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Abstract

:

The generation and detection of nonclassical light of about 2 μm has good potential in an emerging field of high-sensitivity metrology, especially gravitational wave detection, as well as free-space quantum communication. A pair of photons is generated through a spontaneous parametric down-conversion (SPDC) process in a nonlinear optic crystal, which can be properly entangled in a spatial region where two beams with each polarization overlap or in a Sagnac-loop interferometer configuration. We investigated theoretically and numerically Type II SPDC in a potassium niobate (KNbO3, KN) crystal, which is useful as a material platform for generating photon pairs of high spectral purity in the 2-μm range. The technique is based on the frequency degenerate SPDC under Type II extended phase matching (EPM). We described the EPM characteristics of KN and showed that it is practically feasible for a 1064-nm pumped SPDC under moderate temperature conditions. The effective nonlinear optic coefficient of KN is at least four-times larger than those of other crystals using the Type II EPM approach, which implies a significant improvement in SPDC efficiency. The joint spectral analysis showed that a pair of photons can be generated with a high purity of 0.995 through proper pump filtering.
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1. Introduction


The generation and detection of nonclassical light of about 2 μm has good potential in an emerging field of high-sensitivity metrology, especially in gravitational wave detection [1,2,3]. Such long wavelengths can reduce quantum noise and scattering losses in interferometric gravitational wave detectors such as the laser interferometer gravitational wave observatory (LIGO)-Voyager [4]. Since this 2-μm band belongs to a window of high transparency in the atmospheric absorption spectrum, quantum light sources in this band also have great potential for applications such as free space quantum communication and sensing, with the advantages of high sensitivity and low noise measurement [4,5,6]. Mansell et al. utilized a combination of a second-harmonic generator and an optical parametric oscillator with two pieces of periodically poled potassium titanyl phosphates (PPKTPs) to generate nonclassical squeezed states of light [1]. Prabhakar et al. demonstrated two-photon quantum interference and entanglement at 2.1 μm using Type 0 spontaneous parametric down-conversion (SPDC) in a magnesium oxide-doped periodically poled lithium niobate (MgO:PPLN) [3]. In future studies, the basic requirements of the platform for generating photon pairs in the 2-μm spectral range can be listed as follows: (1) SPDC using the frequency-degenerate Type II extended phase matching (EPM) is desirable for the generation of high spectral purity photon pairs. Here, the EPM refers to the simultaneous achievement of phase matching (PM) and group velocity (GV) matching between interacting photons [7,8]. In addition, two photons generated simultaneously via Type II SPDC have polarization states that are perpendicular to each other. In this case, the polarization-entanglement can be obtained in the spatial region where two beams (or cones) with each polarization overlap, or in a Sagnac-loop interferometer configuration [9,10,11]. (2) A prevalent commercial laser is preferred as a light source for SPDC pumping to generate photon pairs in the 2-μm band. Coherent light sources with a wavelength of about 1 μm that are suitable for SPDC pumping include distributed feedback lasers, Fabry-Pérot lasers, and Yb-doped fiber lasers, but the most widely used high power and stable lasers are solid-state Nd:YAG (neodymium-doped yttrium aluminum garnet, Nd:Y3Al5O12) lasers. For example, 1064-nm Nd:YAG lasers are used in a variety of applications in science and technology, especially in materials processing, medicine, spectroscopy, and other laser pumping [12]. The wavelength of the photon pairs generated via the SPDC pumped by the Nd:YAG laser is 2128 nm, which is within the high transparency range in the atmospheric absorption spectrum [5]. (3) The larger the nonlinearity of the crystal used for SPDC, the higher the SPDC efficiency. The SPDC efficiency is proportional to the square of the effective nonlinear optic coefficient for the given EPM condition [13]. However, the 1064-nm pumped SPDC of the Type II EPM approach has not yet been reported to the best of our knowledge. Now, it is timely to find suitable candidates for nonlinear optic crystals that satisfy all of the requirements listed above and investigate their usefulness as a generator of photon pairs in the 2-μm band. In this paper, we theoretically and numerically investigate the Type II SPDC in a potassium niobate (KNbO3, KN) crystal, which is useful as a material platform for generating photon pairs of high spectral purity in the 2-μm spectral range. The technique is based on the frequency degenerate SPDC under Type II EPM for the high spectral purity of the biphoton states. First, we investigate the Type II EPM characteristics of KN in terms of the beam propagation direction, the spectral position of photon pairs, and the corresponding effective nonlinearities and beam walk-offs. We will then show that Type II EPM is feasible for a 1064-nm pumped SPDC under a moderate temperature condition, which is followed by the comparison of the effective nonlinear optic coefficients (deff) calculated under the given condition with those of other crystals using the Type II EPM. The result showed that the deff values of KN is 4.67, 4.03, and 7.44-times larger than those of PPKTP, PPLN, and β-BaB2O4 (BBO), respectively. The joint spectral analysis showed that a pair of photons with a wavelength of 2128 nm can be generated by a 1064-nm pumped Type II SPDC, with a high purity of 0.995 through proper pump filtering.




2. Materials and Theories


KN is a negative biaxial crystal belonging to the point group of orthorhombic mm2 at room temperature, and its lattice constants are a = 0.56896 nm, b = 0.39692 nm, and c = 0.57256 nm [14,15]. The crystallographic axes (a, b, c) of KN are all perpendicular to each other and have a relationship of (a, b, c) = (y, x, z) with the optical axes. In this case, the order of refractive-index (RI) magnitudes is given by nz < ny < nx. The temperature-dependent Sellmeier equations of KN are found in [16]. Figure 1a illustrates Type II SPDC in a KN, where an input pump photon with a frequency 2ω generates a pair of photons (signal and idler) with the same frequency ω and polarization states perpendicular to each other. The collinear birefringent PM (BPM) is achieved between the wave vectors (k) of the pump, signal, and idler photons as shown in Figure 1b. However, their beam directions (i.e., Poynting vectors, s) are generally not parallel to the crystallographic axes of KN, resulting in a spatial walk-off due to the birefringence as shown in Figure 1c. This spatial walk-off will be discussed further in a later paragraph. The type II BPM condition can be expressed as:


  Δ k =  |   k  ( l )   ( 2 ω ) −  k  ( h )   ( ω ) −  k  ( l )   ( ω )  |  = 0 ,  



(1)




where each k represents the wave number of the interacting wave, and is defined as k(m)(jω) = (jω/c)n(m). The unit k-vector is defined in a spherical coordinate as (sinθ cosϕ, sinθϕ, cosθ). Here, θ and ϕ are the polar and azimuthal angles, respectively. The RIs of the two eigen-polarization modes of light traveling inside a KN are expressed as follows by solving the Fresnel equation of the wave normal [17]:


   n  ( m )   ( j ω ) =    2  −  B j  ±    B j 2  − 4  C j        .  



(2)







The parameters in Equation (2) are defined as follows:


   B j  = − (  b j  +  c j  )  k x 2  − (  a j  +  c j  )  k y 2  − (  b j  +  a j  )  k z 2  ,  



(3)






   C j  =  b j   c j   k x 2  +  a j   c j   k y 2  +  b j   a j   k z 2  ,  



(4)






   a j  =  n x  ( j ω ) ,    b j  =  n y  ( j ω ) ,    c j  =  n z  ( j ω ) ,  



(5)




where, each ki represents the x, y, and z-axis components of the wave vector. j can be 1 or 2, then n(m)(2ω) and n(m)(ω) denote the RIs of the pump wave and the signal (or idler) wave with frequencies 2ω and ω, respectively. m in Equation (2) can be either l or h, representing low or high RI. l and h are obtained by taking plus and minus from the ± sign of the denominator in Equation (2), respectively. The temporal walk-off between the interacting photons due to the difference in GV can be defined as the time delay (ΔT) per unit crystal length as follows:


    Δ T  L  ≡   Δ  n g   c  ,  



(6)




where L and Δng represent the crystal length and the group index difference between the interacting photons, respectively [18]. The GV matching for the Type II interaction is achieved when Δng = 0 in Equation (6), which can be simplified as:


  2  n g  ( l )   ( 2 ω ) =  n g  ( h )   ( ω ) +  n g  ( l )   ( ω ) .  



(7)







Each subscript g in Equation (7) represents the group index. Now, the Type II EPM shown in Figure 1a is defined as Equations (1) and (7) being satisfied simultaneously. Each of these equations is a function of three variables: the pump wavelength (λp), θ, and ϕ. Therefore, by solving a system of Equations (1) and (7) while changing λp, we can obtain the solution set of θ and ϕ, i.e., the direction of pump wave vector for the Type II EPM at the given λp. Thus, by sweeping the pump wave vector along the direction characterized by the solution set of θ and ϕ, we can continuously tune the resonant λp. This means that the spectral position of a photon pair can be selectively determined or tuned within the range of the solution sets while maintaining the high spectral purity of biphoton states. In contrast, for PPKN, Type II EPM can only be achieved at a single wavelength [18].



The effective nonlinear optic coefficients (deff) for a given direction of pump wave can generally be expressed as a linear combination of d-values as follows:


   d  e f f   =  ξ 1   d  15   +  ξ 2   d  24   +  ξ 3   d  31   +  ξ 4   d  32   +  ξ 5   d  33   ,  



(8)




where the five d-values of KN are d15 = 12.4 ± 0.2 pm/V, d31 = 11.9 ± 0.2 pm/V, d24 = 12.8 ± 0.2 pm/V, d32 = 13.7 ± 0.2 pm/V, and d33 = 20.6 ± 0.2 pm/V at 1064 nm [19,20]. Here, the coefficients ξi are determined by the relationship between the crystallographic axes and the optical axes in a biaxial crystal with the point symmetry mm2 [21]. For a KN with the relationships of (y, x, z) = (a, b, c), the ξ-coefficients are given as follows:


     ξ 1  = − A E ( B C E − G H ) ( B C H + G E ) ) − A H   ( B C E − G H )  2  ,      ξ 2  = − A E ( B G H − C E ) ( B G E + C H ) − A H   ( B G E + C H )  2  ,      ξ 3  = − A E ( B C E − G H ) ( B C H + G E ) ,      ξ 4  = − A E ( B G H − C E ) ( B G E + C H ) ,      ξ 5  = −  A 3   E 2  H ,    



(9)




where the angle-dependent parameters of A, B, C, G, E, and H correspond to sinθ, cosθ, sinϕ, cosϕ, sinδ, and cosδ, respectively. The angle δ introduced for convenience only is defined as:


  tan δ ≡   2 B G C    A 2    cot  2   V z  −  B 2   G 2  +  C 2    ,  



(10)




where Vz represents the angle between the z-axis and the optic axis of biaxial birefringence. For biaxial crystals with a relationship nz < ny < nx, such as KN, Vz is given by:


  cos  V z  =    n x    (  n y 2  −  n z 2  )    1 / 2       n y    (  n x 2  −  n z 2  )    1 / 2      .  



(11)







Due to the RI dependence of Vz, deff is given as a function of three variables λp, θ, and ϕ. Thus, deff can be obtained by substituting the solution sets of λp, θ, and ϕ that satisfy the Type II EPM (i.e., Equations (1) and (7)). The SPDC efficiency is proportional to the square of deff for a given direction of beam propagation [13].



When a light beam travels inside a biaxial crystal with the point symmetry mm2, the spatial walk-off between the wave vector and the Poynting vector occurs within the crystal, as depicted in Figure 1b,c [22]. The walk-off angle (ρ) can be expressed as:


  tan  ρ j  ( m )   ≡    {   n  ( m )   ( j ω )  }   2     [     (     k x       {   n  ( m )   ( j ω )  }    − 2   −  a j     )   2  +    (     k y       {   n  ( m )   ( j ω )  }    − 2   −  b j     )   2  +    (     k z       {   n  ( m )   ( j ω )  }    − 2   −  c j     )   2   ]    −  1 / 2    ,  



(12)




where, all parameters of Equation (12) are defined in Equations (2)–(5). For the Type II EPM in biaxial crystals such as a KN, the relationships of Poynting vectors (s) of the interacting waves are illustrated in Figure 1c, while the BPM is collinear as shown in Figure 1b. The low-RI signal (or idler) beam (    s   s , i    ( l )     ) is always placed between the high-RI idler (or signal) beam (    s   i , s    ( h )     ) and the low-RI pump beam (    s  p   ( l )     ) as shown in Figure 1c. In this case, the spatial walk-off between the interacting beams can be defined as the largest angle (w) formed by the Poynting vectors of the high-RI idler (or signal) beam and the low-RI pump beam:


  cos w = cos  ρ 1  ( h )   cos  ρ 2  ( l )   .  



(13)







Here, w is also given as a function of three variables λp, θ, and ϕ, which can be obtained by substituting the solution sets of λp, θ, and ϕ satisfying the Type II EPM into Equation (13). The maximum deviation between the interacting beams after passing through the crystal of length L is expressed as:


  Δ = L tan w .  



(14)







The joint spectral analysis is commonly used to quantify the heralded-state spectral purity of the SPDC output, which includes the construction of the signal-idler joint spectral amplitude (JSA) and the calculation of the purity of biphoton state via Schmidt decomposition [23,24,25]. 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    | ψ 〉    produced via SPDC can be expressed as:


   | ψ 〉  =    ∫ 0 ∞      ∫ 0 ∞   d  ω s  d  ω i  f (  ω s  ,  ω i  )   a ^  s †  (  ω s  )   a ^  i †  (  ω i  )  | 0 〉   | 0 〉        ,  



(15)




where     a ^  s †    and     a ^  i †    are the creation operators of the signal and idler photons, respectively, and ωs and ωi are the corresponding frequencies. The correlation function, f(ωs,ωi), represents the biphoton JSA, and is defined as the product of pump envelop (PE) function and the PM function as follows:


  f (  ω s  ,  ω i  ) ≡ N α (  ω s  ,  ω i  ) φ (  ω s  ,  ω i  ) .  



(16)







Here, N denotes the normalization constant. If a pump with Gaussian spectral shape is assumed, the PE function can be written as:


  α (  ω s  ,  ω i  ) ∝ exp  [  −     (  ω s  +  ω i  −  ω p  )  2     σ p 2     ]  ,  



(17)




where ωp and σp 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:


  φ (  ω s  ,  ω i  ) ∝ sinc  (    Δ k L  2   )  ,  



(18)




where Δk represents the phase-mismatch defined in Equation (1). For the given direction of the pump wave that satisfies the Type II EPM (i.e., the solution sets of θ and ϕ), Equation (18) is given as a function of the signal and idler wavelengths (or λs and λi), so the JSA can be plotted on a two-dimensional plane as a function of λs and λi. Then, the purity can be calculated via the following Schmidt decomposition:


  f (  ω s  ,  ω i  ) =   ∑ j      c j     |   ζ  s , j    〉   |   ζ  i , j    〉    ,  



(19)




where Schmidt coefficients, cj, are a set of non-negative real numbers satisfying the normalization condition,     ∑ j    c j    = 1  .    |   ζ  s , j    〉    and    |   ζ  i , j    〉    represent the orthonormal basis states called as Schmidt modes. Then the spectral purity, P, is defined as the sum of squares of Schmidt coefficients as [23,24,25]:


  P =   ∑ j    c j 2    .  



(20)







Therefore, once we plot the JSA as functions of λs and λi in a two-dimensional plane, P can be calculated via the Schmidt decomposition in Equation (20).




3. Simulations and Discussion


Figure 2a shows the BPM and GV matching properties of SPDC in a KN at 22 °C. The blue and the cyan surfaces represent the BPM and GV surfaces calculated using Equations (1) and (7), respectively. The vertical axis represents the wavelength of the pump photon (λp), and the base of the coordinates is the plane formed by the angles θ and ϕ indicating the direction of the pump wave vector. The intersection line of the two surfaces in Figure 2a spans a specific range characterized by λp, θ, and ϕ, which corresponds to the Type II EPM. This is more clearly plotted in Figure 2b. Here, the blue line represents the intersection of the two surfaces, and the green and red lines represent the projections of the blue line on the ϕ-λp and θ-λp planes, respectively. The range of λp resonance that satisfies the Type II EPM is 1044.95–1062.78 nm at 22 °C, which corresponds to the ϕ-range 90–0° and the θ-range 41.0–63.8° as plotted in Figure 2b. It shows that the Type II EPM is achievable for all azimuthal angles, whereas for polar angles only in a specific angular region. The type II EPM properties of KN are summarized in Table 1.



The magnitude of the effective nonlinear optic coefficient (deff) is determined by the BPM direction as described in the paragraphs with Equations (8)–(11). Since the efficiency of SPDC is proportional to the square of deff, it is important to estimate the deff-values for the given direction of wave vectors satisfying the Type II EPM. The deff-values were calculated numerically using Equations (8)–(11), and the results are plotted in Figure 3a as a function of λp. The horizontal width of the graph falls within the full range of λp that satisfies the Type II EPM. In this range, the deff values span 8.40–11.13 pm/V, which are much larger than other cases using the Type II EPM approach, e.g., deff = 1.50 pm/V for BBO under the BPM; 2.39 pm/V (=(2/π)d24) for PPKTP and 2.77 pm/V (=(2/π)d15) for PPLN, under the first-order QPM [10,26,27]. The largest values of deff are 11.13 pm/V at 1062.78 nm, and the corresponding BPM direction is (θ, ϕ) = (63.8°, 0°). It is noteworthy that the deff-value is the largest when the wave vectors for the BPM are parallel to the x-z plane (ϕ = 0). The maximum walk-off angle (w) between the interacting beams and the corresponding beam deviation (Δ) were calculated using Equations (13) and (14), respectively, and plotted together in Figure 3b as a function of λp that satisfies the Type II EPM. Over the whole range of λp, the calculated w value spans 2.64–3.05°. The deviation (Δ) between the interacting beams per crystal of unit millimeter length is 46.10–53.29 μm/mm, which can be sufficiently overcome by using a pump beam of large size in thick crystals. The calculated values of deff, w, and Δ are also summarized in Table 1.



Now, for the case with the largest deff value (i.e., ϕ = 0), the temperature behaviors of Type II EPM characteristics of KN are investigated. Figure 4a shows the change in λp resonance and the corresponding polar angle (θ), as a function of temperature, t. As the temperature rises from 20 to 130 °C, λp shifts to longer wavelengths (1062.68 nm → 1070.06 nm), while the polar angle for Type II EPM only increases by 2.6° from 68.8°. Since the azimuthal angle is always ϕ = 0 for the case with the largest deff value, only the polar angle needs to be fine-tuned to maintain Type II EPM while the temperature rises. At t = 45.59 °C, the λp resonance reaches 1064 nm, which is the center wavelength of typical Nd:YAG lasers. This means that, without preparing a light source suitable for the resonance of the crystal for SPDC, high-purity photon pairs can be generated under moderate temperature conditions using a commercial high-power laser. High power SPDC pumping within the laser damage threshold of the crystal, along with the largest nonlinearity, can increase the maximum number of photon pairs per second. While the temperature rises from 20 to 130 °C, the deff value increases slightly from 11.12 to 11.36 pm/V, as shown in Figure 4b. The deff value of KN calculated at t = 45.59 °C (or λp = 1064 nm) is 11.16 pm/V, which is 4.67, 4.03, and 7.44-times larger than those of PPKTP, PPLN, and BBO using the Type II EPM approach, respectively. These values correspond to 21.80, 16.24, and 55.40-times increases in SPDC efficiency, respectively, because the nonlinear optic efficiency is proportional to the square of deff [13]. Here, we note that the generation of photon pairs based on the Type II SPDC in the 2-μm band is also feasible in KTP isomorphs, but, in this case, 1064-nm pumping is not possible and the effective nonlinearity is much smaller than that of KN [28]. To the best of our knowledge, the generation of photon pairs based on the Type II EPM SPDC in biaxial birefringent crystals with orthorhombic mm2 point symmetry (e.g., KN and non-poled KTP isomorphs) has not yet been experimentally demonstrated, nor has the 1064-nm pumped case. We highlight that the generation of photon pairs is possible with high efficiency and high spectral purity based on 1064-nm pumped Type II SPDC in KN. We believe that KN can be the best candidate for this purpose. Experimental demonstrations are currently underway using commercially available bulk KN crystals [29]. The crystal most similar to KN in its constituent atoms is lithium niobate (LiNbO3 or LN). LN is “nonlinear optically” different from KN in that it belongs to the trigonal 3 m point group and exhibits uniaxial birefringence. Several studies on the photon-pair generation using PPLNs have been reported so far, but in all of the cases the EPM approach was not used or the frequencies of the generated photon pairs were not degenerated [30,31,32,33,34]. Experimental results for the generation of photon pairs in thin-film PPLN have only been reported recently, but again, Type 0 SPDC were used [35,36]. The frequency-degenerate, Type II EPM approach for LN has recently been reported only as a theoretical study [26]. However, for non-poled LNs, the effective nonlinearity (and thus the SPDC efficiency) is too low as deff ≤ 0.2 pm/V, and for PPLNs, the wavelength of the photon pair is longer than 3.5 μm (with deff ~ 4 pm/V), which is far from the 2-μm band (or 1064-nm pumping). For a 1064-nm-pumped SPDC in KN, the spectral position of a photon pair is 2128 nm, which is within the high transparency range in the atmospheric absorption spectrum [5]. The spatial walk-off angle (w) between the interacting photons and the corresponding beam deviation (Δ) calculated using Equations (13) and (14), respectively, are 3.20° and 55.89 μm/mm, respectively. Since these values are smaller than those of BBO (i.e., w = 3.5° and Δ = 61.16 μm/mm), which are widely used for the photon-pair generation, longer nonlinear interaction lengths within the crystals can be used to increase SPDC efficiency. For the case with the maximum deff value, the Type II EPM conditions at λp = 1064 nm are listed in Table 2.



To quantify the heralded-state spectral purity of the SPDC output, we now analyze the signal-idler JSA properties, including the calculation of the purity of the biphoton state. Figure 5 shows the JSA characteristics of Type II SPDC for the case of KN listed in Table 2 (i.e., λp = 1064 nm, the maximum deff, Type II EPM). Figure 5a,b shows density plots of the PE and PM functions calculated using Equations (17) and (18), respectively, for a pump with a linewidth of 2.43 nm. This level of linewidth can be easily achieved through a combination of several filters placed in series because bandpass filters for pump filtering in the 1-μm band are commercially available with a high technical level. The joint spectral intensity (JSI) calculated using Equation (16) is shown in Figure 5c, where JSI is defined as |JSA|2. Here, the crystal length of 10 mm is used for all calculations. All of the density plots in Figure 5a–c are displayed in a 40 nm × 40 nm window. The solid (blue) and dashed (red) lines in Figure 5d represent the contour lines for JSI = 0.5 and a circle with a diameter of 8.1 nm, respectively. The contour line represents a circular shape, and the spectral purity calculated using Schmidt decomposition in Equation (20) reaches 0.995. The results show that at a wavelength of 2128 nm, very high spectral purity photon pairs can be generated in KN via a 1064-nm pumped SPDC with a Type II EPM approach.




4. Conclusions


We have theoretically and numerically investigated the Type II SPDC properties of KN. We theoretically described the Type II EPM characteristics of KN, in terms of BPM, GV matchings, effective nonlinearities, and spatial walk-offs between the interacting photons. The numerical simulation results showed that the spectral position of photon pairs can be tuned within the range of 2089.90–2125.55 nm by sweeping the pump wave vector along the direction satisfying the Type II EPM condition at 22 °C. As the temperature of the KN rises from 20 to 130 °C, the pump wavelength that satisfies the Type II EPM shifts from 1062.68 to 1070.06 nm. The maximum effective nonlinearity (or SPDC efficiency) could be achieved when the wave vectors for the BPM are parallel to the x–z plane. For the case with the largest deff, the Type II EPM is practically feasible for a 1064-nm pumped SPDC at t = 45.59 °C. In this case, the spectral position of a photon pair is 2128 nm, which is within the high transparency range in the atmospheric absorption spectrum. The photon-pair source in this band has great potential for applications such as free space quantum communication and sensing, with the advantages of high sensitivity and low noise measurement. The deff value of KN is 4.67, 4.03, and 7.44-times larger than those of PPKTP, PPLN, and BBO, respectively, which means a significant improvement in SPDC efficiency. The heralded-state spectral purity of SPDC output was quantified via JSA analysis, and the results show that the purity calculated for a pump with a 2.43-nm bandwidth is as high as 0.995.
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Figure 1. Schematic diagrams showing: (a) the relationships of frequencies and polarizations of pump, signal, and idler photons interacting via Type II spontaneous parametric down conversion (SPDC) in potassium niobate (KN), (b) the birefringent phase matching (BPM) between the wave vectors (k) of interacting waves, and (c) the spatial walk-off between the interacting beam lines described in the directions of Poynting vectors (s). 
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Figure 2. (a) Numerical simulation results of the BPM and the group velocity (GV) matching for SPDC in a KN at 22 °C; (b) Type II extended phase matching (EPM) property of KN (the blue line) and its projections on the ϕ-λp and θ-λp planes (the green and red lines, respectively). 
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Figure 3. (a) The effective nonlinear optic coefficient (deff); (b) the spatial walk-off angle (w) between the interacting beams, and the beam deviation (Δ). The numerical simulation results were plotted as functions of λp satisfying the Type II EPM. 
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Figure 4. For the case with the largest deff value (i.e., ϕ = 0) under Type II EPM, the temperature dependence of: (a) the λp resonance and the corresponding polar angle (θ) and (b) the deff values plotted as a function of t. 
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Figure 5. JSA characteristics of the SPDC output for the case of KN listed in Table 2 (i.e., λp = 1064 nm, the maximum deff, Type II EPM): (a) the pump envelope (PE) function, (b) the phase matching (PM) function, (c) the joint spectral intensity (JSI), and (d) the contour line for JSI = 0.5 (blue solid line) shown with a circle with a diameter of 8.1 nm (red dashed line). The spectral purity calculated using Schmidt decomposition is 0.995. 
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Table 1. The type II EPM properties of KN at 22 °C: the resonant pump wavelength (λp) and the corresponding signal/idler wavelengths (λs and λi), the BPM direction (θ, ϕ), the effective nonlinear optic coefficient (deff), the spatial walk-off angle (w) between the interacting beams, and the beam deviation (Δ).
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	Physical Quantities
	Range of Values





	λp (nm)
	1044.95–1062.78



	λs (or λi) (nm)
	2089.90–2125.55



	ϕ (°)
	90–0



	θ (°)
	41.00–63.80



	deff (pm/V)
	8.40–11.13



	w (°)
	2.64–3.05



	Δ (μm/mm)
	46.10–53.29
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Table 2. For the case with the maximum deff value, the Type II EPM conditions where the resonance of the pump photon is located at the center wavelength of Nd:YAG lasers (i.e., 1064 nm).
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	Physical Quantities
	Values





	t (°C)
	45.59



	λp (nm)
	1064.00



	λs (or λi) (nm)
	2128.00



	ϕ (°)
	0



	θ (°)
	45.59



	deff (pm/V) 1
	11.16



	w (°)
	3.20



	Δ (μm/mm)
	55.89







1 cf. deff = 1.50 pm/V for BBO under the BPM; 2.39 pm/V (=(2/π)d24) for PPKTP and 2.77 pm/V (=(2/π)d15) for PPLN, under the first-order QPM
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