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Abstract: We investigated the high-purity entangled photon-pair generation in five kinds of “non-poled”
potassium titanyl phosphate (KTP) isomorphs (i.e., KIiOPO4, RbTiOPOy4, KTiOAsO,4, RbTiOAsOy,
and CsTiOAsQOy). The technique is based on the spontaneous parametric down-conversion (SPDC)
under Type II extended phase matching (EPM), where the phase matching and the group velocity
matching are simultaneously achieved between the interacting photons in non-poled crystals rather
than periodically poled (PP) KTPs that are widely used for quantum experiments. We discussed
both theoretically and numerically all aspects required to generate photon pairs in non-poled KTP
isomorphs, in terms of the range of the beam propagation direction (or the spectral range of photons)
and the corresponding effective nonlinearities and beam walk-offs. We showed that the SPDC
efficiency can be increased in non-poled KTP isomorphs by 29% to 77% compared to PPKTP cases.
The joint spectral analyses showed that photon pairs can be generated with high purities of 0.995-
0.997 with proper pump filtering. In contrast to the PPKTP case, where the EPM is achieved only at
one specific wavelength, the spectral position of photon pairs in the non-poled KTP isomorphs can
be chosen over the wide range of 1883.8-2068.1 nm.

Keywords: parametric down-conversion; photon-pair generation; extended phase matching; potas-
sium titanyl phosphate

1. Introduction

Spontaneous parametric down-conversion (SPDC) in second-order (x?) nonlinear
optic media has been a practical source of entangled quantum systems, especially due to
its high stability [1,2]. In particular, two photons generated simultaneously via Type II
SPDC have orthogonal polarizations in the basis that is distinguished by crystallographic
axes, thus directly implementing a polarization-entangled photon-pair source. Several x(?
crystals, such as S-barium borate ($-BaB,O4, BBO), bismuth triborate (BiB3Og, BiBO), and
periodically poled (PP) potassium titanyl phosphate (KTiOPOy, KTP), have been utilized as
material platforms for the implementation of Type Il SPDC-based photon-pair sources [3-5].
Among these, PPKTP has attractive advantages over other crystals: (1) improvement of
SPDC efficiency by using longer crystals than other cases under the collinear quasi-phase
matching (QPM); (2) for Type Il interaction, higher effective nonlinearity than other cases;
and (3) most importantly, the generation of high-purity polarization-entangled photon
pairs in the telecom C-band through the extended phase matching (EPM) [6-10]. In
particular, “PPKTP Sagnac-loop” type SPDC sources have been used to demonstrate
many quantum information experiments [9,10]. However, PPKTP requires sophisticated
fabrication techniques, and despite the mature technology level, it is still challenging to
form uniform-period PP structures in long-length KTP crystals. In addition, the actual
thickness of PPKTP that can be manufactured by the electric poling method is limited
to ~0.5 mm, due to the high electric conductivity of KTPs [11]. A higher voltage must
be applied to the crystal to fabricate a thicker PPKTP, but if the voltage value required
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for periodic poling exceeds the limit, the crystal burns or breaks during the fabrication.
Although the PPKTP is still an attractive source of entangled quantum systems with
the high spectral purity of photon pairs, Type II SPDC is also possible even without PP
structures since non-poled KTPs are biaxial birefringent crystals. In addition, the effective
nonlinear optic coefficients of KTP in the direction of crystallographic axes are larger than
that of BBO or BiBO. Therefore, it is necessary to investigate whether the generation of
high-purity photon pairs through Type II EPM is still possible and useful for practical
quantum systems, even without the PP structure in KTP. To the best of our knowledge,
no studies have been reported on SPDC-based photon-pair sources under Type II EPM in
non-poled KTP isomorphs.

In this paper, we investigate both theoretically and numerically the high-purity
polarization-entangled photon-pair generation in five kinds of non-poled KTP isomorphs—
KTP, KTiOAsO4 (KTA), RbTiOPOy4 (RTP), RbTiOAsO4 (RTA), and CsTiOAsOy4 (CTA). The
technique relies on the SPDC under Type II EPM, where the phase matching and the group
velocity (GV) matching are simultaneously achieved between the interacting photons in
non-poled crystals rather than PP ones. First, we investigated Type Il EPM characteristics
of five non-poled KTP isomorphs, in terms of the range of the beam propagation direction
(or the spectral range of photon pairs) and the corresponding effective nonlinearities and
beam walk-offs. We showed that the SPDC efficiency can be increased in non-poled KTP
isomorphs by 29% to 77% compared to PPKTP. The joint spectral analyses showed that
photon pairs can be generated with high purities of 0.995-0.997 with proper pump filtering.
In contrast to the PPKTP case, where the EPM is achieved only at one specific wavelength,
the spectral position of a photon pair in the non-poled KTP isomorphs can be chosen over
the wide range of 1883.8-2068.1 nm. This means that the photon-pair spectra can be flexibly
chosen in the range of interest while maintaining the high spectral purity of the photon
pairs generated via Type II EPM.

2. Material and Theories

KTP isomorphs are usually expressed by the formula MTiOXO,, where M can be
potassium (K), rubidium (Rb), or cesium (Cs), and X can be arsenic (As) or phosphorus
(P) [12]. Here, combinations other than KTP, RTP, KTA, RTA, and CTA are not commonly
used because, except for these five, the growth of large and homogeneous bulk crystals is
very difficult [13]. The KTP isomorphs have point symmetry of orthorhombic mm2 and
exhibit biaxial birefringence. Their crystallographic axes 4, b, and ¢ are all perpendicular to
each other and correspond to the optical axes x, y, and z, respectively, as shown in Figure 1a.
In this definition, the order of refractive-index magnitudes is given by n, < ny, <n; [14].
A wave vector representing the direction of beam propagation is defined in the spherical
coordinate shown in Figure 1a, as follows:

%
k = (sin@cos ¢, sinfsin¢, cosh). (1)

Here, ¢ and 0 are the azimuthal and polar angles, respectively. For Type Il SPDC, an
input single photon (pump) with a frequency of 2w generates a pair of photons (signal
and idler) with the same frequency of w that are orthogonally polarized to each other, as
illustrated in Figure 1b.

When the light is incident into the crystal, the refractive indices (RIs) of two eigen

5
polarization modes for the given k-direction can be obtained by solving the Fresnel
equation of the wave normal as follows [15],

nif) = : , @
~By+ /B2 4G,
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where the definitions of parameters are:

Cy = Kibyeq + kyagey + byagk?, )
ag = Ngw,x, bg = Ngw,y, Cq = Ngw z- (5)
z(=0)
Pump photon (2w)

% : ) \tﬂ
Signal (or idler) (@)

N
(a) (b) Idler (or signal) (w)

Figure 1. (a) A schematic diagram showing the definition of the crystallographic and optical axes of
—

potassium titanyl phosphate (KTP) isomorphs in the spherical coordinate, where the wave vector, k,
represents the direction of beam propagation. ¢ and 6 are the azimuthal and polar angles, respectively.
(b) Type II spontaneous parametric down-conversion (SPDC): an input single photon (pump) with a
frequency of 2w generates a pair of photons (signal and idler) with the same frequency of w that are
orthogonally polarized to each other.

Here, g can be 1 or 2, then in the frequency-degenerate SPDC process, 1y, and #,,
represent the Rls of pump photon with the frequency 2w and signal (or idler) photon
with the identical frequency w, respectively. ky, ky, and k; in Equations (3) and (4) are
defined in Equation (1). p in Equation (2) can be & or /, representing high or low RI. Each of
these corresponds to when taking minus and plus in the + symbol of the denominator in
Equation (2). The RIs of all 5 KTP isomorphs (i.e., 1y, 11, and n;) in Equation (5) are found
in [16-19].

When photons of different frequencies pass through the crystal, a temporal walk-
off (AT) between the interacting photons occurs due to their difference in GV. This GV
mismatch is defined as AT per unit crystal length as follows,

AT An
= -8 (6)

L c’
where L, ¢, and Ang represent the crystal length, the speed of light in vacuum, and the
group index difference between interacting photons, respectively. Therefore, when Ang =0,
the GV matching is satisfied. Since the phase-matching (PM) condition between the pump,
signal, and idler photons is given by k, = ks + k;, the PM and GV matching conditions for
Type II SPDC can be simplified as:

2n§l) = nc(u) + n((‘,), (7)
an)zw ngl(z, + ng}u. (8)

Now Type II EPM conditions are defined as when Equations (7) and (8) are satisfied
simultaneously. Each of the equations is a 3-variable function for pump wavelength (A),
8, and ¢, thus by solving a system of equations (1 e., Equations (7) and (8)) for a given A,

we can find a set of 6 and ¢, i.e., the direction of k Thus, by sweeping k in the range of
directions where the set of solutions exists, it is possible to continuously tune the resonant
wavelength of the pump that produces pure biphoton states. This means that the spectral
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position of the photon pair can be selectively determined or tuned in the range of interest.
In contrast, in the cases of PPKTPs or bulk uniaxial crystals (e.g., f-BaB,O4 and LiNbOj3)
that are widely used in quantum experiments, the EPM is satisfied only at one wavelength.

The mm?2 crystals such as KTP isomorphs show biaxial birefringence. When the
crystallographic axes and the optical axes have the relationshipsof x =4,y =b,and z =,
the effective nonlinearity for Type Il interaction is generally expressed as [20],

defr = G1d15 + Codoa + G3da1 + Cadsp + Gsd3s, )

where the nonlinear optic coefficients (dis, d31, da4, d3p, and dsz) of 5 KTP isomorphs are
listed in Table 1 with their references [21,22]. Under the relationships of x =4, y = b, and
z = ¢, the ¢-coefficients in Equation (9) are given as follows:

&1 = —AH(BEG + CH)*> — AE(BGH — CE)(BEG + CH),

& = —AH(BCE — GH)* — AE(BCE — GH)(BCH + EG),

& = —AE(BGH — CE)(BEG + CH), (10)
&, = —AE(BCE — GH)(BCH + EG),

&5 = —A%E?H,

where the angle-dependent parameters of A, B, C, G, E, and H are given by sind, cosf, sing,
cos@, sind, and cosé, respectively. 6 and ¢ are the angles defined in Figure 1a. ¢ is an angle
introduced only for convenience and is defined as:

2BCG
tand = ) 1
M= 2oV, + C2 — B2G2 (11)

where V, represents the angle between the z-axis and the optic axis of biaxial birefringence
when the relation of ny < n, <n; is valid, as in the case of KTP isomorphs. V; is related to
Sellmeier equations of the crystal [20]. Therefore, deﬁ is also a 3-variable function for A, 0,
and ¢, and thus can be obtained by substituting the solution sets of Ay, 0, and ¢ that satisfy
Type I EPM (i.e., Equations (7) and (8)). The SPDC efficiency is proportional to the square
of the d,4 coefficient for a given k,-direction [23].

Table 1. Non-zero nonlinear optic coefficients of 5 KTP isomorphs at 1064 nm (in pm/V).

Crystals d15 d31 d24 d32 d33

KTP [21] 2.02 +0.15 2.01 + 0.07 3.75 + 0.07 3.75 £+ 0.07 154+ 0.2
RTP [21] 1.98 + 0.34 2.05 + 0.07 3.98 + 0.39 3.82 +0.1 15.6 + 0.3
RTA [21] 2.17 £ 0.20 2.25 £ 0.07 3.92 +0.15 3.89 & 0.08 15.9 + 0.3
KTA [21] 2.30 £ 0.05 2.30 + 0.05 3.64 + 0.34 3.66 & 0.08 155+ 0.3
CTA [22] 21+041 21404 344071 34+07 18.1+1.8

1 Reasonably, assuming that Kleinman symmetry is valid, dog4 = d3p and dy5 = d3;.

When the interacting beams pass through a birefringent crystal, the spatial walk-
—
off between the beams occurs due to the difference between k and s (Poynting vector)

—
directions in the crystal. In biaxial birefringent crystals, the angle p,gp ) between k and s is
given by,

2 2 2
® — [ (P2 ky ky k.
e = Uy K{}) ({}) ({})

where all parameters of Equation (12) are defined in Equations (1)—(5). For Type II EPM,

-1/2

. (12)

the low-RlI signal (or idler) beam (pgl)) is always placed between the low-RI pump beam
(pgl)) and the high-RI idler (or signal) beam (pgh)), as can be seen from Equation (7) [24]. In
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this case, the walk-off angle w can be defined as the largest angle between the Poynting
vectors of the interacting photons:

COS W = COS pgh) cos pgl). (13)

As expected in Equation (13), w is also the 3-variable function for Ay, 6, and ¢, which
can be obtained by substituting the set of solutions of A, 0, and ¢ that satisfies Type II
EPM. Then the maximum deviation between the interacting beams after passing through a
crystal of length L can be expressed as:

A = Ltanw. (14)

The construction of the signal-idler joint spectral amplitude (JSA) and the calculation
of the purity of biphoton state via Schmidt decomposition is a good way to quantify the
heralded-state spectral purity of SPDC output. The biphoton state |i) generated from
SPDC can be expressed as,

9 = [ [ desdewsf (@, @)t (@) (@) 0)]0), (15)

where 4f and 4! denote the creation operators of the signal and idler photons, respectively,
and w;, and w; are the corresponding frequencies [25]. Here, the normalized correlation
function f(ws, w;), representing the biphoton JSA, is expressed as the product of pump
envelop function and the PM function as follows:

f(wS/wi) = ‘X(wS/wi)q)(wS/ wi)' (16)

Assuming a pump with Gaussian spectral shape, the pump envelope (PE) function
can be written as,
(17)

o2

((‘Js + w; — wp)2‘|
4

a(ws, w;) o exp [—

where wy 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, wj) sinc(AZkL>, (18)
where Ak represents the phase mismatch defined as Ak = 1k, — ks — k;|. For the given
ky-direction (i.e., 6 and ¢) that satisfies the EPM, Equation (16) 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 related to Equation (15),

flws, wi) = 2 VEilGsi) i) (19)
j

where Schmidt coefficients, Cj, denote a set of non-negative real numbers satisfying the
normalization condition, ) ¢; = 1. |€ SJ«> and ’Ci,j> represent the orthonormal basis states

]
(i.e., Schmidt modes), respectively. Then the purity, P, is defined as the sum of squares of
Schmidt coefficients as [25]:

P=Y ¢ (20)
j

Therefore, once we plot the JSA as a function of A; and A; in a 2-dimensional plane, P
can be calculated via the Schmidt decomposition in Equation (20).
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3. Simulations and Discussion

Figure 2 shows the numerical simulation results of the PM and GV matching for
Type II EPM: Figure 2a—e correspond to KTP, RTP, RTA, KTA, and CTA in turn. In each
graph, the blue and cyan surfaces represent the PM and GV matching calculated using
Equations (7) and (8), respectively. The crossing line of two surfaces means the range of
5

k -direction (i.e., 6 and ¢) satisfying the EPM, which spans a specific wavelength region as
expected in Section 2. Figure 3 plots 6 and ¢ as a function of the resonant A, corresponding
to the crossing lines in Figure 2. Figure 3a—e correspond to KTP, RTP, RTA, KTA, and
CTA, respectively, as in Figure 2. For each KTP isomorph, Type II EPM is possible for all
azimuthal angles (¢ = 0-90°), whereas for polar angles (6) only in a specific angular region
as plotted in Figure 3. Type Il EPM properties calculated for all five crystals are summarized
in Table 2 with the references to Sellmeier equations used for the simulations [16-19]. The
spectral ranges of the entangled photon pairs calculated for all five crystals span 1883.8—-
2068.1 nm, which is still within the silica fiber transparency (e.g., SM2000, 1700 nm to
2300 nm, Thorlabs) [26]. Therefore, quantum light sources based on KTP isomorphs
have good potential for quantum communication in the sense that the existing optical
communication infrastructure can be used almost as it is. In addition, since absorption lines
of various gas molecules (e.g., hydrogen chloride (HCI), ammonium (NHj3), water vapor
(H,0O), carbon dioxide (CO;), and nitrous oxide (N,O)) exist in this spectral region, the
KTP isomorph-based quantum light sources can be exploited in sensing applications [27].
The spectral ranges of the photon pairs, which can be tuned by sweeping the direction of k,
reach tens of nm as listed in Table 2, which provides flexibility in choosing the wavelength
of the quantum light source while maintaining the high spectral purity.

GV
surface

Apump (D]

30 60 30 ’ 0% 60 20 ’ 60 5 60 0 ’
0 90 o[°] #[°] 0 90 o[°] #[°] 09 6]
(a) (b) (©)

1150 1150 -
11004 1100
= = 1
= (=} ]
<1050 = 1050
~ 1000 ~ 1000 \
950 950 \\
90 90 ‘
035 60 30 ’ 0 30 60 , 20 ’
#1°] 0 90 o[°] #[°] 0 90 01°]
(d) (e)

Figure 2. Numerical simulation results of the phase matching (PM) and group velocity (GV) matching for Type II extended
phase matching (EPM): (a) KTP, (b) RTP, (c) RTA, (d) KTA, and (e) CTA. In each graph, the blue and cyan surfaces represent
the PM and GV matching, respectively. The crossing line of two surfaces means the range of k,-direction satisfying the EPM.
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Angle

Figure 3. k-directions (¢ and ) for Type Il EPM and the corresponding resonant pump wavelength
(Ap). The EPM is possible for all azimuthal angles (¢ = 0-90°), whereas for polar angles (6), only in a
specific angular region: (a) KTP, (b) RTP, (c) RTA, (d) KTA, and (e) CTA.

>
Table 2. k -direction and wavelength ranges of the interacting photons satisfying Type Il EPM.

AAs (or AN

Crystals el°] 01[°] Ap [nm] As (or A;) [nm] [nm]
KTP [16] 0-90 40.3-49.2 941.9-952.2 1883.8-1904.4 20.6
RTP [19] 0-90 42.7-52.8 950.3-965.0 1900.5-1930.0 29.4
RTA [18] 0-90 45.1-53.9 1023.4-1035.3 2046.8-2070.5 23.7
KTA [17] 0-90 42.3-48.1 1032.0-1051.4 2064.0-2102.8 38.8
CTA [17] 0-90 47.3-69.4 1026.1-1034.0 2052.2-2068.1 15.9

Since the SPDC efficiency is proportional to the square of dg, it is critical to estimate

the effective nonlinearity for the given ?—direction that satisfies the EPM. Figure 4 shows
the d.g values plotted as a function of Ay, which are calculated numerically using Equation
(9). The A, values in the horizontal axes in Figure 4 correspond to the A, range of Type II
EPM listed in Table 2. For each case, the d g value is larger at longer wavelengths under
Type II EPM. The maximum d,g values are obtained at ¢ = 0 for all five crystals (i.e., the
case that ky lies on the x-z plane shown in Figure 1a). These d g values at ¢ = 0 and their
corresponding polar angles 6 and resonant A,’s are listed in Table 3. In the PPKTP case,
the nonlinear optic coefficient (dgpy) is given as (2/m)do4 for the first-order QPM. The
simulation results show that the d, values are larger for non-poled crystals (2.71-3.18) than
for PPKTP (2.39). The ratios of dgp to the dy values of the non-poled KTP isomorphs
are summarized in Table 3. Since the SPDC efficiency is proportional to the square of dg,
e/ dQPM)Z represents the ratio of efficiency that can be increased for each case compared
to the case of PPKTP. As shown in Table 3, the SPDC efficiency is expected to be improved
as much as from 29% to 77% in a quantum light source using non-poled KTP isomorphs.
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3.5 KTP —— 3.5 - RTA
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Figure 4. Effective nonlinear optic coefficients (df) calculated numerically under Type II EPM:
(a) KTP and RTP; (b) RTA, KTA, and CTA.

Table 3. Type II EPM conditions for the maximum effective nonlinearities: the resonant pump
wavelength (Ap), the k-direction (i.e., 8 and ¢), the effective nonlinear optic coefficient (dgff), the
walk-off angle (w), and the beam deviation (A).

Crystals A, [nm] ¢ [°] 01°] [pfri%] (ril,gjf;f/ﬂlQpM)2 w [°] [um?mm]
KTP 952.19 0 492 2.80 1.37 2.8 48.9
RTP 964.98 0 52.8 3.17 1.76 2.7 47.2
RTA 1035.27 0 53.9 3.17 1.76 22 38.4
KTA 1051.40 0 48.1 2.71 1.29 2.3 40.2
CTA 1034.04 0 69.4 3.18 1.77 1.9 33.2

PPKTP 775 0 90 2391 1 - -

1 dopm = (2/m)doy, the first-order quasi-phase matching (QPM).

Figure 5 shows the walk-off angles (w) calculated using Equation (13) under Type II
EPM: (a) KTP and RTP and (b) RTA, KTA, and CTA plotted as a function of the EPM A,
values. Over the whole range of Ay, the calculated w spans 1.6-2.8° for the five crystals.
The corresponding beam deviation (A) per unit millimeter crystal length calculated using
Equation (14) spans 27.9-48.9 um/mm, which can be sufficiently overcome by a large beam
window in thick crystals. In each crystal, the calculated values of w and A for the case with
the maximum d,4 value are also summarized in Table 3.

28 ————— n 2.8 —-—--RTA —
d KTA
2.6-// / 2.6} ﬂ .
o4t 124} ]
[}
=)
£22} {122F  _a: ]
-
220} 120t ]
<
=18F ~~ - KIP 1 gl 1
—— RTP
16k, = @ 16l (b) ]
942 948 954 960 966 1022 1032 1042 1052
A, [nm] A, [nm]

Figure 5. Walk-off angle (w) between the interacting beams numerically calculated under Type II
EPM: (a) KTP and RTP; (b) RTA, KTA, and CTA.
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In order to quantify the heralded-state spectral purity of SPDC output, we analyzed
the signal-idler JSA properties and calculated the purity of the biphoton state. Figure 6
shows the joint spectral properties of Type Il SPDC in the non-poled KTP with the largest
defr shown in Table 3. Note that in this case, kj lies on the x-z plane (i.e., ¢ = 0 in Figure 1a),
thus the optical alignment is relatively easy compared to the other cases for ¢ # 0 (Table 2).
The density plot of the PM function (Figure 6b) shows typical EPM characteristics as in
the PPKTP case [10]. The joint spectral intensity (JSI) calculated for the 3.3-nm bandwidth
PE function (Figure 6a) is plotted in Figure 6¢c. Here, the crystal length of 10 mm is
used for calculations, and the JSI is defined as IJSA |2. The solid and dashed lines in
Figure 6d represent the contour lines for JSI = 0.5 and a circle with a diameter of 11 nm,
respectively. The contour line shows a circular shape, and the purity calculated using
Schmidt decomposition in Equation (20) is as high as 0.996.

50, 7.5 -
] (d)
25
0] 0
25
b 50! 50 I
25 50 -50 25 0 25 50 -50 -25 0 25 50 -7.5 0 7.5
AA, [nm] AA, [nm] AA, [nm]

Figure 6. Type II SPDC in a non-poled KTP with the maximum deﬁr (Table 1) (a) pump envelope (PE) function, (b) PM
function, (c) joint spectral intensity (JSI), and (d) the contour line for JSI = 0.5 (blue solid line) shown with a circle with a

diameter of 11 nm (red dashed line). The calculated purity is 0.996.

Figure 7 shows the JSIs of Type II SPDC in non-poled RTP, RTA, KTA, and CTA with
maximum d, f values (Table 3), where the PE functions of 2.2-nm, 4.05-nm, 4.05-nm, and 3.0-
nm bandwidth, respectively, were considered for higher purities. The contours of JSI = 0.5
(blue solid line) for each case shown in Figure 7 are plotted in Figure 8. The red dashed lines
shown in Figure 8 represent the circles with diameters of 7.35 nm, 13.6 nm, 13.6 nm, and
10 nm, respectively. All calculation results in Figures 7 and 8 were performed for 10-mm
crystal length. To clearly compare the spectral bandwidths of the photon pairs, all density
plots in Figures 6 and 7 are displayed in a window with the size set to 100 nm x 100 nm,
and Figures 6d and 8 are displayed in a 15 nm x 15 nm window. As shown in Figure 8,
the contours of JSI = 0.5 exhibit circular shapes for all five crystals, and the calculated
spectral purities are 0.997 for RTP and 0.995 for RTA, KTA, and CTA, respectively. This
means that very high-purity entangled photon pairs can be generated in five non-poled
bulk KTP isomorphs, as well as in the case of the well-known PPKTP [10]. In addition, in
terms of SPDC efficiency, all five non-poled KTP isomorphs discussed in this study show
advantages over the case of PPKTP using the first-order QPM, as discussed in Table 3.

50
25
0
-25
-50 -50 -50 !
25 0 25 50 -50  -25 0 25 50 -50  -25 0 25 50 -50  -25 0 25 50
AZ, [nm] AA, [nm] AA, [nm] AA, [nm]

Figure 7. JSIs of Type Il SPDC in non-poled (a) RTP, (b) RTA, (c) KTA, and (d) CTA with maximum d,g values (Table 3). The
calculated purities are 0.997, 0.995, 0.995, and 0.995, respectively.



Appl. Sci. 2021, 11, 565

10 of 11

7.5 7.5 7.5 1 7.5
() (b) (©) (d)

g
=0 0 0 0
rﬁ
<

-1.5 -7.5 -7.5 -7.5

7.5 0 7.5 -7.5 0 7.5 -1.5 0 75 -1.5 0 7.5
AZ; [nm] A2 [nm] AZ; [nm] AZ, [nm]

Figure 8. Contour lines for JSI = 0.5 (blue solid lines) for the cases shown in Figure 7: (a) RTP, (b) RTA, (c) KTA, and (d) CTA.
The red dashed lines represent the circles with diameters of 7.35 nm, 13.6 nm, 13.6 nm, and 10 nm, respectively. Each result

was calculated for a crystal length of 10 mm.

References

4. Conclusions

We theoretically and numerically investigated the entangled photon-pair generation
in five kinds of non-poled KTP isomorphs: KTP, RTP, RTA, KTA, and CTA. The SPDC
properties under Type Il EPM were theoretically investigated in the mm2 biaxial crystal to
which the KTP isomorphs belong, including PM, GV matchings, effective nonlinearities,
and spatial walk-offs between the interacting photons. The heralded-state spectral purities
of SPDC output were quantified via JSA analyses, and the results show that the purities
calculated for Type II EPM with a proper pump filtering are as high as 0.995-0.997. The
spectral position of photon-pairs produced by KTP isomorphs can be chosen over the broad
range of 1883.8-2068.1 nm, which is still within the silica fiber transparency. Therefore, the
spectral position of the photon pair can be selectively determined or tuned in the range of
interest while maintaining the high spectral purity of the photon pairs generated via Type II
EPM. In addition, the use of non-poled crystals is expected to increase the SPDC efficiency
by 29% to 77% compared to the PPKTP. Since KTP isomorphs have been commercialized
as high-level crystal growth techniques, quantum light sources based on non-poled KTP
isomorphs have good potential for fiber-optic and free-space quantum communication and
sensing.
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