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RAPID COMMUNICATION
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By utilizing the extended phase-matching (EPM) method, we investigate the generation of single photons with high
spectral-purity in a magnesium-doped periodically-poled lithium niobate (MgO:PPLN) crystal via the spontaneous para-
metric down-conversion (SPDC) process. By adjusting the temperature and pump wavelength, the wavelength of the single
photons can be tuned from telecom to mid-infrared (MIR) wavelengths, for which the spectral-purity can be above 0.95
with high transmission filters. In experiments, we engineer a MgO:PPLN with poling period of 20.35 um which emits
the EPM photon pair centered at 1496.6 nm and 1644.0 nm and carry out the joint spectral intensity (JSI) and Glauber’s
second-order self-correlation measurements to characterize the spectral purity. The results are in good agreement with the
numerical simulations. Our work may provide a valuable approach for the generation of spectrally pure single photons at a
wide range of wavelengths which is competent for various photonic quantum technologies.

Keywords: single photons, quantum technologies, periodically-poled lithium niobate

PACS: 03.67.—a, 03.67.Hk, 42.50.Ex, 42.65.-k

1. Introduction

The heralded single-photon sources with high spectral-
purity are key for the applications of quantum information
processing (QIP) including quantum computing,!'*! boson
sampling,’-81 and quantum repeaters!®-!?! for long-distance
quantum communication due to the requirements of high-
visibility interference between individual photons. Usually,
much more attention has been paid on the telecommunication
wavelengths.

In recent years, the single-photon sources in the mid-
infrared (MIR) window have some other technological appli-
cations, such as quantum communication,!'!l imaging!'>13]
and gas sensing.!!*!13 By improving the bandwidth and reduc-
ing the atmospheric scattering loss, the single-photon sources
of MIR wavelength are in high demand for the long-distance
quantum communication networks in free-space!'®!”l and
quantum lidar. ['3:1%1

Spontaneous parametric down-conversion (SPDC) and
four-wave-mixing (SFWM) are commonly used to generate
heralded single photons.?°281 Due to the high second-order
nonlinear susceptibility and flexible wavelength-tunable pro-
cesses, the quasi-phase-matched (QPM) SPDC is extensively
used in experiments.?”->°! Introducing the periodic ferroelec-
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tric domain inversion in nonlinear crystals, such as lithium
niobate (LN), is an easy way to fulfill the QPM conditions.
In SPDC processes, when the laws of energy conservation
and momentum conservation are satisfied, a pump photon
can probabilistically be converted into a pair of signal-idler
photons. The conservations of the energy and momentum
lead to a strong spectral correlation between the generated
photon pairs which can be used to realize different quantum
technologies. %3]

To improve the spectral-purity of photon pairs, i.e., make
the two photons uncorrelated in frequency, a post-selecting
method is popular where narrow bandpass filters are employed
to reduce the spectral correlations.32341 However, this often
comes at a cost of decreasing the generation rate and herald-
ing efficiency, which are critical for some scaling applications,
such as quantum computing!'* and boson sampling. [>-®]

To this end, the extended phase-matching (EPM)[3>-30]
emerges as a desirable way to balance the purity and effi-
ciency. In this process, the group velocity matching (GVM)
needs to be satisfied, and then, the poling period of the nonlin-
ear crystal, pump laser, and QPM process should be selected
properly, [24:37-40]

In this paper, by utilizing the EPM method, we show a
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widely tunable non-degenerate single-photon source with high
spectral-purity in a single MgO:PPLN with the doping ratio of
5 mol%. The wavelengths of the down-converted photons can
be tuned from telecommunication band to mid-infrared band.

2. Theory

In a collinear SPDC process, the photon-pair state can be
written as

W) = [ [ dodas(oneal(o)a (@) ), )

where |vac) represents the vacuum state, @ and @ are the an-
gular frequencies, and subscripts s and i represent the signal
and idler photons. a] and aiT are the creation operators for the
down-conversion photons. The coefficient Ay absorbs all the
constants and slowly varying functions of frequency. The joint
spectral amplitude (JSA) demonstrates the spectral correlation
between the signal and idler photons, which can be written as

f(w57wi) = a(w8+ (Di)(b((i)s,(})i)7 (2)

where o/(@s + ;) is the pump envelope amplitude (PEA) and
¢ (s, ;) is the phase matching amplitude (PMA). The PEA is
a Gaussian distribution and the PMA equation can be written
as

< AkL
o(on, ) = e ¥ Sinc =7, 3
where L is the length of the nonlinear crystal, Ak is the wave-
vectors mismatch between the pump and down-converted pho-
tons, which can be written as

Ak = kp — ks — ki — kg, “)
where kg = 27 /A is the reciprocal wave with poling period A

in the nonlinear crystal. The value of A is determined by

27 1
A= _ 5
kp*ks*ki ”if@in%’ ()

where n; (j = p,s,1) is the index of the pump, signal, and idler
photons calculated by the Sellmeier equation.*!] Due to the
law of energy conservation, the angle of PEA is always fixed
at 135°. The angle of PMA is determined by the group veloc-
ity matching (GVM) condition, and the group velocity is u;,
namely,

W= 1/k; = dQ;/dk;, (6)

where Q; (j =p,s, 1) is the central frequency of the pump, sig-
nal, and idler photons. The angle for the pinch of PMA can be
written as

oy -
o
For getting the spectrally uncorrelated biphoton state, there are
three types of GVM conditions: 6 = 0°, 45°, and 90°, respec-

tively.

0 = —arctan

)

Normally, the degree of spectral factorability can be cal-

[43,44]

culated by performing Schmidt decomposition on the

JSA. It is written as a product of two orthogonal basis vectors
on(@s) and @, (o) as

f(w37wi) = ch(pn(ws)(Pn(wi)a Zcﬁ =1. ®)

The Schmidt number K is calculated by K = 1/Y,,¢*. And the
spectral-purity P is equal to the inverse of K,

LI
P_K_;% )

For a pure biphoton state, the Schmidt number K = 1 (P =
1/K = 1) which means a perfect factorable state is achieved,
and thus the JSA is separable: (s, @;) = ¢;(ws)p;(o;)

2.1. Numerical simulation

Focus on the non-degenerate type-I SPDC process in the
MgO:PPLN crystal with a poling period of 20.35 pm. When
the temperature is below 35 °C, we find that the angle of
PMA’s contour could be 45° which means the contour of JSA
is a circle, the non-degenerate telecom wavelength can be
tuned mainly by changing the temperature. However, when
the temperature is above 35 °C and the angle of PMA’s con-
tour is 90° which means the contour of JSA is an ellipse, the
non-degenerate MIR wavelength can be achieved mainly by
changing the pump wavelength. By changing the temperature
and pump wavelength, the non-degenerate wavelengths will be
continuously tuned from 1644.0 nm to 4922.9 nm which oc-
cupy a large part of the transparency window of LN, as shown
in Fig. 1.
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Fig. 1. Numerical calculations of signal and idler wavelengths ver-
sus temperature for high spectral-purity at non-degenerate type-I SPDC
process in MgO:PPLN. For each temperature on the x-axis, the pump
wavelength can obtained by the law of energy conservation and the
pump bandwidth should be selected properly to maximize the spectral-
purity which is above 0.74 in the whole wavelength range (1644.0 nm—
4922.9 nm). In the light blue area, the temperature is below 35 °C, the
pump wavelength is fixed at 783.4 nm and the non-degenerate wave-
length can be finely tuned with temperature control. In the light green
area, the temperature is above 35 °C and the non-degenerate wavelength
can be finely tuned with temperature or pump wavelength control. Be-
sides these, we list the pump wavelength and bandwidth conditions with
a nanometer unit for high spectral-purity heralded single photons at
some specific points.
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The crystal length L and the poling period are fixed at
25 mm and 20.35 pm, respectively. For simplicity, we choose
some specific temperatures, and the details of numerical sim-
ulation results are listed in Table 1. The symbols T, lp, and
A; represent the sample temperature, wavelengths of pump and
idler photons, and AA, represents the bandwidth of the pump
laser. The symbol P represents the purity of the photon pairs
without any filters. The symbol 1 represents the filter effi-
ciency when we apply a wide-band filter based on a Gaussian
distribution on the signal photons for improving the purity to
0.95 which is represented by the symbol P;.

To further demonstrate the spectral correlation condi-
tions graphically, the simulating contours of JSA are shown
in Fig. 2. When the sample temperature is set at 26 °C and
30 °C, the angle of PMA’s contour 8 = 45°. Under the tem-
perature of 50 °C, 70 °C, 80 °C, and 107.8 °C, the angle of
PMA’s contour 6 = 90°.

Table 1. Results of numerical calculations at some specific tempera-
tures and pump wavelengths.

T(CC A (m) Al (m) Ai(m) P B n(%
26 783.4 9 1644.0 0.74 095 80.0
30 783.4 2 19382 0.86 0.95 91.7
50 755.4 2 28639 092 095 97.6
70 695.5 2 3593.1 086 095 84.8
80 661.9 1 3917.1  0.89 0.95 94.0
107.8 569 0.5 49229  0.88 0.95 92.6
- 1.73 4 = 211
B E 1.0
< = 2.01 0.8
=) 50 .
Ey 1.68 & 0.6
3 e
)
> 2 0.4
g 163 g 11 0.9
g E T=30°C, P=0.86 I
= =2 s RS
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Fig. 2. The simulating contours of JSA in MgO:PPLN. The crystal
length L and the poling period are fixed at 25 mm and 20.35 um. The
details of wavelengths are listed in Table 1. Respectively, by performing
Schmidt decomposition on the JSA, the corresponding purities of pho-
ton pairs are 0.74, 0.86, 0.92, 0.86, 0.89, and 0.88 without any filters.

3. JSI and g(?)(0) measurement
3.1. JSI measurement and results

The experimental setup is shown in Fig. 3. The crystal
(CTL PHOTONICS Ltd.) is periodically poled with a pol-
ing period of 20.35 um for type-I SPDC. According to the
simulation results, the temperature is fixed at 26 °C, the non-
degenerate SPDC progress will be satisfied, V,(783.4 nm) —
H(1496.6 nm) + H;(1644.0 nm), where the symbols p, s,
and i represent the pump, signal, and idler photons, and H
(V) represents the horizontal (vertical) polarization. Pump
pulses from a mode-locded titanium sapphire laser are used
to pump a 25 mm long MgO:PPLN crystal, the temporal dura-
tion ~ 100 fs and repetition rate ~ 79.49 MHz.

Traditional method of reconstructing the frequency cor-
relation between the signal and idler photons is dependent on
long dispersion compensating fibers (DCFs), which can make
the different wavelengths mapping to different arrival times at
the detector. This method is time consuming and has a low
resolution. In our experiment, we choose a method named

as “stimulated emission tomography”[20-42]

to map the joint
spectral intensity (JSI), which is faster and has a higher spec-
tral resolution. For the JSI measurement, a tunable continuous
wave (CW) laser (Santec-710) with a linewidth of 100 kHz is
used as a seed light to simulate the emission of idler photons.
The seed light is combined with the pump pulses by a PBS,
and a f = 15 mm lens is used to focus the beams on the center
of the crystal. The seed light and pump pulses propagate in the
crystal collinearlly, and then the corresponding idler spectral
mode in the JSI is amplified. A long-pass filter (FELH-1200;
1200 nm edge) is used to filter the pump laser. Another long-
pass filter (FELH-1550; 1550 nm edge) is used to separate the
seed light as a dichroic mirror (DM). The amplified spectra is
collected into a single mode fiber through port a and routed to
the optical spectrum analyzer (OSA) with a spectral accuracy
of 0.065 nm.

The lasers used in the stimulated emission progress have
an average power of up to 1.1 W and 3 mW for the pump and
seed light, respectively. The power of the amplified spectra is
high enough to be detected by the OSA and the wavelength is
also recorded. A computer is used to control the wavelength
of the CW laser and record the optical spectrum which is de-
tected by the OSA. The wavelength of the seed light scans
from 1450 nm to 1525 nm with a step of 0.1 nm. The numer-
ical and experimental results which show a good agreement
are present in Figs. 4(a) and 4(b), respectively. To further
evaluate the spectral uncorrelation, we perform the Schmidt
decomposition[43'44] on the JSI, from which we can estimate
the single-photon purity to be 0.93. Due to the lost of phase
information in the JSI, the spectral-purity estimated from the
JSI is the upper limit.
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Fig. 3. The experimental setup. PBS: polarization beam splitter, FELH-1200: long-pass filter, FELH-1550: long-pass filter, OSA: optical
spectrum analyzer, SMF: single mode fiber, SNSPD: superconducting nanowire single photon detector, TDC: time-to-digital converter. For
the JSI measurement, a continuous-wave (cw) laser (Santec-710) is used as the signal seed injected together with the fs laser. The idler light
is coupled into OSA by port a to measure the spectrum against the wavelength of the cw laser. For the g® (0) measurement, we turn off the
cw laser. The generated signal photons are coupled into the BS by port b, and the photons are routed to SNSPD 1 and SNSPD 2, with the

coincidence counts given by TDC.

—
=
=

(a)

Idler wavelength (pm)

1.46 1.48 1.50 1.52 1.46 1.48 1.50 1.52

Signal wavelength (pm) Signal wavelength (um)

Fig. 4. (a) Numerical simulation of the JSI. The pump wavelength
Ap = 783.4 nm, the bandwidth of pump laser AA, = 9 nm, the crystal
length L = 25 mm, the temperature is 26 °C. (b) Experimental measured
JSI. The experimental configuration is same as the numerical simula-
tion.

3.2. The g¥(0) measurement and results

Although the stimulated emission tomography graphi-
cally reveals the JSI with very high precision. However, the
JSI measurement process is a phase-insensitive process. In
experiment, the Glauber’s second-order self-correlation func-
tion g®(0)* is another important and direct method to
quantify the purity of photons, and the purity is obtained by
P=g?(0)—1.

The experimental setup is shown in Fig. 3 and the config-
uration is same as the JSI measurement process. For a g(?) (0)
measurement, we turn off the tunable CW laser and reduce the
average power of the pump to 6.3 mW. The down-conversion
signal photons are collected into a single mode fiber through
port b. The photons are split by a fiber 50 : 50 beam split-
ter (BS) then detected by two superconducting nanowire sin-
gle photon detectors (SNSPD), and a time-to-digital con-
verter (TDC) is used for the two-photon coincidence measure-
ment. The detection efficiencies of SNSPD 1 and SNSPD 2 at
wavelength 1496.6 nm are 76% and 65%, respectively. Two
SNSPDs’ single count rates and coincidence count rate are

recorded as Rj, Ry, and R, respectively. Then the g(z)(O)
is calculated by

RecR

@)(0) —
£7(0) RiRy’

(10)

where R = 79.49 MHz is the pump repetition rate. By sub-
tracting the dark counts, single count rates are 69890 Hz and
50080 Hz for R and R», respectively. The coincidence count-
ing rate Rec = 75.7 Hz. Thus, g(z) (0) = 1.72£0.01, corre-
sponding to the purity P =0.72+0.01, which agrees well with
this estimated from the JSA in Fig. 2. Based on the numerical
calculations in Table 1, we can estimate that the spectral-purity
can be improved to 0.95 with 80.0% transmission efficiency.
Due to the lack of the EPM conditions in type-0 and type-II
SPDC processes, for getting the same non-degenerate wave-
lengths at the temperature of 26 °C, the spectral-purity esti-
mated from the JSA is 0.10 and 0.24. The purity should be im-
proved to 0.95, Gaussian filters much narrower than the pho-
ton bandwidths are employed, and the transmission efficien-
cies are 1.2% and 16.1%, respectively. Obviously, compared
with the 80.0% transmission efficiency, the EPM method is an
important and efficient way to get the single photons with high
spectral-purity.

4. Conclusion

In this paper, by using a type-I, non-degenerate SPDC
process in a single MgO:PPLN with fixed poling period and
crystal length, we have generated a single-photon source with
a high purity over a broad bandwidth. By changing the tem-
perature and pump wavelength, we can get a widely tunable
wavelength from 1644 nm to 4922.9 nm. The purity can be
improved to 0.95 by a wide-band Gaussian filter, and the prob-
ability of signal photons passing the filter is above 0.8. Due
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to wavelength limitation in the tunable CW laser, we only
carry out the JSI and g®) (0) measurements at a temperature
of 26 °C. The JSI is obtained by the method of stimulated
emission tomography with high precession. These experiment
results are well consistent with the numerical simulations. We

hope our widely tunable single photon source can play an im-
portant role in the future quantum technologies.
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