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The Hong-Ou-Mandel interference between independent photons plays a pivotal role in large-scale
quantum networks involving distant nodes. Photons need to work in a pure state for indistinguishability
to reach high-quality interference. Also, they need to have a sufficiently long coherence time to reduce the
time-synchronization requirements in practical applications. In this paper, we discuss a scheme for gener-
ating a pure-state photon-pair source with a long coherence time in periodically poled potassium titanyl
phosphate crystals. By selecting the appropriate pump laser and filter, we can simultaneously eliminate the
frequency correlation of the parametric photons while achieving a long coherence time. We experimen-
tally develop this pure-state photon-pair source of 780 nm on potassium titanyl phosphate crystals pumped
by a 390-nm pulsed laser. The source provides a coherence time of tens of picoseconds, and it is shown
to have the potential to be applied in long-distance quantum interference. Furthermore, we experimentally
demonstrate the Hong-Ou-Mandel interference between two photon sources with visibility exceeding the
classical limit.
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I. INTRODUCTION

Photon-pair sources are essential in the field of quantum
information processing, which includes quantum commu-
nication [1,2] quantum computation [3], and Bell tests
[4,5]. Complex quantum communication protocols such
as teleportation [6] and swapping [7] involve more than
two photons, where interference is required between inde-
pendent photon sources. Thus, independent photon-pair
sources should be prepared with high spectral purity. To
implement these schemes on a large scale, it is crucial for
the coherence time of the photon source to be sufficiently
long (on the order of picoseconds), which will help mit-
igate the challenges associated with time synchronization
over long distances. Simultaneously, it is essential to thor-
oughly address other key parameters, such as brightness
and purity. Moreover, source implementation should con-
sider the flexibility and robustness required for practical
applications.

Nowadays, the most extensively used approach to
generate photon pairs is spontaneous parametric down-
conversion (SPDC) in nonlinear crystals [8]. The pulse
duration, the material, thickness, and cut angle of a
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nonlinear medium, or the length and period of a period-
ically poled nonlinear medium should be carefully con-
sidered to deal with the group-velocity-match (GVM)
issue [9]. In conventional multiphoton setups, β-barium
borate or bismuth borate crystals with a thickness of a
few millimeters are commonly used, resulting in a pho-
ton bandwidth of 3 nm (or 8 nm) [10–12]. This con-
figuration, operated with a high-power (approximately-
watt-level) and femtosecond (approximately-100-fs) pump
laser, lacks flexibility when applied in practical field exper-
iments or a power-starved scenario such as in satellites.
With an approximately-100-fs pump pulse [10], the syn-
chronization precision should be at the level of 10 fs
between remote parties, which reaches the state-of-the-
art technology that involves optical clocks [13], cavity-
stabilized lasers [14], and frequency-comb-assisted time
transfer [15], which are not currently practical. For practi-
cal applications, it is advisable to ensure a long coherence
time of the source comparable to the practical time syn-
chronization achieved through commercial atomic clocks
or oven-protected crystal oscillators [16]. Typically, time-
synchronization systems using these methods yield a pre-
cision of tens of picoseconds.

By taking advantage of the quasi-phase-matching
(QPM), one can use periodically poled nonlinear crystals
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to provide a flexible approach for almost-arbitrary phase-
matching angles and wavelengths [17]. Thus, with a
collinear configuration, the crystal can be fairly thick for
a high generation rate of photon pairs without unwanted
walk-off. QPM-SPDC sources have a variety of applica-
tions, such as space-borne payloads [18–21] and air-borne
payloads [22,23] in long-distance quantum communication
and photonic boson sampling [24] in quantum computa-
tion. Many great efforts have been made concerning the
telecom photon pairs generated from potassium titanyl
phosphate (PPKTP) [25,26] for multiphoton applications.
When one is preparing degenerate parametric photons at
around 1560 nm in type-II PPKTP crystals, the GVM
condition can intrinsically be satisfied. Thus, the time
and frequency correlations between the signal and idler
photons are naturally eliminated even without any filters.
However, because of the wavelength increase, the emis-
sion rate of photon pairs in the telecom band is decreased
compared with that of visible parametric photons [27].
PPKTP-based photon-pair sources with a wavelength of
780 nm, which are suitable for nonclassical interference,
have been reported [28]. However, the configuration use
a short crystal (1 mm) and ultrafast pump pulses (150 fs),
leading to a short coherence time of approximately 1 ps.

In this paper, by carefully examining the GVM condi-
tion, we find that filtered SPDC sources can still be benefi-
cial for application in field experiments with an acceptable
loss. We show that a 780-nm photon-pair source with a
bandwidth of 30 pm can be constructed by our carefully
selecting the pump laser, nonlinear crystal parameters,
and proper filters applied on the parametric photons. This
implies that a coherence time of tens of picoseconds and a
pair generation rate on the order of approximately 2 × 105

pairs per milliwatt per second can be reached. With such a
configuration, a 30-mW pump laser with a repetition rate
of 76 MHz is sufficient to produce approximately 0.1 pho-
ton pairs per pulse, which lower the requirement of a high-
power pump condition. Furthermore, a proof-of-principle
experiment involving Hong-Ou-Mandel (HOM) interfer-
ence [29] between two heralded single-photon sources is
performed to demonstrate the feasibility of the proposed
method in multiphoton applications.

II. DESIGN OF THE PHOTON SOURCE

When one is developing a photon-pair source, it is
crucial to consider the photon spectral emission and phase-
matching conditions. The photon yield depends on sev-
eral factors, including the wavelength used, the crystal’s
length, and the focusing parameters in bulk crystals. The
phase-matching conditions affect the spectral distribution
of the generated photons. Understanding these conditions
is essential for establishing the ideal filtering approach and
other specific applications.

A. General concepts

1. Spectral emission

According to the theory of the SPDC process in bulk
crystals, in the case of a collinear emission with degener-
ate wavelength, the spectral generation rate of parametric
photons can be written as follows [30]:

dPs

Ppdωs
= �d2Lω4

s

2πc4ε0n2
p

f (λs) = �d2

2πc4ε0
f (λs)× 1

n2
p

× Lω4
s ,

(1)

where ωs is the angular frequency of signal photon, respec-
tively, Ps is the signal-photon power integrated over all
emission angles, d is the effective nonlinear coefficient, L
is the crystal length, c is the speed of light in a vacuum, ε0
is the permittivity of a vacuum, np is the refractive index
of the pump laser in the crystal, Pp is the pump power, and
f (λs) is a geometry-related function, and it be regarded as
a constant in this paper. The first term, �d2f (λs)/2πc4ε0,
is a constant. The value of the second term, 1/n2

p , depends
on ωp . For a polarized photon transmission along the y axis
in a PPKTP crystal, the refractive index varies from 1.844
to 1.727 for a wavelength range of 0.4-2.0 µm [31]. This
variation is negligible, as it is less than 7%. As indicated in
the last term, the spectral brightness is directly proportional
to the crystal length and the fourth power of ωs. Therefore,
increasing the spectral brightness may be achieved by use
of a longer crystal and a shorter wavelength. In our scheme,
it should be noted that a filter will not impact the spectral
emission. Thus, maximizing the initial spectral emission
rate is imperative to increase the available photons with a
narrow filter.

2. Spectral correlation

In this section we detail the spectral-correlation effect
of the general SPDC process. Theoretically, the wave
function of the parametric photons can be expressed as
follows [32]:

|ψ〉 = N
∫ ∫

dωsdωif (ωs,ωi)â†
s (ωs)â

†
i (ωi)|0〉, (2)

where â†
s (ωs) and â†

i (ωi) are the photon creation operators
for the signal and idler beams, respectively, |0〉 is a vacuum
state, and N is a normalization constant. f (ωs,ωi) is the
joint spectral amplitude (JSA), which represents the spec-
tral correlation between the signal and idler photons, and
it can be expressed as the product of the pump-envelope
function α(ωs,ωi) and the QPM function φ(ωs,ωi):

f (ωs,ωi) = α(ωs + ωi)φ(ωs,ωi). (3)

In the case of pumping by a Gaussian-line-shaped laser
with a central frequency of ωp and a bandwidth of σp , the
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pump-envelope function can be written as follows:

α(ωs + ωi) ∝ exp

[
− (ωs + ωi − ωp)

2

2σ 2
p

]
. (4)

The phase-matching function is given as follows:

φ(ωs,ωi) = sinc
[

L
2
�k

]
, (5)

where �k = kp − ks − ki − m2π/�, L is the crystal
length, k is the wave number, � is the poling period, and
m is the order of QPM.

The spectral correlation of photon pairs is deter-
mined by the joint spectral intensity (JSI) S(ωs,ωi) =
|f (ωs,ωi)|2, which is the product of the pump-envelope
intensity |α(ωs + ωi)|2 and the phase-matching intensity
|φ(ωs,ωi)|2. When there is a strong correlation between
the photons, the initial purity of the generated photon pair
will be low. One way to quantify the purity of the photon
pair is by use of Schmidt decomposition on the JSI (see
Appendix A).

3. Filtering method

Various technical approaches are available to select the
frequency mode, and thus increase the purity, one of which
is use of cavity-enhanced-SPDC technology [33–41]. In
this technique, the photon has a typical bandwidth of sev-
eral hundred megahertz, making it well suited for quantum
storage. There are studies focused on developing it toward
long-range quantum communication [36,39]. However,
manipulating cavity-enhanced SPDC is relatively com-
plex, as it requires handling issues such as cavity design,
stability, compensation, loss control, and mode selection.
The current research limit is the source brightness and effi-
ciency, making it less effective for practical long-range
quantum communication.

In comparison, use of a narrow-bandwidth filter to tailor
the broadband SPDC photons is a straightforward and flex-
ible way to increase photon purity and coherence length.
Supposing that the interference filter is a Gaussian-type
filter with a bandwidth of σ , then its amplitude function
is given in the following form:

g(�ω) = e−�ω2/2σ 2
. (6)

By introducing this to both signal and idler photons, one
can represent the filtered JSA as follows:

f ′(ωs,ωi) = g(ωs − ωs)g(ωi − ωi)f (ωs,ωi). (7)

Similarly, the purity can be obtained by Schmidt decom-
position, for an optimal filtering strategy.

B. Detailed design

Below we use a long PPKTP crystal as an example to
analyze how to design the source.

In engineering a photon-pair source for practical mul-
tiphoton use, achieving high purity is crucial. This can
be accomplished either by manipulating the natural SPDC
condition to meet specific requirements or by filtering the
spectrum afterwards. A proper filter not only increases the
purity but also increases the coherence time. However, the
use of filters may result in photon loss, which can be miti-
gated by selection of high-performance periodically poled
crystals that possess a high initial photon flux.

The factors that affect spectral brightness are represented
in Eq. (1). To achieve a high photon flux, a type-II PPKTP
crystal with a length of 30 mm and a poling period of
7.825 µm is used. The crystal is designed for degen-
erate emission with a pump laser of 390 nm, and it is
crucial that the pump beam is focused onto the center
of the crystal with an appropriate waist. A loose focus
increases the coupling efficiency, while a strong focus
can increase the pair emission rate. A trade-off between
coupling efficiency and emission rate is necessary depend-
ing on specific applications [24,42]. For further detailed
analysis, see Refs. [17,27].

The pump-laser bandwidth is another important factor
to consider. The bandwidth has less effect on the absolute
photon emission, but it greatly affects the distribution of
the JSI, and thus the final filter selection. In our scheme,
we aim to preserve as many photons as possible, so an opti-
mal bandwidth of around 10-15 pm is chosen at the lowest
Schmidt number, as shown in Fig. 1. A lower Schmidt
number represents a lower mode number in the initial
spectrum, thus reducing the filtering loss. From this, the
optimized bandwidth of the pump laser can be obtained.
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FIG. 1. Schmidt numbers with different pump bandwidths. A
lower Schmidt number implies a greater natural purity of the
generated photon pairs, and a smaller discarded fraction in filter-
ing to reach a high purity. We show the interval with the lowest
Schmidt number of approximately 7 (enlarged in the figure).
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FIG. 2. Example of (a) the pump-envelope intensity, (b) the
phase-matching intensity, and (c) the joint spectral intensity for
a specific configuration: type-II PPKTP with a length of 30 mm,
and a pump laser with a central wavelength of 390 nm and a pulse
with an FWHM of 15 pm. A strong anticorrelation between the
frequencies of the signal and idler photons can be seen in (c).

The corresponding JSI distribution is shown in Fig. 2.
The slope of the pump-envelope intensity is fixed to 135◦
due to energy conservation, and its width is proportional
to the bandwidth of the pump laser σp . The width of
the phase-matching intensity is inversely proportional to
the length of the PPKTP crystal L, while the slope is
highly dependent on the wavelengths of the pump, sig-
nal, and idler photons. For the type-II SPDC process of
390 nm → 780 nm + 780 nm, the slope of the phase-
matching intensity is 124.8◦, which is close to the slope
of the pump-envelope intensity, resulting in a highly cor-
related JSI. This type of photon source is intrinsically
spectrally correlated. Thus, it cannot be directly applied
in multiphoton engineering without first eliminating the
correlation to achieve high purity.

To further decrease the Schmidt number to approach 1, a
filtering method is proposed to be applied to the signal and
idler photons symmetrically. As shown in Fig. 3, by appli-
cation of a filter with an appropriate bandwidth (approxi-
mately 30 pm), the Schmidt number can be decreased to
1.05. The Schmidt-mode distributions for the filtered and
the original frequency correlations are shown in Fig. 3(c).

According to the study by Meyer-Scott et al. [43],
there is a trade-off between purity and heralding efficiency,
which can be characterized by examining the JSI distribu-
tion. The filter heralding efficiency is defined as the ratio of
the probability that both photons pass through their respec-
tive filters to the probability that each individual photon
passes through its filter, denoted as ηf ,s = �both/�s and
ηf ,i = �both/�i for the signal and idler photons, respec-
tively. Figure 4 illustrates this trade-off for parametric
photons. When the filter bandwidth is approximately 30
pm, the source achieves a high purity P of 0.95. However,
the corresponding filter heralding efficiencies for the signal
and idler photons reduce to 55.6% and 46.5%, respectively,
with an average of 50.8%.

Table I presents optimal parameters of the filtered-SPDC
process. The second column presents data measured with
30-mm bulk PPKTP crystals. The typical generation rate
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FIG. 3. Frequency correlation and Schmidt mode for the sig-
nal and idler photons. (a) The original JSI is highly correlated
in frequency, with a Schmidt number of K = 6.99. (b) By fil-
tering both the signal and idler photons with a 30-pm filter, the
frequency correlation is almost completely removed, where the
Schmidt number K = 1.05. (c) Comparison of the Schmidt-mode
distributions for the original and the filtered JSI.

is 3.1 × 106 pairs per milliwatt per second and the band-
widths of idler and signal photons are 0.26 and 0.21 nm,
respectively. The heralding efficiency is 20%, which
includes the single-mode coupling efficiency of about 40%
and a typical Si-detector efficiency of about 50%. The
third column presents the predicted data with an ideal
30-pm filter applied symmetrically on both photons. The
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FIG. 4. Relationship between filter bandwidth and spectral
purity, and the heralding efficiency for signal and idler photons.
The filter is applied symmetrically to both signal and idler pho-
tons. As the filter becomes narrower, the purity (indicated by
a solid black line) increases gradually from a low level to 1.
However, simultaneously, the heralding efficiency (indicated by
dashed and dotted red lines) decreases toward 0. Therefore, one
must consider the trade-off between the purity and the herald-
ing efficiency. For our application, an optimal filter bandwidth of
roughly 30 pm is recommended, as this allows the purity to reach
0.95.
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TABLE I. Optimal parameters for filtered SPDC.

Parameter Without filter With filtera

Pump power (mW) 30 30
�λp (nm) 0.015 0.015
�λs (nm) 0.21 0.03
�λi (nm) 0.26 0.03
Generation rate (s−1) 93.9 × 106 6.0 × 106

Coincidence rate (s−1) 3.75 × 106 0.2374 × 106

Heralding efficiency 20.0% 10.2%
nb 0.079
Purity 0.14 0.95

aIdeal Gaussian filters are symmetrically applied on both signal
and idler photons.
bAverage photon number per pulse with the repetition rate set as
76 MHz.

filtered SPDC designed in this work requires a pump power
of approximately 30 mW to produce an average photon
number n of approximately 0.08. The twofold-coincidence
rate has the potential to reach 237,000 counts per second.
Our analysis indicates that filtered SPDC is still feasi-
ble in creating high-purity photon sources, which could
have important implications for quantum information
processing.

It is worth noting that waveguides are emerging as a
practical alternative to bulk crystals in the field of pho-
tonics [44,45]. By use of long waveguides instead of bulk
crystals, photon emission in SPDC can be increased by
1 order of magnitude or more. This increase is attributed
to waveguides offering a greater confinement of the pump
field, which leads to an increased photon-pair emission
rate. Advancements in waveguide technology are antici-
pated to address concerns regarding the uniformity of long-
crystal manufacturing, the efficiency of fiber coupling, and
integration with free-space optics, which ultimately will
pave the way for more-versatile applications.

In recent years, novel quantum photon sources, such
as semiconductor quantum dots [46] and atomic ensem-
bles [47–49], have emerged as a promising way to reach
high brightness, high purity, and a long coherence time,
which are essential for many quantum applications. The
semiconductor-chip construction is complex and requires a
low-temperature bath. While semiconductor quantum dots
offer a near-perfect solution to the problem of low average
photon number per excitation pulse, they are still in early
development stages and have not yet surpassed mature
SPDC technology in terms of flexibility and simplicity.

III. EXPERIMENTAL IMPLEMENTATION

On the basis of the above analysis, we experimentally
realize a frequency-uncorrelated photon-pair source. We
use a type-II PPKTP crystal of 1 × 2 × 30 mm3 for SPDC.
The incident laser is focused with a waist diameter of

approximately 50 µm at the center of the PPKTP crys-
tal. For the polarization, the pump and signal photons are
adjusted to be along the crystal y axis, while the idler pho-
tons are adjusted to be along the z axis. Thus, the signal and
idler photons can be separated by a polarized beam splitter,
then coupled into single-mode fibers, and then detected by
Si avalanche photodiodes.

To perform the experiment, a pump laser with a pulse
width of approximately 15 ps is required. Unfortunately,
we do not have access to such a laser. To address
this requirement, we modify a femtosecond laser into
a transform-limited picosecond laser using a filtering
approach. As illustrated on the left in Fig. 5, the fem-
tosecond pulsed laser with a wavelength of 780 nm is
frequency-doubled by a 1-mm-thick lithium triborate crys-
tal to generate a pulsed laser of 390 nm. The 780-nm
femtosecond pulse comes from a Ti:sapphire laser with a
repetition rate of 76 MHz. The 390-nm laser has a pulse
with a full width at half maximum (FWHM) of 1.6 nm
and an average power of 1.6 W. An air-spaced Fabry-Perot
(FP) cavity with a finesse of 20 and an FWHM of 15 pm is
selected as the narrow filter. The free spectral range of the
FP filter is approximately 1.6 nm. Thus, coarse filtering
is necessary to cover the range. Another consideration is
the high-power femtosecond laser; we use a combination
of a pair of dispersing prisms with dispersion coefficient
dθ/dλ = 0.65 mrad/nm and a slit as the coarse filter.
Before it enters the first prism, the pump beam is expanded
to a diameter of approximately 5 mm and a divergence
angle of approximately 100 µrad by the lens. An adjustable
slit is placed at the focal point to block any unwanted spec-
tra. Afterwards, the beam is reshaped, collimated, and then
passed through the FP cavity for fine filtering. According
to the time-bandwidth-product limit, the final pump pulse
corresponds to a pulse width of approximately 15 ps. The
remaining available pump power is approximately 800 µW
in total.

To increase the spectral purity of parametric photons,
FP cavities with an FWHM of 30 pm and a finesse of 20
are used for filtering purposes. To assess the purity of the
parametric photons, the second-order autocorrelation func-
tion g(2)(t) is measured in a Hanbury Brown–Twiss-like
configuration [50], where photon coincidence is detected
after a balanced beam splitter. The purity is related to the
second-order autocorrelation function through the expres-
sion g(2)(0) = 1 + P, where P denotes the purity. For an
ideal decorrelated state, g(2)(0) = 2 with P = 1, while a
strongly correlated state exhibits Poissonian statistics with
g(2)(0) = 1 and P = 0. In this study, numerical estimates
indicate that the spectral purity for perfectly filtering the
signal photons Ps = 0.7 and for perfectly filtering the idler
photons Pi = 0.9. The measured value of g(2)(0) is 1.01 ±
0.02 for unfiltered photons, indicating a very low purity.
When the filter is applied to the idler photons, g(2)(0)
increases to 1.72 ± 0.02, indicating Pi of approximately
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FIG. 5. Experimental demonstration of HOM interference. τ is the digital delay applied to photons 3 and 4. APD, Si avalanche
photodiode with a detection efficiency of approximately 0.5; BS, 50:50 nonpolarizing beam splitter; HWP, half-wave plate; LBO,
1-mm-thick lithium triborate; LP, long-pass filter to block 390-nm photons; PBS, polarizing beam splitter.

0.72. To further increase the purity, another filter can be
applied to the signal photons. It is estimated that the purity
could reach as high as 0.95 in theory when both sets of
photons are filtered.

After the filtering process, the observed coincidence
count rate is 1.5 × 103 pairs per milliwatt per second,
corresponding to an estimated photon-pair generating rate
of 2 × 105 pairs per milliwatt per second (approximately
0.003 pairs per milliwatt per pulse). For most multiphoton
experiments and applications, considering the signal-to-
noise ratio, the optimized generating rate of the parametric
photon pair is less than 0.1 per pulse; hence, a 30-mW
pump laser is sufficient. The measured heralding efficiency
of each parametric photon is approximately 4.3%, which
is lower than the predicted value listed in Table I. The
extra loss can be attributed to the spectral line shape of
the FP cavity, the transmittance, and the distortion of the
wave front by the cavity. By improvement of the filter-
ing performance and increase of the pump power, a higher
coincidence count rate can be expected in the future.

HOM interference is one direct way to verify the purity
of an SPDC photon-pair source. The theory behind HOM
interference can be found in Appendix B. It should be
noted that spectral correlation is associated with the joint
distribution of photon pairs. HOM interference is heralded
by the idler photons, and filtering them can increase spec-
tral purity, leading to an increase in the visibility of the
signal photon’s HOM interference. We build an HOM-
interference configuration by preparing and combining two
photon-pair sources, as shown on the right in Fig. 5.
The idler photons work as triggers, and the signal pho-
tons are combined on a beam splitter for interference.

A thermoelectric cooler controls the temperature of each
PPKTP crystal to ensure that the signal (idler) photons
have the same central wavelength. All the arrival times
of the photons are recorded by a time-digital converter to
generate the fourfold-coincidence events. When the signal
photons are indistinguishable in all degrees of freedom,
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FIG. 6. Fourfold-coincidence counts with different time
delays. The x axis represents the number of delayed pulse inter-
vals. Since the repetition rate of the pump laser is 76 MHz, the
interval of each pulse is 13.16 ns. Without the purification by
filters, the visibility of HOM interference is almost zero. When
both signal and idler photons are filtered by the FP filter with an
FWHM of 30 pm, the visibility increases to 73.5%, exceeding
the classical limit.
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they bunch and leave the same port of the beam splitter.
Thus, the fourfold-coincidence rate is ideally reduced to
near zero.

Digital delay scanning is used to evaluate the visibility
of HOM interference in the experiment. Before we calcu-
late the fourfold-coincidence rate, a digital time delay τ is
applied to two of the detectors, as shown in Fig. 5. The
digital time delay is set as a sequence of integer multiples
of the pulse interval. The fourfold-coincidence counts are
displayed with the different digital time delays τ , and the
corresponding experimental results are presented in Fig. 6.
When unfiltered, HOM interference results in low visibil-
ity close to zero. We filter only the signal photons with
the FP filter and leave the trigger photons unfiltered. Thus,
the central bin is relatively decreased, and the visibility
increases to (46.01 ± 2.95)%. Further, when the photons
of the four paths are all filtered by the FP filters, the
visibility reaches (73.48 ± 2.38)%, exceeding the classi-
cal limit of 0.5 [51,52], which provides solid evidence of
the nonclassical interference between the two photon-pair
sources.

IV. CONCLUSION

In summary, using a filtering method, we propose an
approach for building a frequency-uncorrelated photon-
pair source at 780 nm. Then, we experimentally realize
this approach and show its potential in multiphoton appli-
cations by verifying HOM interference. The corresponding
coherence time of the photon source is as long as tens of
picoseconds, which is suitable for large-scale multiphoton
applications in which clocks are required to be main-
tained and independently synchronized in remote parties.
In the future, by increasing our configuration efficiency and
updating the pump laser, we hope to develop the photon-
pair source into a quantum communication application for
long-distance channels.

Furthermore, the filtered-SPDC technique presented in
this study can be applied to research in the telecom-
frequency regime. The spectral brightness of SPDC
decreases significantly as the wavelength increases. To
overcome this limitation and achieve high brightness
and a long coherence length, ultrabright SPDC sources
based on periodically poled lithium niobate waveg-
uides can be explored with use of the approach dis-
cussed in this paper. Furthermore, commercial telecom
dense-wavelength-division-multiplexing technologies can
be combined for increased versatility in constructing a
multiplexed photon source, as demonstrated in previous
studies [53,54].

ACKNOWLEDGMENTS

This work was supported by the National Key R&D
Program of China (Grant No. 2017YFA0303900), the
National Natural Science Foundation of China (Grants

No. U1738201, No. 11904358, No. 61625503, and No.
11822409), the Chinese Academy of Sciences, the Shang-
hai Municipal Science and Technology Major Project
(Grant No. 2019SHZDZX01), and the Anhui Initiative in
Quantum Information Technologies. Y.C. was supported
by the Youth Innovation Promotion Association of the
Chinese Academy of Sciences (under Grant No. 2018492).

APPENDIX A: SCHMIDT DECOMPOSITION

The purity of the photons is defined as Ps = Tr(ρ̂2
s ),

where ρ̂s = Tri(|�〉 〈�|) is the reduced density operator
of the signal [55]. The factorability of the JSA determines
the purity. When the JSA results in a strong correlation,
Schmidt decomposition of the JSA can be used to quantify
the purity [56]. The JSA can be expressed as follows:

f (ωs,ωi) =
∑

k

√
λnuk(ωs)vk(ωi), (A1)

where uk(ωs) and vk(ωi) are two orthogonal basis sets of
spectral functions, known as Schmidt modes, and λn is
the weight of the Schmidt mode, where

∑
n λn = 1. The

Schmidt number K is defined as follows:

K = 1∑
n λ

2
n

. (A2)

K is an indicator of entanglement. It represents the number
of Schmidt modes existing in the two-photon states. The
spectral purity is the inverse of the Schmidt number K :

P = Ps = Pi = 1
K

. (A3)

For a two-photon state |ψ〉 not correlated in the spectrum,
the JSA can be written in a completely factorizable form:

f (ωs,ωi) = fs(ωs)fi(ωi). (A4)

Thus, K = 1.
For the spectral-correlation case, to calculate the numer-

ical results for the Schimdt mode, we can discretize the
spectrum. The JSA can be expressed in a large square
matrix F . The matrix element Fmn of the mth row and the
nth column is the discrete frequency value of f (ωs,m,ωi,n),
where ωs,m and ωi,n are discrete frequencies. The Singular-
value decomposition can decompose the matrix F into the
following:

F = UDV = U

⎡
⎢⎣

d1
d2

. . .

⎤
⎥⎦ V, (A5)

where U and V are unitary matrices, where U depends on
ωs and V depends on ωi. The diagonal matrix D needs to
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be normalized with a coefficient 1/
∑

d2
n. The matrix of the

weight of the Schmidt mode is then

⎡
⎢⎣
λ1

λ2
. . .

⎤
⎥⎦ = 1∑

d2
n

⎡
⎢⎣

d2
1

d2
2

. . .

⎤
⎥⎦ . (A6)

APPENDIX B: HOM-INTERFERENCE THEORY

HOM interference play an essential role in revealing
the neoclassical multiphoton phenomenon. Its visibility is
directly related to the purity of the photon source. Down-
converted photon pairs can serve as a single-photon source,
where one of the photons (idler in this work) serves as
a trigger. HOM interference can be arranged by combin-
ing two independent heralded sources on a beam splitter.
The fourfold-coincidence probability can be written as
follows [57]:

P(t) =
∫

dωs1dωs2dωi1dωi2 |f ′(ωs1 ,ωi1)f
′(ωs2 ,ωi2)

− f ′(ωs2 ,ωi1)f
′(ωs1 ,ωi2)e

−i(ωs2−ωs1 )t|2, (B1)

where t denotes the path delay between two independent
sources.

When the independent single photons are indistinguish-
able, HOM interference generates a dip in the fourfold
coincidence when the time delay is 0. Also, the visibility is
defined as follows:

V = P(∞)− P(0)
P(∞)

= E/A, (B2)

where

A =
∫

dωs1dωs2dωi1dωi2

∣∣f ′(ωs1,ωi1)f ′(ωs2,ωi2)
∣∣2

(B3)

and

E =
∫

dωs1dωs2dωi1dωi2 f ′(ωs1,ωi1)f ′(ωs2,ωi2)

× f ′∗(ωs1,ωi2)f ′∗(ωs2,ωi1), (B4)

where f ′∗ signifies a conjugate function.
Visibility is theoretically equal to the state purity, V =

P = 1/K [58], which is the straightforward method for
evaluating spectral purity.
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