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A high-quality heralded single-photon source (HSPS) at 1.5 um is experimentally demonstrated based on sponta-
neous four wave-mixing in a piece of dispersion-shifted fiber cooled by liquid nitrogen. To improve the up-limit of
the preparation efficiency of the HSPS, commercial dense wavelength-division multiplexing components are used
to reduce the loss of the filtering and splitting system between the fiber and the single-photon detectors. As a
result, a preparation efficiency of 80% is realized under a g‘® (0) of 0.06 in our HSPS experimental system, which
is the best performance for the fiber-based HSPS at 1.5 um reported so far.

PACS: 42.50.Ex, 42.65.Lm

Single-photon sources at 1.5 pm have important
applications in quantum communication and quantum
information processing,' %! since they provide single
photon generation at a low-loss transmission window
of commercial optical fibers. The traditional way of
obtaining single photons is through attenuating the
laser power sufficiently to single-photon levels. The
statistics of output photons of the attenuated laser
source satisfies Poissonian distribution.l”) As a re-
sult, in certain detecting windows, multi-photon gen-
eration cannot be avoided and impairs the perfor-
mance of single-photon generation. For the attenu-
ated laser source, the only way to reduce the possibil-
ity of multi-photon generation is to increase the atten-
uation, thereby reducing the average photon number
in each detecting window. However, this would in-
crease the possibility of there being no photon in the
detecting window, leading to a low single-photon gen-
eration efficiency. Recently, more and more attention
focuses on the heralded single-photon source (HSPS),
since it provides a way to solve the intrinsical defect
of the attenuated laser source. The HSPS is based on
correlated photon-pair (CPP) generation by sponta-
neous nonlinear parametric processes. In the HSPS,
one photon of the correlated photon pair is detected,
providing an electrical trigger signal to herald the ar-
rival of the other photon. The electrical trigger signal
can be used to control the detecting window of single-
photon detection, which would greatly reduce the pos-
sibility of there being no photon arrival whilst the de-
tecting window is open. To date, several schemes of
the HSPS at 1.5 um have been proposed, such as spon-
taneous parametric down-conversion (SPDC) in bulk
nonlinear optical crystals, SPDC in periodically poled
crystal waveguides and atomic cascades.[®~ ] However,
more convenient schemes compatible with current op-
tical networking technology are expected for real ap-
plication in quantum engineering.['?>'!]

DOL: 10.1088/0256-307X/29/5/054215

Recently, 1.5 um correlated photon-pair generation
through spontaneous four wave-mixing (SFWM) in
optical fibers has received much attention. It is based
on commercial fibers and optical components of op-
tical communication systems, providing a practical
way to realize the HSPS at 1.5 um. In our previous
work,['? a fiber-based HSPS with a preparation ef-
ficiency of 60% and a ¢(®(0) of 0.06 was achieved,
showing the feasibility of high-quality single-photon
generation. On the other hand, this work showed
that the preparing efficiency of the fiber-based HSPSs
was decided by the loss of the filtering and splitting
system between the nonlinear fiber and the single-
photon detector and noise photons generated by spon-
taneous Raman scattering (SpRS). Considering that
the impact of SpRS can be suppressed by fiber-cooling

techniques,!'”'] the loss of the filtering and splitting
system will decide the theoretical up-limit of the HSPS
efficiency.

In this Letter, we optimize the filtering and split-
ting system utilizing commercial dense wavelength-
division multiplexing (DWDM) components to im-
prove the theoretical up-limit of the HSPS preparation
efficiency. As a result, the preparation efficiency of the
HSPS is improved from 60% to 80% while g(?)(0) is at
the same level of 0.06, which is the best performance
for the fiber-based HSPS at 1.5 um to our knowledge.

The experimental setup of the fiber-based HSPS
at 1.5 um is shown in Fig. 1. The pulsed pump light is
generated by a mode-locked erbium-doped fiber laser
(ML-EDFL) with a repetition rate of 1 MHz and a
central wavelength of 1552.52nm. The pump light
then passes through a filter system, including a fiber
Bragg grating (FBG), a circulator, and three DWDMs
at 1552.52nm (ITU-C31), to narrow its linewidth to
0.2nm and enhance its side-band rejection to 120dB
at wavelengths where the signal and idler photon-
detection is performed. The pulse width of the output
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pump light is about several tens of picosecond (esti-
mated by the linewidth). A variable optical attenua-
tor (VOA) and a 1:1 fiber coupler with a power meter
(PM) are used to monitor and control the power level
of the pump light before it is launched into the optical
fiber.
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Fig.1l. Experimental setup of the fiber-based HSPS at
1.5pm. VOA: variable optical attenuator; PM: power
meter; PD: photo detector; DSF: dispersion-shifted fiber;
SPD: single-photon detector; D1~D6: DWDMs.
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Fig. 2. The transmission spectra of the filtering and split-
ting system. Dashed line: signal side; solid line: idler side.

The fiber used in the experiment is a piece of com-
mercial dispersion-shifted fiber (made by Yangtze Op-
tical Fiber and Cable Company Ltd). The fiber is
500m in length, and is cooled by liquid nitrogen to
suppress SpRS. The generated CPPs by the SFWM
processes in the fiber and residual pump light are sep-
arated by a filtering and splitting system based on
commercial DWDM components, as shown by D1-D6
in Fig.1. The central wavelength of signal and idler
photons are at 1555.75nm and 1549.32nm, i.e., the
ITU channel of C27 and C35, respectively. Figure 2
shows the measured transmission spectra of the filter-
ing and splitting system, and the black and red lines
are the results of the idler and signal sides, respec-
tively. They are measured by a wavelength-tunable
laser (Santec 510) and a power meter (Agilent 82336).
The insertion loss of the signal side is —1.6 dB, while
that of the idler side is —1.9dB. The up-limit of the
HSPS preparation efficiency is decided by the loss of
the heralded photon before detection.!'”] Hence, in the
experiment the signal-photon side is used as the her-
alded photon output end, while the idler-photon side is
used to provide the heralding signal. Compared with
the work of Ref.[12], the loss of the heralded pho-
ton output end is reduced by 1dB, leading to about
20% improvement of the preparation efficiency. The
obtained side-band rejection of the filtering and split-

ting system is only ~55dB on both sides, as shown
in Fig.2, which is limited by the dynamic range of
the measuring system. In fact, a pump light isolation
of more than 120dB can be achieved on either signal
or idler photon side, since at least three DWDMSs are
cascaded on both sides, and each DWDM has more
than 40 dB pump-light isolation and high-return loss.
As a result, the impact of residual pump light can be
neglected in the experiment.
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Fig. 3. The photon-count rate at the idler side under dif-
ferent pump levels. Square dots: experimental data; dot-
ted line: fitting curve of experimental data; dashed line:
contribution of the CPPs; solid line: contribution of the
SpRS and residual pump.

The generated photons are detected by commercial
single-photon detectors (SPDs, ID Quantique, id201)
based on an InGaAs/InP avalanche photodiode. The
SPDs are operated in gated Geiger mode with a de-
tection window width of 2.5ns. The residual pump
light is detected by a photon detector (PD) to provide
the trigger signals for the SPDs. The detection effi-
ciencies of SPDs 1, 2 and 3 are 15.21%, 14.85 % and
14.23%, respectively. In the experiment, each mea-
sured photon-count rate is a statistical result of five
measurements with a single count time of 30s.

Firstly, the single-side photon-count rates at the
idler side under different pump levels are measured by
SPD1 and shown in Fig.3. The square dots are ex-
perimental data, while the dotted line is the fitting
curve using a polynomial of aP? 4+ bP + c. Here P is
the pump level; a, b and c¢ are the fitting parameters.
The quadratic term in the polynomial represents the
contribution of CPP generation by SFWM, which is
shown by the dashed curve in Fig. 3. The linear term
represents the impacts of SpRS and residual pump
photons, shown by the solid line in Fig.3. The con-
stant term represents the dark counts of SPD1, which
can almost be ignored. It can be seen that the contri-
bution of CPP generation is far higher than the im-
pact of SpRS and residual pump photons when the
single-side photon-count rate is greater than 0.01 per
pulse. The high-quality CPP generation ensures the
high performance of the HSPS based on our experi-
mental system.

The experimental setup was then adjusted to real-
ize the HSPS, in which SPD1 detects idler-side pho-
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tons in order to provide a heralding signal for the
heralded photon output on the signal side. To mea-
sure the preparation efficiency of the HSPS, the her-
alded photons on the signal side are detected by
SPD2, which is triggered by the heralding signal from
SPD1. The preparation efficiency can be calculated
by Ro/(R172), where Ry and Rs are the photon-count
rates of SPD1 and SPD2, respectively; 7 is the detec-
tion efficiency of SPD2. The measured preparation ef-
ficiencies under different idler-side photon-count rates
are shown in Fig. 4. It can be seen that when the idler-
side photon-count rate is small under low pump level,
the impacts of SpRS and residual pump photons seri-
ously limit the preparation efficiency of the HSPS. As
the pump level increases, the CPPs gradually domi-
nate the generated photons, leading to an increase in
the preparation efficiency. If the pump level is too high
to neglect the possibility of multi-photon generation,
the preparation efficiency would continue to increase
with the pump level and finally be close to one.
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Fig.4. The measured preparation efficiency of the HSPS
versus idler-side photon-count rate.
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Fig.5. The measured ¢g(?)(0) of the HSPS versus idler-
side photon-count rate.

However, the pump level cannot increase unlim-
itedly since the multi-photon generation reduces the
quality of the single-photon generation in HSPS,
which is described by the second-order correlation
function ¢ (0). The ¢®(0) was measured by the
Hanbury-Brown and Twiss setup,!'”! in which the her-

alded photons of the HSPS are split by a 1:1 fiber
coupler and detected by two single-photon detectors
(SPD2 and SPD3), respectively. The detection win-
dows of SPD2 and SPD3 are triggered by the herald-
ing signal provided by the SPD1. The ¢(?(0) is cal-
culated by Ras/(R2R3), where Ry and Rs are the
photon-count rates of SPD2 and SPD3, respectively,
and Rps is the coincident photon-count rate of SPD2
and SPD3.l'l Figure 5 shows the measured ¢(®(0)
of the HSPS under different idler-side photon-count
rates. It can be seen that ¢(?)(0) also increases with
the increasing idler-side photon-count rates. Hence,
the pump level should be optimized to take trade-off
between the preparation efficiency and the g(®(0) of
the HSPS. If the ¢(?)(0) is set to 0.06, it can be con-
cluded from Figs.4 and 5 that the preparation effi-
ciency of the HSPS is about 80%, showing a high im-
provement in the performance of the HSPS compared
with that of the previous work.[']

To show the HSPS performance more clearly, we
calculate the possibilities of zero-, single- and multi-
photon events when a heralding signal arrives under a
preparation efficiency of 80% and a ¢(®)(0) of 0.06.
The single-photon generation possibility is as high
as 78.2%, while the possibilities of zero-photon and
multi-photon generation are 20% and 1.8%, respec-
tively. It is the best performance of the fiber-based
HSPS operating at 1.5 um to our knowledge, showing
its great potential in applications of quantum commu-
nication and quantum information.
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