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Entangled photon pairs are crucial resources for quantum information processing protocols. Via the process of sponta-
neous parametric downconversion (SPDC), we can generate these photon pairs using bulk nonlinear crystals. Traditionally,
the crystal is designed to satisfy a specific type of phase-matching condition. Here, we report controllable transitions
among different types of phase matching in a single periodically poled potassium titanyl phosphate crystal. By carefully
selecting pump conditions, we can satisfy different phase-matching conditions. This allows us to observe first-order Type-II,
fifth-order Type-I, third-order Type-0, and fifth-order Type-ll SPDCs. The temperature-dependent spectra of our source were
also analyzed in detail. Finally, we discussed the possibility of observing more than nine SPDCs in this crystal. Our work not
only deepens the understanding of the physics behind phase-matching conditions, but also offers the potential for a highly
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1. Introduction

Quantum light sources, including single-photon sources and
entangled photon sources, are fundamental resources for the
study of quantum information processing'"?!. One of the most
widely used methods for preparing quantum light sources is
spontaneous parametric downconversion (SPDC) in a nonlinear
optical crystal'>*. In an SPDC process, a pump photon interacts
with a nonlinear crystal and is converted into a biphoton, which
is a pair of correlated photons usually referred to as the signal
and idler. The biphotons can be further engineered to prepare
a heralded single-photon source or entangled photon source.
The SPDC process can be engineered in different degrees of free-
dom, such as space, time, frequency, polarization, and phase!*®!,

According to the polarization of the pump, signal, and idler
photons, the phase-matching conditions in nonlinear SPDC
can be classified into three types: Type-0, H-HH, or V->VV;
Type-I, H-VV, or V->HH; Type-II, H-HV, or V-HV.
Here, “H” and “V” represent the horizontal and vertical polar-
izations, respectively'”). In the Type-0 and Type-I cases, the sig-
nal and idler photons have the same polarization, resulting in
broad spectral distributions and narrow temporal distributions.
This feature of broad spectra is advantageous in quantum
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versatile entangled biphoton source for quantum information research.
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[8,9] [10]

metrology'™”, quantum optical coherence tomography
and quantum spectroscopy[”’lz]. Furthermore, the Type-0
matching condition has the highest effective nonlinear coeffi-
cient among all three nonlinear phase-matching conditions!”’.
In the Type-II cases, the signal and idler photons usually
have much narrower spectra and have been widely used to per-
form quantum communication, computation, and measure-
ment!>™'®) Another important feature of the Type-II
matching condition is that the joint spectral distribution of
biphotons can be engineered according to the group velocity
differences!’”). As a result, one can prepare photon pair sources
with engineerable frequency correlation!>®'®),

Traditionally, one crystal is usually designed to satisty only
one specific phase-matching condition for quantum informa-
tion processing protocols. For different protocols, one may need
different crystals supporting different phase-matching condi-
tions. Previous works have demonstrated the possibility of real-
izing two SPDC processes in a single periodically poled
potassium titanyl phosphate (PPKTP) crystal. These studies
were limited to only Type-II and Type-0 phase-matching con-
ditions, and the detailed properties of such sources are
unclear!"?~?!, In this work, we demonstrate controllable transi-
tions among all types of phase matching in a single nonlinear
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crystal. Specifically, we find that PPKTP with a poling period of =~ order and phase-matching type. Table 1 shows the specific wave-
10 pm can realize all three types of phase-matching conditions  length values of the cross points in Fig. 1(a). Notably, there are
simultaneously at pump wavelengths of around 405 nm. We  three SPDC processes near the wavelength of 405 nm. We
observed first-order Type-II (at 404.3 nm), fifth-order Type-I ~ inspect these three phase-matching conditions further in
(at 404.3 nm), third-order Type-0 (at 408.8 nm), and fifth-order ~ Fig. 1(b) by zooming in the wavelength range between 400
Type-II (at 315 nm) phase-matching conditions. More impor- ~ and 410 nm. We can confirm that the cross points are at the
tantly, the design principles, detailed spectra, and tuning curves ~ pump wavelengths of 401.9 nm (third-order Type-0), 404.6 nm
in our sources are revealed for future reference. Our work may (first-order Type-II), and 407.4 nm (fifth-order Type-I). This
provide a versatile biphoton source for diverse tasks in quantum  feature allows us to achieve a controllable transition among
information technology. Type-0, Type-I, and Type-II phase matching conditions by tun-
ing the pump wavelength in a small range between 401 and
408 nm. Moreover, we can adjust the cross points by tuning
2. Theory the temperature of the PPKTP crystal. Finally, we note that
our calculation indicates the existence of another experimentally
implementable SPDC process of fifth-order Type-II at 311.4 nm,
as shown in Fig. 1(a).
w, =0, + o; (1) The effective nonlinear coefficient is an important parameter
for QPM crystals, which could be different for phase-matching
where @ is the angular frequency and the subscripts p, s, and i conditions of different types and orders. We define d g as the
denote the pump, signal, and idler, respectively. The momentum  effective nonlinear coefficient of KTP and d(z) as the nonlinear
conservation law is also satisfied and can be expressed in the  coefficient of PPKTP at the position of z. d(z) is a square-wave
form of phase-matching function (PMF). For quasi-phase-  function>°~2%,
matched (QPM) crystals, the PMF is given by

In the process of an SPDC, the energy conservation law is sat-
isfied and is given as

d(z) = dg sign[cos(2wz/A)]. (3)

2r
ky —ki—kitm—=0, (2)
A d(z) can also be expressed by Fourier series,

where k; (j=p,s,i) is the wave vector, A is the poling period,

and m=1,3,5... is the poling order. d(z) = d g Z G,, exp(ik,2), (4)
In a PPKTP crystal, the photons are usually designed to m=—co

propagate along the x direction but polarize in the y and z direc-

tions. Here, we assign y direction to H polarization and z direc- ~ Wwhere k,, = 2zm/A, and G,, can be expressed as

tion to V polarization. Using the Sellmeier equations of KTP

from Ref. [23] for refractive index n,, Ref. [24] for n,, and G = (i) sin (@) 5)

Ref. [25] for temperature-dependent dispersion, the PMF in " mzx '

Eq. (2) can be calculated.
In Fig. 1(a), we show the relation between pump wavelength Intuitively speaking, k,,, is the spatial frequency of the grating
and poling period with nine different combinations of poling  structure of the PPKTP crystal, and G,, is the coefficient of its
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Fig. 1. Calculated poling period of the PPKTP crystal as a function of pump wavelength under different phase-matching conditions. The black horizontal line
represents the 10 pm poling period. In this calculation, we assume the degenerate case of Ag= 4,=24,, and the temperature of the crystal is set at 25°C. As shown
in (), three phase-matching conditions are satisfied near A, = 405 nm. In (b), we show a zoomed-in plot for pump wavelengths between 400 and 410 nm. Here,
these shadowed regions represent the temperature tuning range of each phase-matching condition. For each region, the upper bound and lower bound are at
25°C and 150°C, respectively.
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Table 1. Comparison of the Nine SPDC Processes®.

Vol. 22, No. 2 | February 2024

Poling Order Phase-Matching Polarization Pump (nm) Signal (nm) Idler (nm) d2) (pm/V) A (um)
First Type-0 /-0 550.82 1101.65 1101.65 2053 / =1076
Type-I -V 1070.91 2141.82 2141.82 25, [ w= 271
Type-Il Y= V7 404.63 809.27 809.27 2y [ m=232
Third Type-0 />0 40192 803.84 803.84 2053 / 37 = 3.59
Type-I -V 505.21 1010.41 1010.41 205, [ 3m =092 10
Type-Il Y= V7 338.73 B677.45 677.45 20y, [ 37 =071
Fifth Type-0 Va4 354.97 709.94 709.94 2053 / 5 =215
Type-| 14 407.37 81473 81473 2ds, / 57 =055
Type-|l =74 31143 622.86 622.86 2ahy / 57 =046

“d(z) is the theoretical nonlinear coefficient and A is the poling period.

eigenmode exp(ik,,z). The detailed derivation of d(z) and G,,
can be found in the Appendices A and B.

3. Experiment and Results

We experimentally verified the existence of these controllable
transitions of phase-matching conditions using the experimen-
tal setup shown in Fig. 2. We have used two lasers as our pump.
The first laser is a narrowband laser (Kunteng QTechnics) with
tunable center wavelengths of 401-409 nm and a linewidth of
10 MHz. The second laser is a broadband laser'*”), which has
a strong-power portion at 405 nm and a weak-power portion
ataround 315 nm. During our experiment, we control the pump
power using a half-wave plate (HWP) and a polarizing beam
splitter (PBS). By adding another HWP after the PBS, we can
also control the polarization of the pump beam. Then the pump
laser is filtered by a short-pass filter and then focused by a lens
(L1, with a focal length of f = 50 mm) onto a temperature-con-
trolled 10-mm-long PPKTP crystal. Our PPKTP crystal has a

Laserl
4=405nm SPFs L1 PPKTP L2
. n s \ &
I ~
: ]l —;#A
HWP1 PBS1 HWP2 Oven DM  LPFs

Laser2
2=315nm

Z (V) T—'X
Y (D

PBS2

poling period of 10 pm, which was originally designed for a
Type-II phase-matched SPDC at 810 nm. The downconverted
biphotons are collimated by the second lens (L2, f = 50 mm)
and then filtered by a dichroic mirror and a long-pass filter.
Then, these biphotons are separated by the PBS and 50:50 fiber
beam splitter (FBS), which directs the photons to two avalanche
photodiodes (APDs). Finally, we analyze the properties of these
SPDC processes using a time-interval analyzer (Picoharp 300,
PicoQuant) for single and coincidence counts (CCs). Moreover,
the spectra of these biphotons are measured using a single-
photon level spectrometer (SP2300, Princeton Instrument).
We report the measured single counts (SCs) and CCs in
Table 2. We also plot the experimentally measured spectra in
Figs. 3(a)-3(d). For the first-order Type-II case, the pump
wavelength is set at 404.3 nm, and the polarization is set to
be horizontal. In this case, the signal and idler are separated
by the PBS and then coupled into single-mode fibers, which
are connected to two APDs. At the spectral degeneracy temper-
ature of 126.8°C, SC and CC are measured to be 1.3 Mcps and

SMFC1

FBS f
’ \

|
|

| Spectrometer

)

Fig. 2. Experimental setup for observing controllable transitions among different SPDC processes. Here, we used two lasers at 405 and 315 nm. We control the
power and polarization of the pump beam, and we also control the temperature of the PPKTP crystal. The properties of these SPDC processes are characterized
using a time interval analyzer and a single-photon level spectrometer. HWP, half-wave plate; PBS, polarizing beam splitter; SPFs, short-pass filters; L, lens; DM,
dichroic mirror; LPFs, long-pass filters; M, mirror; SMFC, single-mode-fiber coupler; SMF, single-mode fiber; FBS, fiber beam splitter; D, detector.
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Table 2. Comparison of the Four SPDC Processes®.

Poling period 10 pm

Pump wavelength 4043 nm 4043 nm 408.8 nm 315 nm
Phase-matching Type-II Type-I Type-0 Type-Il
Polarization H—oH+V V—H+H Vo>V+V H—H+V
Poling order Ist 5th ard 5th
Tuning range 30°C — 150°C 50°C — 70°C 50°C — 120°C 30°C — 150°C
Degenerate temperature 126.8°C 57.2°C 58.4°C 62.8°C
SC/CC (keps) 1300/45 385/15 5400/167 N/A
Theoretical d(2) (pm/V) 20y /= 232 20, / 57 =055 2dss / 37 = 359 20, / 57 = 046

“During our characterization, we fixed the pump power to 10 mW. We measure the SC and CC at the degenerate temperature. We note that SC is calculated as

SC = +/SC1 X SC2, where SCI and SC2 are the single counts of two different channels. The CC is the original data without correcting the factor of 1/2 in the usage of
FBS. Here, d(z) is the nonlinear coefficient of the PPKTP crystal.

Type-ll (404.3 nm) Teo Type-l (404.3 nm) Type-0 (408.8 nm) Type-ll (315 nm)
6k 3 120 Teg 12000
: ~ 400 00
~ | 40 (b) : — 50 (c) 5 0
3 sk N5 100 N —55 10000 T g [— %0
& ‘\q —50 >~ 300 — 50
= 4k l 8000 £ 59 & 60
- El . =% e —70
£ 3k z 6000 LT & 200 — 80
— 90
Za a0 9 | E% & =,
2 1 [—=1e 2 100 19
% K 2000 = g 130
£ A AL ui l £ 5 T — 140
0 AALAAN, 0T 0 > oledd /EV LN 0 150
780 790 800 810 820 830 ——140 700 750 800 850 900 700 750 800 850 900 610 620 630 640 650
Wavelength {nm) ——150 Wavelength {(nm) Wavelength {(nm) Wavelength (nm)
E 840f (¢) —— signal o050} (f) —— signal st (g) — signal 660} (h) —lsignal
£ 830 —idler ——idler 950 ——idler ——idler
= 900 900
guSZO 850 640|
2 810 630
(3 800 800
o 800 620}
2 750
55 790) 00 750
£ 780 - 700 600)
71964560 80 100 120 140 160 %0 60 70 8 9 000 e0 80 100 120 2040 60 80 100 120 140 160
Temperature (°C) Temperature {°C) Temperature (°C) Temperature (°C)
20 200, 100 20
[0} —— signal i) —— signal (k) ——signal (U] —— signal
1.8 —_ —_ —i — i
L idler 150 idler 80 idler i3 idler
£16
E 60,
=14 100 10|
212 0
b 20 20 3
0'0‘20 40 60 80 100 120 140 160 50 60 70 80 920 40 60 80 100 120 20 40 60 80 100 120 140 160
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)
(m) (n) (o) (p) 1
£ 828.6 837.6|
£ 809.1 635
£
s
2
2 808.6 \ 808.6 817.6 \ 630 \
z
H
<
< 808.1 625
= 788.6 797.6 ‘
0
808.1 808.6 809.1 788.6 808.6 828.6 797.6 817.6 837.6 625 630 635
Signal wavelength (nm) Signal wavelength (nm) Signal wavelength (nm) Signal wavelength (nm)

Fig. 3. Measured properties of our versatile biphoton source. (a)-(d) Spectra of the biphotons for different crystal temperatures; (e)-(h) tuning curves of the four
observed SPDCs. Here, we report the center wavelengths of the signal and idler photons at different temperatures. (i)-(I) FWHMs of the signal and idler photons at
different temperatures. We note that the values in (e]-(I) were obtained by fitting each spectrum to a Gaussian distribution. (m)-(p) Simulated JSIs of the
biphotons.
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45 keps (cps, counts per second), respectively. By adjusting the
temperature of the crystal from 30°C to 150°C, we measured the
spectra shown in Fig. 3(a). The center wavelength of the signal
and idler photons, as a function of temperature, also known as
the tuning curve, is shown in Fig. 3(e).

For the fifth-order Type-I case, we kept the pump wavelength
at 404.3 nm, but we changed the polarization of the pump to
vertical. In this case, the signal and idler have the same horizon-
tal polarization (H-polarized). These generated biphotons will
transmit through the PBS, and we separate them using a
50:50 FBS to measure the SC and CC. In particular, the mea-
sured SC and CC are 385 and 15 kcps at the spectral degeneracy
temperature of 57.2°C. By adjusting the temperature from 50°C
to 90°C, we measured the spectra shown in Fig. 3(b). The tuning
curve is shown in Fig. 3(f), which is clearly different from
Fig. 3(e).

For the third-order Type-0 case, the pump wavelength is set to
408.8 nm, and the polarization is set to be vertical. The generated
vertically polarized biphotons are reflected by the PBS, collected
and separated by another 50:50 FBS, and finally measured by
two APDs. At the spectral degeneracy temperature of 58.4°C,
the SC and CC are 5.4 Mcps and 167 keps, respectively. In this
case, we tune the temperature of the PPKTP crystal from 50°C to
120°C; we show the measured spectra in Fig. 3(c). The corre-
sponding tuning curve is shown in Fig. 3(g).

In our final measurement, we use a broadband laser with a
central wavelength of 315 nm to implement the fifth-order
Type-II SPDC process. We note that in this case, the pump
power is unknown due to the limitations of our devices.
Nevertheless, in this case, the measured spectra and tuning curve
are shown in Figs. 3(d) and 3(h). The measured temperature
range is 30°C to 150°C, and the spectral degeneracy temperature
is measured to be 62.8°C. The observed wavelength of 315 nm
slightly deviates from the theoretically calculated value of
311.43 nm, which may indicate that the accuracy of the
Sellmeier equation used in the calculations needs further
improvement.

As a general observation, we note that the Type-II SPDC has a
much narrower FWHM than Type-I and Type-0 SPDC, as also
indicated in Figs. 3(i)-3(1).

4. Discussion

To gain a deeper understanding of the biphotons generated
under different phase-matching conditions, we calculated the
joint spectral intensities (JSIs)°! under the wavelength degen-
erate condition, as depicted in Figs. 3(m)-3(p). Notably, the JSIs
in Figs. 3(m)-3(o) are distributed along the antidiagonal direc-
tion. This is attributed to the narrow spectral width of the pump
laser, causing the pump envelope function to predominantly
shape the JSI. However, in Fig. 3(p), the JSI deviates from the
antidiagonal direction. This discrepancy arises from the broader
spectral width of the pump laser, causing the phase-matching
function to dominate the JSI.
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In this experiment, we only observed four SPDC processes, as
listed in Table 2. In the future, it is possible to observe more than
nine phase-matching conditions as long as the condition in
Eq. (2) is satisfied. Our biphoton source allows for both broad-
band (Type-0 and Type-I) and narrowband (Type-II) biphoton
emission without changing the experimental setup or PPKTP
crystal, which is convenient for operations in experiment. In
the future, this biphoton source can be upgraded to a polariza-
tion-entangled photon source or a time-bin entangled photon
sourcel®2],

One remarkable finding of this study is the observation of
three phase-matching conditions matched within a very short
pump wavelength range of 401-408 nm. This wavelength range,
particularly around 405 nm, holds significant importance for
entangled photon sources, being widely utilized not only in
the laboratory™~>*! but also in satellite-based endeavors*®!.
The popularity of this wavelength range can be attributed to
the maturity of blue-violet laser technology, which allows the
production of high-power blue lasers at relatively affordable
costs*”*?!. The identification of three phase-matching condi-
tions in this study holds the potential to advance the quantum
applications of entangled photon sources utilizing blue lasers
and PPKTP crystals.

5. Conclusion

Entangled photon pairs are crucial for quantum information-
processing protocols. The possibility of realizing all three types
of SPDC processes in a single PPKTP crystal could be beneficial
for future research. Here, we experimentally observed four
SPDC processes in a single PPKTP crystal with a poling period
of 10 pm. These processes include third-order Type-0, first-
order Type-II, fifth-order Type-I, and fifth-order Type-II. We
have also reported on the properties of these processes, includ-
ing the CC and thermally dependent spectra. Our scheme can
provide a versatile biphoton source for future quantum proto-
cols, as it allows for both broadband (Type-0 and Type-I) and
narrowband (Type-II) biphoton sources without changing the
experimental setup or PPKTP crystal.

Appendix A: Calculation of d¢ for KTP

Here we derive the effective nonlinear coefficient of KTP d.¢. In
the interaction of strong light with a nonlinear medium, the rela-
tionship between the dielectric polarization density P and the
electric field E is nonlinear, and the P induced by the medium
can be expanded into a power series of E. We only consider the

26
second-order case*®,

P(E) = ey PEE, (A1)

where &, is the permittivity of free space, y'? is the second-order

nonlinear optical susceptibility, and E E is the tensor product of
the electrical field. When the Kleiman symmetry condition is
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established, dj, = % )(f}zk) The nonlinear polarizations of the inter-

acting waves in a PPKTP crystal can be given in the form,

Ej
Py dy dyp di dy dis di B2
P)’ = 26'0 d21 dzz d23 d24 d25 d26 *
p dy dyy dyy dyy dis d 2EyEe
z 31 32 33 34 35 36 2E,E,
[ 2E,E, |

(A2)

where P; (i = x, y, z) is the component of P along the x, y, and z
axes; dj; (i =1-3; j = 1-6), which is simplified from dj, repre-
sents the nonlinear susceptibility tensor of the KTP crystal. E;
(i=1,2,3) is the electrical field of the fundamental wave along
the x, y, and z axes. For Type-II SPDC, P, = gyd,E,E;, and
dege = doy. For Type-1 SPDC, P, = eyd3,E E,, and dg = ds,; for
Type-0 SPDC, P, =¢yds;EE,, and d. =ds;. Finally, for
PPKTP, d,,=3.64pm/V, d;,=435pm/V, and dsy=
16.9 pm/V*3],

Appendix B: Calculation of Fourier coefficient G,

Here we derive the Fourier coefficient G,,, [Eq. (5)] in the main
text. Considering d(z) is a square-wave function,

d(2) = dg sign[cos(27z/A)], (B1)

where d ¢ denotes the nonlinear coefficient of the KTP and A is
the poling period of PPKTP.
Arbitrary periodic signals that satisfy the Dirichlet condi-

tions*! can be rewritten as Fourier series in exponential form,
o0
fO =" cem, n=0,%1,42, ..., (B2)
n=—oo
where
1 (3 A
== | f(t)emmlds. (B3)
T/

Therefore, the Fourier coefficient G,, of d(z) is calculated as
follows:
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1 % 2wm
G, = A sign[cos(2zz/A)]e "~ 4dz
_A
1

_% 2mm 1 % 27m
=_ _1) e~z - —i2zmy
—A/;%(l)e Adz+A/_%(1)e Aedz

1[5 2
+3 / (-1)e *=dz

1 . . [7mm -
=- |:41 sm(—) —2i s1n(7rm):|
i2rm 2
= sinc (g) . (B4)

Now, we obtained the value of G,, in Eq. (5) of the main text.

Additionally, d(z) can also be expressed in the form of a
square wave.

For |z| < %,

d(z) =deg - [2 rect(zAZ) - 1:|; (B5)

and for |4| < |z] < || (L is the length of crystal),

d(z)y=d(z+mA), m=0, £1, 1,2, .... (B6)

We note that Eq. (5) can be intuitively understood as the
Fourier transform of a square-wave function to a sinc function.
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