velocity matching are simultaneously achieved between interacting photons. The proposed
approach has not yet been reported for LNs. We discussed all factors required to generate photon
pairs in LN, in terms of the beam propagation direction, the spectral position of photons, and the
corresponding effective nonlinearities and walk-offs. We showed that the spectral positions of the
generated photon pairs fall into the mid-infrared region with high potential for free-space quantum
communication, spectroscopy, and high-sensitivity metrology. The joint spectral analyses showed
that photon pairs can be generated with high purities of 0.995-0.999 with proper pump filtering.

Keywords: lithium niobate; parametric down-conversion; photon-pair generation; extended phase
matching

1. Introduction

Lithium niobate (LiNbO3, LN) has been the most preferred nonlinear optic platform
for decades due to its high material quality, mature manufacturing technology, large
second-order nonlinearity and electro-optic (EO) modulation efficiency [1]. In particular,
the ion-cut technology for manufacturing wafer-size, low propagation loss, sub-micron-
thick crystalline LN thin films has made significant advances over the past decade [2,3].
This technique allows the successful integration of undoped or MgO/Fe/Er/Tm doped
LN on insulators such as S5iO,/Si, Si, sapphire, and quartz [4]. This rapid development of
LN-on-insulator (LNOI) technology has revitalized the progress of novel chip-integrated
LN-based photonic devices and accelerated application research [5-17]. The monolithically
integrated LN modulator with on-chip loss of less than 0.5 dB and the high modulation rate
of 210 Gb/s has been successfully demonstrated, which was followed by many promising
applications including on-chip photonic integration, Kerr frequency comb or supercontin-
uum generation, and nonlinear-optic quasi-phase-matching (QPM) frequency conversion
on an integrated platform [5-7]. Chip-based LNOI light sources including frequency
combs, on-chip self-referencing systems, and a two-octave spanning supercontinuum have
been demonstrated [8-10]. On-chip integration of spectrometers, modulators, resonators,
frequency shifters, and periodically poled LN (PPLN) waveguides for integrated photonic
circuit construction has also been reported recently [11-17].

One of the important applications of second-order nonlinearity is the generation of
entangled photon pairs based on spontaneous parametric down-conversion (SPDC) in -
crystals [18]. In particular, two photons generated simultaneously via Type II SPDC have
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orthogonal polarizations in the basis that are distinguished by crystallographic axes. In this
case, the entangled photon pairs are obtained from the spatial region where two beams (or
cones) with each polarization overlap, or from the Sagnac-loop interferometer configura-
tion [19,20]. In addition, the extended phase matching (EPM) is defined as when group
velocity (GV) matching is additionally achieved between photons interacting under Type
I SPDC, where high-purity photon pairs can be generated in a wide bandwidth [21-25].
Several studies on the photon-pair generation based on Type II SPDC in PPLN waveguides
have been reported so far, but in all cases the EPM scheme was not used or the frequencies
of the generated photon pairs were not identical to each other [26-30]. The experimentally
reported brightness values are 6 x 10°/s/GHz and 3 x 10°/s/GHz for non-diffused and
Ti-indiffused PPLN waveguides, respectively [26,27]. The rates of photon-pair generation
are 1.2 x 103 pairs/s/mW and 2.87 x 107 pairs/s/mW for a bulk PPLN and hybrid PPLN
waveguide, respectively [28,29]. Experimental results for the generation of photon pairs in
thin-film PPLN have only been reported recently, where Type 0 SPDC were used [31,32].
The brightness is 69 x 10°/s/mW /nm, and the photon-pair generation rates are 91 pairs/(s
GHz Mw) for Type 0 and 44,360 pairs/(s GHz mW) for Type I, respectively [31,32]. In addi-
tion, Type Il EPM approach has not yet been reported for non-poled LNs. However, in order
to generate high-purity photon pairs that are indistinguishable except for the state of po-
larization, SPDC based on frequency-degenerate Type Il EPM is required. Therefore, it is
timely to investigate the usefulness of LN as another suitable candidate for the generation
of frequency-degenerate, entangled photon pairs while meeting all requirements.

In this paper, we investigate, both theoretically and numerically, Type II SPDC in two
kinds of LN (i.e., undoped and 5-mol% MgO doped LNs), which are expected to be useful
as material platforms for the generation of entangled photon pairs of high spectral purity.
In each case, both non-poled and PP crystals will be considered. The 5-mol% MgO-doping
prevents photorefractive damage to LN (optically induced refractive index change when
the crystal is exposed to blue or green CW light) [33,34]. The technique is based on the
SPDC under Type II EPM, where the phase matching (QPM or birefringent PM) and the
GV matching are simultaneously achieved between the interacting photons in both non-
poled and PP crystals. First, we investigate the Type II EPM characteristics for non-poled
and PPLN in two types of LN, respectively, in terms of the beam propagation direction,
the spectral position of photon pairs, and the corresponding effective nonlinearities and
beam walk-offs. We will show that the spectral positions of the generated photon pairs
fall into the mid-infrared (mid-IR) region with high potential for free-space quantum
communication, spectroscopy, and high-sensitivity metrology [35-38]. The joint spectral
analyses showed that photon pairs can be generated with high purities of 0.995-0.999 with
proper pump filtering.

2. Materials and Theories

LN belongs to the trigonal point group 3 m at room temperature, and exhibits negative
uniaxial birefringence [1]. In this case, the order of refractive-index (RI) magnitudes is
given by n, < n,, where 1, and n, represent the Rls of the extraordinary and ordinary
waves in the principal axes of the index ellipsoid [39,40]. Figure 1 illustrates the frequency
and polarization relationships of pump, signal, and idler photons interacting via Type II
SPDC. In a non-poled LN shown in Figure 1a, an input pump photon with a frequency 2w
produces a pair of photons (signal and idler) with the same frequency w and polarization
states perpendicular to each other. In this case, the pump wave vector that satisfies Type 11
EPM generally does not propagate along the crystallographic axis, resulting in a spatial
walk-off between the interacting beams as illustrated in Figure la. For a PPLN case,
the pump beam propagates along the y-direction perpendicular to the ferroelectric domain
wall, as shown in Figure 1b. Under the first-order QPM, an x-polarized pump photon
with a frequency 2w produces a pair of signal-idler photons with the same frequency w,
and the pair has x- and z-polarization states (or vice versa), respectively. The arrow in each
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(a)

ferroelectric domain represents the direction of spontaneous polarization (Pg), and A is the
poling period for the first-order QPM.

(b)

Figure 1. Schematic diagrams showing the frequency and polarization relationships of pump, signal, and idler photons
interacting via Type II spontaneous parametric down-conversion (SPDC) in (a) a non-poled lithium niobate (LN) and (b) a
periodically poled LN (PPLN).

For a non-poled LN shown in Figure 1a, the Type II PM condition can be expressed as,

where each k represents the wave number of the interacting wave, and is defined as
ko(w) = (w/c)ny(w) or ke(lw,B) = (Iw/c)ne(lw,0). Here, I can be 1 or 2, and ¢ denotes the
speed of light in vacuum. For light propagating at the angle 6 to the optic axis of the LN,
the RI of extraordinary wave, 1.(6), can be derived as follows, using the definition in [18]:

1o (lw)ne(lw)

ne(lw,0) = .
\/ng(lw) sin? 0 + n2(Ilw) cos? 6

@

The RIs (1, and n,) of two kinds of LNs considered in this work (i.e., undoped and
5-mol% MgO-doped LNs) are found in [39,40].

For the PPLN configuration shown in Figure 1b, each of the three interacting photons is
polarized along one of the principal axes of the index ellipsoid, respectively. The first order
QPM condition under the Type Il interaction (when using the nonlinear optic coefficient
dy5) is then expressed as,

Mg = [ko(20) ~ Ko(w) — k(@) - 2 =0, ®

where k,(lw) = (lw/c)ny(lw) and k.(w) = (w/c)ne(w). Here, I can be 1 or 2.
The temporal walk-off between the interacting photons due to the difference in GV is
expressed as the time delay (AT) per unit crystal length as follows:

AT  Ang

T o @

where L and Ang represent the crystal length and the group index difference between
interacting photons, respectively [41]. Then, when Ang = 0 in Equation (4), GV matching is
achieved, which can be simplified as:

2188 (20,8) = n® (w) + i (w,0), ®)

21 (2w) = 1) (@) + 1 (), (6)

where Equations (5) and (6) correspond to the case of non-poled LN and PPLN, respectively.
Each superscript g in Equations (5) and (6) means the group index. Now Type II EPM
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for each case shown in Figure 1 is defined as when Equations (1) and (5) (for a non-
poled LN in Figure 1a), or Equations (3) and (6) (for a PPLN in Figure 1b) are satisfied
simultaneously. For a non-poled LN, Equations (1) and (5) can both be expressed as
two-variable functions for 6 and the pump wavelength (A,). Therefore, by solving the
system of Equations (1) and (5), a solution set of A, and 6 that satisfies Type Il EPM can
be obtained, where pure biphoton-states are produced. For a PPLN, Equations (3) and (6)
are both given as a function of A,. Therefore, once a A, that satisfies the GV matching
condition of Equation (6) is obtained, the poling period (A) for the first QPM is determined
by Equation (3). PP structures with specific periods (>a few pm, typically) can be easily
fabricated with current ferroelectric domain engineering techniques. Therefore, an SPDC-
based photon-pair source that satisfies Type Il EPM can be implemented in a PPLN.

In negative uniaxial crystals with the point symmetry 3 m, such as LN, the effective
nonlinear-optic coefficient for Type Il PM in a non-poled LN is given by [42],

depf = dap cos® (6 + p) sin 3¢, @)

where ¢ and 6 are the azimuthal and polar angles in the spherical coordinate, respectively.
The nonlinear optic coefficient, dy,, is known to be 2.1 & 0.21 pm/V at 1064 nm [43,44].
For a negative uniaxial crystal with the point symmetry 3 m, the spatial walk-off angle (p)
between the wave vector and the Poynting vector within the crystal can be simplified to:

_ sin26 1 1 5
e = 252 (i ~ iy ) 0 ®

where n.(w,0) is given in Equation (2). To derive this expression, we used the definition
in [45]. The azimuth angle has no effect on the PM condition as shown in Equations (1) and (2),
so the maximum d,4 can be obtained by setting ¢ to 7/6. As can be appreciated from
Equations (7) and (8), der and p are both functions of A, and 6. Therefore, for a non-poled
LN, d.4 can be obtained by substituting the solution sets of A, and 6 that satisfy Type II
EPM (i.e., Equations (1) and (5)). For a PPLN, since Type Il PM uses dys, def is given as
(2/m)dy5 for the first-order QPM. The SPDC efficiency is proportional to the square of the
deg for a given direction of beam propagation [4]. The nonlinear optic coefficients dy5 of
two kinds of LN (i.e., undoped and 5 mol% MgO-doped LNs) are found in [43,44,46].
The spatial walk-off between the interacting beams does not occur in the QPM situ-
ation shown in Figure 1b. However, when the beams generally do not propagate along
the crystallographic axis, as shown in Figure 1a, the spatial walk-off occurs due to the
difference in direction of the wave vector and the Poynting vector within the crystal. For the
Type Il interaction in a negative uniaxial crystal defined in Equation (1), the relationships
of Poynting vectors (s) of the interacting waves are given as illustrated in Figure 2b, while
the PM is collinear as shown in Figure 2a. For the ordinary wave, the wave vector and the
Poynting vector are parallel to each other (i.e., ko(w)/ /s,(w)), but this is not the case for
the extraordinary waves. p., and py,, in Figure 2b are the walk-off angles of the extraor-
dinary waves with frequencies w and 2w (Equation (8)), respectively, and in this study
the relationship of py, > pw is valid. Then, for an SPDC in a non-poled LN, the largest
walk-off angle (w) between the Poynting vectors of the interacting waves is equal to pp,,.
As expected in Equation (8), w is also the two-variable function for A, and 6, which can
be obtained by substituting the solution set of A, and 6 that satisfies Type Il PM. Then the
maximum deviation between the interacting beams after passing through the crystal of
length L can be expressed as:
A = Ltanw. 9)
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Figure 2. Example schematic diagrams showing the relationships of (a) wave vectors (k,, ko) and (b) Poynting vectors (s,
so) of the interacting waves under Type II PM. Each p represents the walk-off angle between k and s. The angular scale is
exaggerated.

The joint spectral analysis—the construction of the signal-idler joint spectral amplitude
(JSA) and the calculation of the purity of the biphoton state via Schmidt decomposition—is
commonly used to quantify the heralded-state spectral purity of the SPDC output [47-49].
Here, the spectral purity is a parameter that describes the degree of spectral uncorrelation
between the signal and the idler photons. The signal-idler biphoton state |i) generated
from SPDC can be expressed as,

|l/’> - /ooo /000 dwsdwif(ws/wi)ﬁ!(‘%)ﬁ:‘r(wi)‘O>|0>' (10)

where 4{ and 4] are the creation operators of the signal and idler photons, respectively, and ws
and wj are the corresponding frequencies [49]. The normalized correlation function, f(ws, w;),
is expressed as the product of the pump envelope function and the PM function as follows:

flws, wi) = a(ws, w;) p(ws, wi), (11)

which represents the biphoton JSA [47]. Assuming a pump with Gaussian spectral shape,
the pump envelope (PE) function can be written as,

> (12)

(ws + w; — a)p)zl
p

a(ws, w;) o exp [—

where w) and ¢ represent the center frequency and bandwidth of the pump, respectively.
The PM function is given in the form of a sinc function as shown below,

/
¢(ws, w;) o« sinc(N;L>, (13)

where Ak’ represents the phase-mismatch defined in Equation (1) (Ak for a non-poled
LN) or Equation (3) (Akq for a PPLN). For the given k,-direction (i.e., ) that satisfies the
EPM, Equation (11) is given as a function of the signal and idler wavelengths (or A; and

A;), thus the JSA can be plotted on a two-dimensional plane as a function of As and A;.
The purity can be calculated via the following Schmidt decomposition,

flews i) = Y /6118s)|4i). (14)
]

where Schmidt coefficients, ¢j, are a set of non-negative real numbers satisfying the normal-

ization condition, } ¢; = 1. |§ s,j> and |§ z',j> represent the orthonormal basis states called
j
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Schmidt modes [48]. Then the spectral purity, P, is defined as the sum of squares of Schmidt
coefficients, as in [49]:
P = ZCJZ
J

Therefore, once we plot the JSA as functions of As and A; in a two-dimensional plane,
P can be calculated via the Schmidt decomposition in Equation (15).

(15)

3. Simulations and Discussion

Figure 3 shows the numerical simulation results of Type II EPM in a PPLN (Figure 3a)
and a 5-mol% MgO-doped PPLN (MgO:PPLN) (Figure 3b) at temperature t = 50 °C. A
satisfying the first-order QPM (Equation (3)) and the temporal walk-off per unit crystal
length (AT /L) defined in Equation (4) are plotted as a function of A,,. The refractive indices
used for the simulations are found in [39,40]. As indicated by the dashed circles and arrows
in Figure 3, the A, values for GV matching (i.e., AT/L = 0) are 1817.03 nm (for a PPLN)
and 1757.35 nm (for a MgO:PPLN), and the corresponding As are 18.04 um and 18.35 pum,
respectively. Examples of pump light sources at these wavelengths include Fabry-Pérot
lasers, distributed feedback lasers, and super-luminescent diodes [50-52]. PP crystals with
such long periods can be readily fabricated using current electric poling technology with
the sub-pm resolution. Type II EPM properties calculated for two kinds of PPLNs are
summarized in Table 1. The signal/idler wavelength in each case falls into the mid-IR range
(i.e., 3634.06 nm and 3514.70 nm). LN-based photon pair sources in this spectral range can
be utilized in absorption spectroscopy to control the combustion and leakage of methane
(CH,4) and to detect formaldehyde (CH,O) exposure [53,54]. In addition, the generation
and detection of nonclassical light in the mid-IR range has good potential in an emerging
field of high-sensitivity metrology, gravitational wave detection, and free-space quantum
key distribution [35-38]. As indicated in Figure 3, A has an extremum at each A, for GV
matching because the derivative of A by A, is proportional to Ang [41]. As described in
Section 2, the Type II QPM uses the nonlinear optic coefficients di5, and the values are
listed in Table 1 together with references.

182} AN (@) 140 18.4
. N,
N\ 2T
18.0 S 120 18.2
. \ Z Z
—_— N\, ~3 —_— ~3
g 178 R 0 & £ 180 =
= . = @
< \'\ _ g < g
17.6 A N 20 § 17.8 g
——— N el \
174} ATIL S 40 17.6} AL N 40
1 1 1 1 > 1 1 1 \l
1500 1600 1700 1800 1900 2000 1500 1600 1700 1800 1900 2000
A, [nm] A, [nm]

Figure 3. Numerical simulation results of Type II extended phase matching (EPM) in (a) a PPLN and (b) a 5-mol% MgO:LN.
The poling period (A) satisfying the first-order quasi phase matching (QPM) and the temporal walk-off per unit crystal
length (AT/L) are plotted as a function of A,,.

Table 1. Type I EPM properties of two kinds of PPLNSs: the poling periods (A), the resonant pump

wavelength (1), and the corresponding signal/idler wavelengths.

Crystal ldys | [pm/V]1T A [pm] Ap [nm] As,; [nm]
4.35+0.44

PPLN [43,44] 18.04 1817.03 3634.06

5-mol% MgO:PPLN 4.4 [46] 18.35 1757.35 3514.70

1 Assuming that Kleinman symmetry is valid, dis = d3;.
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Figure 4 shows the numerical simulation results of Type II EPM in a non-poled LN
(Figure 4a) and a non-poled MgO:LN (Figure 4b) at t = 50 °C. In each graph, the solid black
and dash-dot red lines represent the PM and GV matching properties calculated using
Equations (1) and (5), respectively. The intersection point of two curves represents the k-
direction (i.e., ) and the corresponding A, satisfying Type Il EPM. The pump wavelengths
for GV matching (i.e., AT /L = 0) are 1007.99 nm (for a LN) and 1018.15 nm (for a MgO:LN),
where the ky,-directions are 0 = 70.47° and 6 = 74.58°, respectively. Type Il EPM properties
calculated for two non-poled LNs are summarized in Table 2. The calculated wavelengths of
photon pairs are 2015.99 nm and 2036.30 nm, which are within the silica fiber transparency
(<2300 nm) [55]. It is widely known that communication C-band is the best option for
low-loss optical communication. However, it is necessary to use a wider bandwidth (e.g.,
S + C + L bands) to accommodate the increasing communication traffic [56,57]. Here, the S-
and L-bands are used as many passive optical networks (PONs) and dense wavelength
division multiplexing (DWDM) systems. Therefore, LN-based quantum light sources
have good potential for demonstrating fiber-based broadband quantum communication.
The generation and detection of nonclassical light about 2 pm also has good potential,
especially in gravitational wave detection [35].

(a) 1.21 (b)
1.21
— 1.14 — PMecurve|| — .15
g -=-= GV curve § o
(-QQ'I.O B it s =P st "QQ‘I.O' el ket NP -
0.9
0.9
0.8 , ; | :
65 70 75 80 85 90 65 70 75 80 85 90
0[°] o[°]

Figure 4. Numerical simulation results of Type Il EPM in (a) a LN and (b) a 5-mol% MgO:LN. In each
graph, the intersection point of the PM and GV curves represent the k,-direction (i.e., #) and the
corresponding A, satisfying Type Il EPM.

Table 2. Type II EPM properties of two kinds of non-poled LNs: the PM direction (), the resonant
pump wavelength (1) and the corresponding signal/idler wavelengths, (A, ;), the effective nonlinear
optic coefficients (df), the angle of walk-off between the interacting photons (w), and the beam
deviation (A).

Crystal 0[°] Ap [nm] A ; [nm] Ao [pm/V] w [°] A [pm/mm]
LN 70.47 1007.99 2015.99 0.21 1.30 22.73
5-mol%
MgO:LN 74.58 1018.15 2036.30 0.13 1.01 17.60

Since the SPDC efficiency is proportional to the square of d,g, it is critical to estimate
the effective nonlinearity for the given kj-direction that satisfies Type II EPM. Figure 5
shows dyg and py, plotted as a function of A, which are calculated numerically using
Equations (7) and (8). The A, values in the horizontal axes in Figure 5 correspond to the
Ap range satisfying Type II PM shown in Figure 4. Here, A, is the solution to Equation (1),
which is a solution pair with the PM direction, 6. The d 4 values calculated for Type Il EPM
are 0.21 pm/V fora LN and 0.13 pm/V for a MgO:LN as shown in Figure 5a. Over the entire
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PM wavelength range, d,g is larger for LN than for MgO:LN. In the PPLN configuration
shown in Figure 1b, d,f is simply given as (2/m)d;5 for the first-order QPM. Figure 5b
shows the walk-off angle p, calculated for the given PM solution set of A, and 6. Overall,
also in the case of LN, the walk-off is larger than that of MgO:LN. The calculated value
of py, is used to calculate dgﬁc with Equation (8), and it also directly means the maximum
walk-off angle w between the interacting photons, as discussed in Section 2. The w values
are calculated as 1.30° for a LN and 1.01° for a MgO:LN, which correspond to the beam
deviation (A) 22.73 pm/mm and 17.60 um/mm, respectively. Here, each A was calculated
using Equation (9), which can be sufficiently overcome by a large beam window in thick
crystals. The calculated values of deﬁr, w, and A are also summarized in Table 2.

: : : : 1.4 — : : :
12}
1.0}
0.8f
0.6}
04f
02f
()

Pro [o]

0 11 12 13
[nm]

Figure 5. (a) Effective nonlinear optic coefficients (d,4) under Type Il EPM, numerically calculated
for the two kinds of non-poled LNs: LN and 5-mol% MgO:LN; (b) the walk-off angle py,,,, calculated
for the PM solution set of A, and 0.

Now we investigate the temperature behaviors of the Type Il EPM properties of LNs.
Figure 6 shows the change in A, for Type Il EPM (corresponding to the intersection points
in Figure 4) and the PM direction 6 at that point, which are plotted as a function of ¢ in two
kinds of non-poled LNs. Here, A\, means the difference in A, between the temperature
tand t =50 °C (i.e., AAp = Ay(t) — A,(50 °C)). As the temperature increases, A, shifts to
longer wavelengths (AA, > 0) for LN (Figure 6a) and shorter wavelengths (AA, < 0) for
5-mol% MgO:LN (Figure 6b). In the case of LN, AA, is only 1.87 nm (corresponding to
3.74 nm spectral change in AA; ;) for large temperature changes from 50 °C to 150 °C, which
is sufficiently small compared to the spectral bandwidth of the photon pair (~7.6 nm) to
be described in a later paragraph. Since the spectral change for a temperature change of
100 °C is within the signal/idler spectral bandwidth, the LN-based photon-pair source
operates stably against temperature change. For 5-mol% MgO:LN, the Type II EPM point
does not exist at temperatures above 80 °C as plotted in Figure 6b. AA, for temperature
changes from 50 °C to 80 °C is —0.16 nm (corresponding to a 0.32 nm spectral change in
AAs ;), which is also much smaller than the spectral bandwidth of the photon pair (~7.8 nm)
to be described in a later paragraph. Therefore, both LN and 5-mol% MgO:LN can be
suitable platforms for quantum light sources that are insensitive to temperature changes.

Figure 7a,b shows the temperature dependence of the first-order QPM (Equation (3))
and the temporal walk-off (Equation (4)) between the interacting photons. The solid black
line in each graph represents the change in A, as a function of ¢ of a PP crystal with the fixed
poling period designed for Type Il EPM at t = 50 °C (=As5¢¢c). The dash-dot red line in
each graph represents the change in A, for no temporal walk-off as a function of ¢. In both
cases of PPLN (Figure 7a) and 5 mol%-MgO:PPLN (Figure 7b), A, for the first-order QPM
appears even when the temperature of PP crystals change. However, the GV matching is
not achieved except for ¢ = 50 °C. Figure 7c shows the PM function (Equation (13)) plotted
as a function of t, which means the spectral responses of the PP crystals to temperature.
The bandwidths (full-width-half-maximum) are calculated as >52 °C for PPLN and 1.90 °C
for 5 mol%-MgO:PPLN. Therefore, in application as a quantum light source, PPLN is not
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sensitive to temperature changes, while 5 mol%-MgO:PPLN needs to be maintained at an

appropriate temperature.

2.0 : : : : 72.0 0.00 : : : : : 92
1.6} 7716 -0.03} 189
5 -0.06 86
= 12} s A A712 7
El o T S £ -0.09} SR L
a 0. Pt 1708 T .~ '/-’ —
3 T 3 -0.12¢ e 180
04F 170.4 0.151 T 197
(a) L. (b)
0.0 l : . : 70.0 -0.18 : Coe : . 74
50 70 90 110 130 150 50 55 60 65 70 75 80
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Figure 6. Temperature behaviors of the resonant A, and the corresponding PM direction (6) in two kinds of non-poled LNs:

(a) LN and (b) 5 mol%-MgO:LN.
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Figure 7. Temperature behaviors of the resonant A, for the first order QPM and the temporal walk-offs in (a) PPLN and (b)
5 mol%-MgO:PPLN; (c) the spectral responses of the PP crystals to temperature.

In order to quantify the heralded-state spectral purity of SPDC output, we now discuss
the analysis of the signal-idler JSA properties including the calculation of the purity of the
biphoton state. Figure 8 shows the joint spectral properties of Type II SPDC in the cases
listed in Tables 1 and 2. The density plots of the JSAs (Equation (11)) for LN and 5 mol%
MgO:LN are shown in Figure 8a,b, respectively. JSAs of PPLN and 5 mol% MgO:PPLN are
plotted in Figure 8c,d, respectively. The crystal length used for the calculations is 10 mm for
all four cases. The bandwidths of PE functions (Equation (12)) chosen for higher purities are
2.27 nm, 2.33 nm, 5.33 nm, and 5.17 nm, respectively, in the order of Figure 8a—d. As can be
seen in Figure 8, the JSAs show typical circular shapes as in the case of PPKTP under Type II
EPM [24]. The contour lines for the joint spectral intensity (JSI) = 0.5 are plotted in Figure 9,
where Figure 9a—d, in turn, correspond to Figure 8a-d. Here, the JSI is defined as |JSA |2.
For clear comparison of the spectral bandwidths of the photon pairs, all contour plots in
Figure 9 are displayed in a 20 nm x 20 nm window. The contour lines show almost perfect
circular shapes with the diameters of 7.6 nm, 7.8 nm, 17.3 nm, and 17.8 nm, in the order of
Figure 9a—d. The purities calculated using Schmidt decomposition (Equation (15)) are as
high as 0.995, 0.995, 0.999, and 0.998, respectively, in the order of Figure 8a—d. The results
show that very high-purity photon pairs can be generated in both PP and non-poled LNs.
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MgO:PPLN. The calculated purities are 0.995, 0.995, 0.999, and 0.998, respectively.
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Figure 9. Contour lines for joint spectral intensity (JSI) = 0.5 for the cases shown in Figure 8: (a) LN, (b) 5 mol%-MgO:LN (c)
PPLN, and (d) 5 mol%-MgO:PPLN. The diameters of the circles are 7.6 nm, 7.8 nm, 17.3 nm, and 17.8 nm, in the order of
Figure 9a—d. Each result was calculated for a crystal length of 10 mm.

4. Conclusions

We have theoretically and numerically investigated Type I SPDC properties of two
kinds of LNs—undoped LN and 5-mol% MgO:LN. In both non-poled and PP crystals,
SPDC properties under Type II EPM were theoretically investigated, in terms of PM,
GV matchings, effective nonlinearities, and spatial walk-offs between the interacting
photons. The spectral position of photon pairs can be chosen in the mid-IR region in-
cluding 2015.99 nm, 2036.30 nm, 3634.06 nm, and 3514.70 nm, which has high potential
for free-space quantum communication, spectroscopy, and high-sensitivity metrology.
The heralded-state spectral purities of SPDC output were quantified via JSA analyses,
and the results show that the purities calculated with proper pump filtering are as high as
0.995-0.999. While the acceptable temperature bandwidth of a MgO:PPLN-based SPDC
source operating with a stable spectrum is less than 1.9 °C, other counterparts based on
PPLN or two kinds of non-poled LNs are not sensitive to temperature changes. Neverthe-
less, practically all four cases do not require temperature precision equipment, which is a
huge advantage for practical use of LN-based quantum light sources outside the laboratory.
LN-based quantum light sources are expected to provide a variety of functions for SPDC-
based quantum communication, information processing, metrology, and spectroscopy.
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