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A B S T R A C T

Photon-pair generation must satisfy both the energy conservation and phase-matching conditions with a
specific pump wavelength and dispersion of nonlinear optical medium, but finding a photon-pair, which
has a desired specific wavelength, generation medium is challenging. Here, we present a method to create
photon pairs that functions efficiently even the pump wavelength is much larger than the zero group-velocity-
dispersion (GVD) wavelength of the medium. In this study, we employ short SMF-28 fibers having ∼1310 nm
zero GVD wavelength and C-band pump (1552.52 nm) to generate C-band photon pairs. The measured
pair generation rate and coincidence-to-accidental ratios are comparable to those from a long dispersion-
shifted fiber. Polarization-entangled states are prepared, and an S value of 2.659 ± 0.094 is achieved from
Bell inequality measurements. Our results indicate that the use of a short SFWM medium yields adequate
photon-pair generation rates regardless of its dispersion properties in almost any material at any pump
wavelength.
. Introduction

A robust and efficient non-classical light source is one of the es-
ential components for the emerging field of quantum-enhanced tech-
ologies such as quantum computing [1], quantum sensing [2], and
uantum cryptography [3]. Quantum light sources using photon pairs
enerated by spontaneous parametric down-conversion (SPDC) or spon-
aneous four-wave mixing (SFWM) have made significant contributions
o the development of quantum optics experiments for decades. Unlike
PDC, which requires non-centrosymmetric material [4], the SFWM
rocess is a third-order nonlinear process, and thus even amorphous
edia such as optical fibers can serve as a photon-pair source. Most

mportantly, as this photon-pair source based on the use of an optical
iber, it can be coupled with minimum loss to another fiber based
uantum optical system, such as a quantum cryptography system.

In the standard SFWM process, the wavelengths of the generated
hotons are strongly related to the pump wavelength (𝜆𝑝) and dis-
ersion properties of the medium [5]. Wavelengths of wavevector
ismatch 𝛥𝑘 = 0 (phase matching wavelength of generated photon-
air), where SFWM occurs strongly, are close to 𝜆𝑝 in the anomalous
roup-velocity-dispersion (GVD) region (referred to as the fundamental
odes) and are getting closer to 𝜆𝑝 as the 𝜆𝑝 is further away from the

ero GVD wavelength (𝜆𝑍𝐺𝑉 𝐷), the generated photon-pair, therefore,
ecomes difficult to separate from pump. And the phase matching
avelengths are far from 𝜆𝑝 in the normal GVD region (referred to as

he side modes), and are changed greatly even if the 𝜆𝑝 is changed

∗ Corresponding author.
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a little. For this reason, various types of SFWM media have been
used, including dispersion-shifted fiber (DSF) [6–9], photonic crystal
fiber (PCF) [10–15], birefringent fiber [16,17], chalcogenide fiber [18],
tapered micro/nano-fiber [19,20], and on-chip devices with various
structures and materials [21–29]. To generate efficiently photons at
desired wavelengths, it is important to select a medium with the proper
𝜆𝑍𝐺𝑉 𝐷, but finding such a medium is sometimes not simple. In the
fundamental mode, to separate pairs from pump, pair generation band-
width is important as well as their phase matching wavelength. If the
spectral bandwidth of pair generation can be sufficiently broadened,
photon-pair can be well separated from pump regardless of 𝜆𝑍𝐺𝑉 𝐷, and
such a source would be practically useful for the quantum light source
of quantum information processing and quantum optics experiments.

Here, we present a straightforward and practical method to gener-
ate photon pairs regardless of the dispersion properties of the SFWM
medium. It is well known that if the length of the SFWM material, 𝐿,
is short, the phase mismatch parameter, 𝛥𝑘𝐿, becomes small, yielding
the broad pair-generation rate spectrum [13]. Even though this spectral
broadening due to short medium length have been reported in the case
of on-chip straight waveguide and short specific highly non-linear fiber,
like PCF, but, to the best of our knowledge, has not been experimentally
investigated yet in the case that the 𝜆𝑝 is much larger than 𝜆𝑍𝐺𝑉 𝐷. We
employ short single-mode fibers (SMF) (Corning, SMF-28) as the SFWM
medium to test our method. The pump wavelength (𝜆𝑝 = 1552.52 nm) is
over 240 nm apart from 𝜆𝑍𝐺𝑉 𝐷 of SMF (∼1310 nm). The coincidence
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counts and coincidence-to-accidental ratio (CAR) are measured for
various fiber lengths, showing substantial numbers of photon pairs and
high CAR values. In addition, we perform Bell’s inequality experiments
using polarization-entangled photon pairs, showing good polarization
entanglement. The results in this study show sufficiently equivalent
properties to those of previously reported results which is from the
constraint case that the 𝜆𝑝 is near 𝜆𝑍𝐺𝑉 𝐷, and indicate that photon-
pair generation without restriction on 𝜆𝑍𝐺𝑉 𝐷 selection will be of great
enefit for quantum communication applications from a practical point
f view.

. Theory of pair-generation rate with phase mismatch parameter

Like the SPDC process, SFWM pair generation requires the en-
rgy conservation and phase-matching conditions. The wavelengths of
reated pairs are dominantly determined by the dispersion of SFWM
edium as well as pump wavelength and slightly variable by pump
ower due to the self-phase modulation [5]. The photon-pair genera-
ion rate (PGR) can be described as [25,30]

GR = 𝜇𝑝𝑃
2
𝑝 𝐿

2, (1)

here 𝜇𝑝 is defined as the pair-generation coefficient
𝜇𝑝 ≡ 𝜏𝑃 𝑓𝑝𝐵𝛾2sinc2

[

𝛥𝑘 (𝛥𝜈)𝐿∕2
]

), 𝜏𝑃 is pump-pulse duration, 𝑓𝑝
is pump-repetition rate, 𝐵 is signal/idler filter bandwidth, 𝛾
represents the nonlinear Kerr coefficient of the medium,
𝛥𝑘(𝛥𝜈) = 2𝑘

(

𝜔𝑝
)

−𝑘
(

𝜔𝑝 + 2𝜋𝛥𝜈
)

−𝑘
(

𝜔𝑝 − 2𝜋𝛥𝜈
)

−2𝛾𝑃𝑝 is the wavevec-
tor mismatch between the pump and signal/idler photons for degen-
erate pumps, 𝛥𝜈 is frequency detuning from the pump frequency, 𝑃𝑝
is the pump peak power, and 𝐿 is the SFWM medium length. The
frequency of the pump, signal, and idler photons satisfies the law of
conservation of energy. Fig. 1.(a) represents the GVD of SMF-28 fiber
against the pump wavelength. Fig. 1.(b) and (c) shows the wavevector-
mismatch function and normalized 𝜇𝑝 spectrum of the SMF against the
wavelength difference between the generated photons and the pump
photons. The greater the GVD values in Fig. 1.(a) are, the faster the
wavevector-mismatch function in Fig. 1.(b) increases. The normalized
𝜇𝑝 spectrum, as seen in Fig. 1.(c) gets narrower as the pump wavelength
is farther from the zero GVD wavelength. Without the careful selection
of the zero GVD wavelength with respect to the pump wavelength, it
makes it challenging to distinguish between the pump light and created
two-photon states.

In Eq. (1), the PGR spectrum has a shape of sinc2-function whose
bandwidth is determined by the phase mismatch parameter 𝛥𝑘𝐿. At
near 𝜆𝑍𝐺𝑉 𝐷, 𝛥𝑘 increases slowly as the wavelengths of signal and idler
photons become far from 𝜆𝑝. Therefore, the PGR spectrum has a broad
bandwidth even with a long SFWM medium. However, if 𝜆𝑝 is far from
𝜆𝑍𝐺𝑉 𝐷, 𝛥𝑘 boosts rapidly as the frequency detuning (𝛥𝜈) increases,
yielding narrow bandwidth of the PGR spectrum. If the length of
the SMF-28 fibers is over hundreds of meters like the typical SFWM
experiments, the PGR spectrum is narrow, so that it is challenging to
separate signal and idler photons from the pump light. The short length
of SMF-28 fibers, however, reduces the phase mismatch parameter 𝛥𝑘𝐿,
yielding a broad bandwidth of the pair-generation coefficient spectrum.
Then we can readily separate the generated photons from pump light
using commercially available filters. The maximum PGR decreases by
shortening the medium length, but can be compensated by increasing
𝑃𝑝 as the PGR is proportional to both 𝑃 2

𝑝 and 𝐿2 which is well known
property.

Fig. 2.(a) shows the calculated pair-generation coefficient, 𝜇𝑝, spec-
trum using Eq. (1) as a function of the frequency detuning from pump
frequency (193.1 THz, equivalent to 𝜆𝑝 = 1552.52 nm). 𝛥𝑘 is estimated
from the dispersion properties of the SMF-28 datasheet [31]. The
lengths of fibers are 3.8 m (solid red line), 11.4 m (dashed green line),
31.5 m (dotted blue line), and 308 m (dash-dotted dark-yellow line)
at 3-W pump peak power. As expected, the shorter fiber length is, the

broader the pair-generation coefficient spectrum is. For a 3.8-m fiber,

2

the spectrum in Fig. 2.(a) is so broad that photon pairs can be generated
even at 1000-GHz frequency detuning out of the pump frequency. On
the other hand, the bandwidth of a 308-m fiber gets so narrow that the
SFWM photons can hardly be detected even at the 200-GHz separated
channel. The maximum 𝜇𝑝 in Fig. 2.(a) is the same as the PGR spectrum
is normalized by 𝑃 2

𝑝 and 𝐿2.
Fig. 2.(b) shows the estimated half-width half-maximum (HWHM)

bandwidth of the PGR spectrum against the fiber length. The HWHM
bandwidth decreases as increasing the fiber length like SPDC [32].
For a 3.8-m fiber, the bandwidth of photon pair generation is about
800 GHz, but the photons from a 308-m fiber can hardly transmit the
200-GHz separated filter set from the pump due to the narrow pair-
generation bandwidth (∼125 GHz), resulting in negligible detection
of signal and idler photons. Furthermore, the 308-m-fiber spectrum
in Fig. 2.(a) shows a peak corresponding to the frequency difference
between pump and phase-matching (𝛥𝑘 = 0) frequencies (blue dashed
line in Fig. 2.(b)), and this separation behavior is caused by the nonlin-
ear contribution of the pump power to the phase-matching condition
(2𝛾𝑃𝑝). The pump peak power is 3-W, showing a peak separation of
77.4 GHz (∼0.62 nm).

As mentioned above, the reduced PGR can be compensated by
increasing pump power, the spectrum, however, should not be changed.
Actually, the pump peak power affects to the maximum 𝜇𝑝 (propor-
tional to the 𝑃 2

𝑝 ) and also the bandwidth of spectrum because the 𝛥𝑘
is changed by self-phase modulation (2𝛾𝑃𝑝). Fig. 2.(c) is the pair gen-
eration coefficient (𝜇𝑝) for the various 𝑃𝑝. The pump peak powers are
1 W (red solid line), 5 W (green dashed line), 10 W (blue dotted line),
50 W (dark yellow dash-dotted line), and 100 W (violet dash-double
dotted line) with 𝐿 = 3.8 m. The 𝜇𝑝 is not significantly affected by 𝑃𝑝
up to 10 W, and is slightly changed after 10 W. Actually, this changes
are shift of phase-matching frequency caused by self-phase modulation
(2𝛾𝑃𝑝), and the bandwidth does not change much. Therefore, since the
contribution of 𝑃𝑝 to the bandwidth is small, we can compensate for
the decreasing PGR by increasing 𝑃𝑝 without changing the bandwidth
of spectrum for a short fiber.

3. Experimental measurements

In order to verify the generation of telecom C-band (1530∼1565
nm) photon pairs from SMF-28 fibers, we measured the coincidence
counts for various fiber lengths [3.8 m, 5.8 m, 8.1 m, 11.4 m, 31.5 m,
55.5 m, 104 m, and 308 m], using the experimental setup in Fig. 3.(a).
The length of fibers is measured using the time-of-flight measurement
method. The pump laser is a mode-locked pulse laser with a pulse
width of about 15 ps and a repetition rate of 18 MHz. The wavelength
is 1552.52 nm, which is over 240 nm away from 𝜆𝑍𝐺𝑉 𝐷 of SMF-28
(∼1310 nm), and a variable attenuator adjusts the input pump power.
A set of 100-GHz commercial dense wavelength division multiplexing
(DWDM) filters with a full-width-at-half-maximum bandwidth of about
0.6 nm remove amplified spontaneous emission noise photons from the
pump laser as a band-pass filter (BPF). 200-GHz DWDM filters with
a full-width-at-half-maximum bandwidth of about 1.2 nm block the
pump light as a notch filter. Five 200-GHz DWDM filters are connected
in series, and as the pump-light suppression ratio of the reflection
port of a DWDM filter is about 30 dB, the total suppression ratio
is more than 150 dB, which is sufficiently large in our experiment.
Since an SMF with various lengths is placed between the BPF and
notch filters, the measured photons are only from the short SMF. A 40-
channel 100-GHz DWDM module spectrally separates signal and idler
photons. As the highest CAR values measured at room temperature is
about 10 under our experimental conditions, the fibers are cooled at
liquid nitrogen temperature to reduce the noise photons by sponta-
neous Raman scattering (SpRS) [8,9]. InGaAs single-photon detectors
are used with an efficiency of 5%, a gate width of 3.1 ns, and a
dead time of 10 μs. The coincidence window is about 3 ns. To avoid

the detector saturation effect due to dead time, we adjust the pump
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Fig. 1. (a) The GVD of the SMF-28 fiber with the dispersion of 69.7 s/m3 and the zero GVD wavelength of 1310 nm, respectively. (b) and (c) represent the phase-mismatch
function (𝛥𝑘) and the normalized pair-generation coefficient (𝜇𝑝) of the SMF-28 fiber against the wavelength difference between the generated photons and the pump photons.
The red and blue lines indicate the pump wavelength of 1320 nm and 1550 nm, respectively. The pump peak power is 3 W and the fiber length is 308 m. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 2. (a) The pair-generation coefficient 𝜇𝑝 for various fiber lengths. (b) Estimated half width at half maximum (HWHM) bandwidth of the 𝜇𝑝 spectrum (Black curve) against
the fiber length. The blue dashed line indicates the frequency difference between pump and phase-matching frequencies at the given pump peak power assuming an infinitely long
fiber. The horizontal axis is plotted on a logarithmic scale. (c) The 𝜇𝑝 for various pump peak powers with a short fiber (𝐿 = 3.8 m).
power to maintain single counts of individual detector under 10,000
counts per second. In Fig. 3.(b), the 400-GHz separated channels of the
DWDM module from the pump channel are selected for signal and idler
photons, respectively, to measure the polarization-entangled states.

4. Results

4.1. Coincidence histogram

Since generated photons have a strong temporal correlation, coinci-
dence counts from true photon pairs should be larger than accidental
coincident counts. Fig. 4. shows the measured coincidence count his-
tograms for fiber lengths of 3.8 m, 11.4 m, 31.5 m, and 308 m by
accumulating the histogram for 10 min. The signal and idler filters
are 400-GHz separated from pump. The peaks at 0 ns represent the
coincidence counts from mostly SFWM photons, and the peaks at about
3

55.56 ns (inset (i)) and 111 ns (inset (ii)) are the accidental counts by
noise photons generated by SpRS and uncorrelated photon pairs. As the
pump laser is a pulse laser and the detectors operate in the gating mode,
the accidentals do not spread out evenly in time. The peak-to-peak
time difference is about 55.56 ns corresponding to the pump repetition
rate (18 MHz). For the 3.8-m and 11.4-m fiber whose bandwidth is
larger than the filter separation, the coincidence counts are much larger
than the accidental coincidence counts (Fig. 4.(a) and (b)). After 11.4
m, the coincidence counts decrease with increasing the fiber length
(Fig. 4.(c) and (d)), while the accidental count peaks at about 55.56 ns
and 111 ns show no significant change. Due to the narrow bandwidth
of the long fibers, C-band pair generation had not previously been
observed in SMF-28 fiber, and the results in Fig. 4.(a)–(c) indicate the
first experimental implementation of C-band photon-pair generation in
conventional SMF-28 fiber.
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Fig. 3. Experimental set-up (a) for measuring coincidence counts and coincidence-to-accidental ratio and (b) for generating polarization-entangled states. A 15-ps pulse laser is
the pump source with a repetition rate of 18 MHz at a center wavelength of 1552.52 nm (ITU grid No. 31). VOA: Variable Optical Attenuator, PC: polarization controller, BPF:
band-pass filters for blocking noise photons, Notch: notch filters for pump blocking, Pol.: in-line polarizer, DWDM: 40ch 100-GHz dense wavelength division multiplexer, SPD:
InGaAs single photon detector, TCSPC: Time-Correlated Single Photon Counting module, PBS: in-line polarization beam splitter, Signal (Idler) Pol.: free-space polarizer with a
rotational stage for signal (idler) photons.
Fig. 4. Measured coincidence histograms for several fiber lengths. The lengths of the fiber under test are (a) 3.8 m, (b) 11.4 m, (c) 31.5 m, and (d) 308 m. Insets (i) and (ii) of
(a) show the magnified accidental count peaks, and the time interval of peaks (∼55.56 ns) are equivalent to the pump pulse repetition rate (18 MHz). The histogram of accidental
counts for fiber lengths of 11.4, 31.5, and 308 m are similar in number and width to those for the 3.8 m fiber and are not shown. The histograms are measured at the consistent
single count rate of about 3000 cps, and the integration time is 10 min. The time resolution of the TCSPC is 176 ps. The signal and idler filters are 400-GHz separated from pump.
4.2. Photon-pair generation rate

In order to investigate the performance of SMF-28 fiber as a photon-
pair source, we measure the true coincidence counts (coincidence (𝐶𝑐)
– accidental (𝐶𝑎)). Fig. 5.(a). show the true coincidence counts for
various pump peak powers. The frequency difference between the
signal (and idler) and the pump photons is 400 GHz, and each data
point is integrated for 600 s. The vertical error bars represent the shot
4

noise, assuming a Poisson distribution of photons. The SFWM process
produces photon pairs with a quadratic dependence on the pump
power. The dashed lines in Fig. 5.(a) have a slope of 2, representing
the quadratic model on the pump power and match well with the data
for 3.8-m (red), 11.4-m (green), and 31.5-m (blue) fibers. Therefore, the
coincidence counts for the 308-m fiber are almost equally contributed
by SFWM photon pairs and noise photons. Fig. 5.(b) show the true
coincidence counts for various fiber lengths. As in Eq. (1), the SFWM
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rocess produces photon pairs with a quadratic dependence on the
ump power and fiber length. The dashed lines in Fig. 5.(b) have a slope
f 2, representing the quadratic model on the fiber length and match
ell with the data up to 11.4 m, indicating that true coincidence counts

ncrease with the fiber length up to 11.4 m but decrease gradually
or long fibers. The reason for noise photons to be dominant in long
ibers is the SFWM bandwidth becomes narrow as shown in Fig. 2.(a),
nd this is why C-band photon pairs have not been observed in SMF-
8 fiber. We additionally measure the coincidence-to-accidental ratio
CAR, 𝐶𝑐∕𝐶𝑎), comparing it with the behaviors of true coincidences.
s shown in Fig. 5.(c), the measured CAR values reach above 100 for
.8-m and 11.4-m fibers and close to 100 for the 31.5-m fiber, but the
oincidence counts contributed by noise photons in the 308-m fiber are
omparable with that by the SFWM photon pairs having a CAR value
f ∼2. As shown in Fig. 5.(d), the CAR values with a pump peak power
f 3 W are more than 100 for up to 11.4-m fiber but drop near 2 for
08-m fiber due to the decrease of SFWM bandwidth as in Fig. 2.(a).
herefore, we can conclude that a short SMF-28 fiber can be used as a
hoton-pair light source with a good signal-to-noise ratio.

In addition, we investigate the bandwidth of photon-pair generation
oefficient (𝜇𝑝) depending on fiber length. The PGR bandwidth is
xamined with various DWDM filter sets in Fig. 3.(a). Using the true
oincidence count results in Fig. 5.(a) and (b), 𝜇𝑝 can be estimated
s the total coincidence counts, 𝐶𝑐 , is given by 𝐶𝑐 = 𝜇𝑝𝜂𝑠𝜂𝑖𝐿2𝑃 2

𝑝 𝑇 +
𝐶𝑎, where 𝜂𝑠(𝜂𝑖) is the product of the total transmittance and the
detection efficiency of detector for signal (idler) channel and 𝐶𝑎 is the
accidental coincidence. 𝑇 is total integration time. Therefore, 𝜇𝑝 can
be obtained by using 2nd-order term of quadratic fitting of 𝐶𝑐 − 𝐶𝑎.
The total coincidence detection efficiency 𝜂𝑠 × 𝜂𝑖 is about 0.001 in our
system (transmission of each photon: ∼60%, detection efficiency: ∼5%).
Fig. 6. shows the theoretically predicted and experimentally measured
𝜇𝑝 for 3.8-m, 11.4-m, 31.5-m, and 308-m fibers against the frequency
detuning (𝛥𝜈) between the signal (or idler) and pump. The pump peak
power is fixed at about 3 W. As shown in Fig. 6, the shorter the fiber
length is, the broader the bandwidth is. The theoretically predicted
𝜇𝑝 in Fig. 2.(a), plotted on a logarithmic scale, are shown with the
measured data. The measured results shows a similar tendency with

the calculation. In the case of 308-m fiber, 𝐶𝑐 − 𝐶𝑎 is unable to be e

5

fitted for the 800-GHz and 1000-GHz separations due to the low CAR
values caused by the narrow bandwidth, as shown in Fig. 5.(c). In the
case of 11.4-m fiber, the value of 𝜇𝑝 at 1000 GHz is larger than that
at 800 GHz as the rate at 1000 GHz corresponds to the second peak of
𝑠𝑖𝑛𝑐2-function. To obtain 3 kHz single count rate, about 13.5-W pump
peak power is needed for 3.8-m fiber while 0.75-W is needed for 308-
m fiber, 𝑃𝑝 × 𝐿, however, is about 51 W⋅m for 3.8-m and 230 W⋅m for
308-m, including SpRS noise photon. The factor 𝑃𝑝 × 𝐿 is similar to
ur previous result (𝑃𝑝 × 𝐿 ∼65 W⋅m for to obtain 3-kHz single count
ate) which is used 500-m DSF with the condition of 𝜆p ∼ 𝜆ZGVD [33].
he measured maximum 𝜇𝑝 (∼15 pairs∕W2m2s) is also similar with our
revious results using a 500-m DSF fiber (∼20 pairs∕W2m2s) [33], as
he materials and geometries of SMF and DSF are almost same.

.3. Polarization entanglement

Finally, we create polarization-entangled states and measure the
ntanglement properties. In Fig. 3.(b), the 400-GHz separated channels
f the DWDM module from the pump channel are selected for signal
nd idler photons, respectively, to measure the polarization-entangled
tates. An 11.4-m SMF-28 fiber is used. The polarization-entangled
tates are generated with the well-known Sagnac loop method, as
hown in Fig. 3.(b) [34]. Pump light with the diagonal polarization
tate splits into two orthogonally-polarized pulses (|𝐻⟩𝑝 and |𝑉 ⟩𝑝)
ith equal power from a fiber-based polarization beam splitter (PBS).
𝐻⟩ and |𝑉 ⟩ represent the horizontal and vertical polarization states,
espectively. After PBS, the horizontally polarized pump pulses rotate
0 degrees by a polarization controller (PC2 in Fig. 3.(b)) and propa-
ate through a SMF-28 fiber, creating photon pairs with the |𝑉 ⟩𝑠|𝑉 ⟩𝑖
tate. On the other hand, the vertically polarized pump pulses first
ropagate through the SMF-28 fiber, generating photon pairs with the
𝑉 ⟩𝑠|𝑉 ⟩𝑖 state, and then the pairs rotate 90 degrees by the same PC2,
onverting the pair’s state to |𝐻⟩𝑠|𝐻⟩𝑖. Therefore, the separated pump
ulses have the same polarization states during propagating through
MF-28, and the birefringence (or polarization mode dispersion) effects
o not appear. When the SFWM photons recombine at the PBS, the
FWM photons are emitted into the PBS port, where the pump beam
ntered in. Then, the polarization states of the SFWM photons after the
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Fig. 6. Calculated (lines) and measured (symbols) pair-generation coefficients 𝜇𝑝
gainst frequency separation between signal (or idler) and pump for 3.8 m (red, solid,
quare), 11.4 m (green, dashed, circle), 31.5 m (blue, dotted, triangle), and 308 m (dark
ellow, dash-dotted, diamond) fibers. The vertical axis is plotted on a logarithmic scale,
nd the horizontal axis is on a linear scale.

BS become the polarization-entangled states of |𝐻⟩𝑠|𝐻⟩𝑖 ± |𝑉 ⟩𝑠|𝑉 ⟩𝑖.
he pump light and polarization-entangled photons are separated by a
and-pass filter, which is a commercial DWDM filter with two output
orts. The pump light passes through the transmission port, and the
FWM photons reflect into the reflection port. A notch filter having an
solation of over 150 dB suppresses reflected pump light. The SFWM
hotons split into the two ports of a DWDM module, and then the
ignal and idler photons pass through the free-space linear polarizer,
s seen in Fig. 3.(b). We separately rotate the signal and idler polarizer
ngles, measuring the coincidence counts between the signal and idler
etectors.

The angle of the signal polarizer (𝜃1) is fixed at 0◦, and that of the
dler polarizer (𝜃2) is rotated from −180◦ to 180◦ while measuring the
oincidence counts by every 2.5◦. Then we repeat the measurement for
arious 𝜃1 angles of −45◦, 45◦, and 90◦. Fig. 7 shows the measured
oincidence count fringes for 𝜃1 = −45◦, 0◦, 45◦, and 90◦, and the
ntegration time for each point is 600 s. The visibilities of each pattern
re 95.4%, 91.3%, 92.5%, and 94.7%, respectively, and the averaged
isibility is 94.2% which is equivalent to a Clauser–Horne–Shimony–
olt (CHSH) parameter of 𝑆 = 2.664 ± 0.028, indicating that the
olarization-entangled states using an SMF pair source violate the Bell’s
nequality. The S value is confirmed by an additional measurement with
he 16 combinations of the polarizer settings (𝜃1 = −45◦, 0◦, 45◦, 90◦;
2 = −22.5◦, 22.5◦, 67.5◦, 112.5◦) for the CHSH inequality [35,36].
he integration time is 600 s for each measurement. We achieve an 𝑆
alue of 𝑆 = 2.659±0.094 without subtracting the accidental coincident
ounts, which is very similar to the 𝑆 value by extracting from the
isibility, and the error is estimated from the shot noise assuming a
oisson distribution of photons. The results show that the short fiber
ith broad bandwidth due to phase mismatch parameter has excellent
otentials as a practical and straightforward quantum light source and
ill contribute significantly to the development of quantum optics
xperiments.

. Conclusions

In conclusion, we present the method using short SMF-28 fibers
s a C-band photon-pair source and show that substantial numbers of
hoton-pairs can be generated even in the condition of 𝜆p − 𝜆ZGVD >
40 nm, and the quantum correlation property and entanglement of

his photon-pair are sufficiently equivalent to the previously reported

6

Fig. 7. Measured coincidence counts for several signal polarizer angles against idler
polarizer angles. The signal polarizer angles are at −45◦ (gray), 0◦ (red), 45◦ (green),
or 135◦ (blue). All visibilities are over 90% without subtracting accidental coincidence
counts. The integration time of each point is 600 s, and the vertical error bars represent
the shot noise assuming a Poisson distribution of photons. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

results and good for quantum information process. In this study, we
employ SMF fiber to verify our method, but any medium with suf-
ficiently large nonlinear Kerr coefficient can be a useful photon-pair
source regardless its dispersion properties and pump wavelength. For
instance, the geometry of silicon waveguides is usually designed to
provide phase-matching, but according to the present study, any short
waveguide can create correlated pairs due to small amount of phase
mismatch parameter. Further research is on progress.

In addition, we caution that photon pairs from the short sections
of single-mode fibers in an experiment setup can be a noise source, as
short single-mode fibers are used in almost all fiber-based quantum op-
tical systems as a transmission channel or connection channel between
devices in the system. If a strong pump is not filtered out as soon as
possible, this pump will make spectrally broad photon pairs in short
SMFs used as a transmittance channel. These unexpected photons can
degrade the quality of photon states and quantum optical systems.
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