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High-yield single-photon source using gated
spontaneous parametric downconversion

Shigeki Takeuchi, Ryo Okamoto, and Keiji Sasaki

The construction of a single-photon source by use of gated parametric fluorescence is reported with the
measurement results of the photon number distribution. A beamlike twin-photon method is used in
order to achieve high-collection efficiency. The estimated probability P(1) to find a single photon in a
collimated output pulse is 26.5% at a repetition rate of 10 kHz when the effective quantum efficiency of
27.4% in the detection setup is compensated. © 2004 Optical Society of America

OCIS codes:

1. Introduction

One of the most important applications of the single-
photon source is quantum cryptography.! Up until
now, most quantum cryptography experiments have
used weak coherent light as a photon source.2 In
those experiments, the average photon number was
kept as small as 0.1 in order to keep the probability of
generating two photons in one pulse smaller than
0.005. However, this meant that 90% of the pulses
were vacuum states and could not be used to send any
information. Therefore single-photon sources that
can output single-photon states with a high probabil-
ity while having only small percentages of two-
photon states are very important for quantum
cryptography. Such single-photon sources are also
important for quantum information processing.
There has been extensive research to produce
single-photon pulses by use of a single light emitter.
Experimental demonstrations have been performed
with single molecules,34 single color centers in dia-
mond,? and single quantum dots® optically pumped
by short-pulse lasers. For electrically driven solid-
state single-photon sources, the pioneering work us-
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ing turnstile devices at 50 mK? was recently followed
by a demonstration of operation at 4.2 K.8 In those
methods, however, photons are emitted in all direc-
tions, and it is difficult to collect the photons with
high efficiency. This means that effectively the per-
centage of single-photon pulses will be small and that
of vacuum states will be large. To the best of our
knowledge, the highest probability P(1) of a single
photon at an output port where single photons are
collimated was less than 10% in such devices. Re-
cently, Pelton et al.? reported an excellent experimen-
tal result using a quantum dot embedded in a
semiconductor micropost microcavity, where the effi-
ciency of emitting a single-mode traveling wave in-
side the cavity was 38%. However, the overall
detection efficiency was only 3%, owing to the tech-
nical difficulties of collecting the single photons and
filtering them out from background photons.

The generation of single-photon states with spon-
taneous parametric downconversion (SPDC) is an al-
ternative approach that was first mentioned by Hong
and Mandel.1© It was theoretically followed by
Yuen,!! who studied the parametric processes with
measurement feedback for the generation of near-
photon-number eigenstates. The idea was experi-
mentally followed by several groups.12-14 However,
these experiments focused on the observation of sub-
Poissonian photon statistics and not the demonstra-
tion of a true single-photon source. Therefore they
simply measured the correlation function g®(r) and
determined the Fano factor F = (An)?/(n). Both
properties characterize the average noise level of the
photon current, but the photon number distribution
cannot be derived from only these parameters.1>

In this paper, we present a single-photon source
based on gated spontaneous parametric downconver-
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Fig. 1. Schematic of the experimental setup. A signal photon
and a control photon are created at the same time in a B-barium
borate crystal. The control photons were detected directly by a
single-photon detector, while the signal photons were guided into
an optical fiber delay line. Then the signal photons were gated by
the fast optical shutter. This shutter opens only when the first
detection event of the control photon is observed in each pulse
(time window of 100 ps) and blocks other photons in the same
pulse.

sion (G-SPDC). In contrast to earlier work,'2 our
G-SPDC source is run in a new regime in which a
single photon is emitted in each time window with
high probability and a well-defined repetition rate.
Furthermore, the quality of our single-photon source
is measured by characterizing the photon number
distribution of its output.

2. Experimental Setup and Data Analysis

A schematic of our single-photon source is shown in
Fig. 1. When a cw UV pump beam at 351.1 nm is
incident to a nonlinear crystal fulfilling the phase-
matching condition, two pairs of single visible pho-
tons, control photons and signal photons, are created
at the same time through the process of SPDC.16
We adjusted the experimental parameters to have a
sufficient number of photon pairs created in a pulse
with 100-ps pulse width. In our experiment, an av-
erage of eight control photons is detected within the
pulse width. Following the first photon detection of
a control photon in the pulse, the gate timing control-
ler opens the shutter for a short time (50 ns). This
means that only the first signal photon in the pulse
can pass through the shutter and be emitted. After
the emission, the shutter is closed to block the other
photons in the pulse. The repetition of this proce-
dure every 100 ps results in a repetition rate of 10
kHz in our experiment. We have reported that
parametric fluorescence can be emitted into two
small spots and that the ratio of coincident counts to
single counts can be larger than 0.8.17 In this ex-
periment, we adopted this condition to increase the
collection efficiency of photons and also focused the
pump laser beam softly with a convex lens to obtain
a high yield of parametric fluorescence.®

During the time it takes to control the shutter ac-
cording to the detection signal of the control photon
(which is 150 ns in our experiment), the signal photon
should be stored with minimal loss. For this pur-
pose, we adopted an optical delay line using a multi-
mode optical fiber with a transmittance of 50%,

including the loss that occurs at the input/output
fiber couplers and at the UV cut filters inserted in
front of the fiber coupler.

We introduced a fast optical shutter with high trans-
mission in this experiment. For fast optical switch-
ing, optical shutters using electro-optic modulators
(EOMs) are generally used. However, such EOM
modulators are polarization dependent and are not
appropriate for the signal photon output from the mul-
timode fiber-delay line in which the polarization has
been randomized. Therefore we used the optical
setup for the shutter shown in Fig. 1. To begin with,
the first polarizing beam splitter transforms the signal
photon into a superposition of the states in each of the
paths according to its polarization. Then the EOMs
(LM0202, Linos Photonics, Gottingen, Germany) in
both paths rotate the polarization by 90° only when the
shutter is controlled to be closed. Finally, the two
components are combined again by the second polar-
izing beam splitter. We used two EOMs for each path
in order to minimize the shutter opening time and to
avoid the restriction for repetition time given by the
EOM drivers (LIV-8, Linos). In the experiment, the
shutter opening time was set to 50 ns with a transmit-
tance of 83%. With this setup we achieved an overall
effective transmittance of 41% for signal photons.

To find the photon number distribution of the out-
put state of our single-photon source (in multimode),
we measured the number of photons in each output
pulse (100 ws) with a photon number analyzer con-
sisting of a single-photon counting module (SPCM-
AQ-FC, PerkinElmer, Wellesley, Massachusetts) and
a photon counter (SR-400, Stanford Research Sys-
tems, Sunnyvale, California). The real photon num-
ber distribution of the output modified by the losses
caused by the limited photon-detection efficiency of
the photon number analyzer is as follows10:

1 — J! i i-ip(:
P'(i) E GoogmVA-WTRG, @
where m, P(j), and P’'(i) are the effective quantum ef-
ficiency of the analyzer, the probability of having j
photons in the output, and the percentage of the events
where the analyzer recorded i signals during the pulse
duration, respectively. We estimated the photon
number distribution P(j) of the output state by apply-
ing Eq. (1) to the experimental values of P'(i) for i = 0
to 2 and the estimated effective quantum efficiency of
m = 0.274 = 0.019, taking into account the estimated
quantum efficiency of 70 + 5% for SPCM and experi-
mentally measured optical losses caused by the cou-
pling lens and a mirror (transmittance, 90.2%), the
filter for the stray photons (transmittance, 49.2%) and
the fiber coupler (transmittance, 88.2%). As a result,
the photon-detection efficiency of the photon number
analyzer is estimated to be 27.4%. Note that we com-
pensated the photon-detection efficiency of the photon
number analyzer at the output, but we did not com-
pensate the optical loss in the experimental setup of
the G-SPDC single-photon source.

In our estimation of P’(i), the dark count of the
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Fig. 2. (a) Photon number distribution of the output state. P(1)
and P(2) show the probability of finding one or two photons in an
output pulse (100 ws), respectively. We counted the number of
detection events in each pulse and estimated a photon number
distribution at the output of our source, as described in the text.
(b) Photon number distribution of weak coherent light with the
same average photon number of (a). (c) Photon number distribu-
tion of weak coherent light with the same P(2) of (a).

detector of 100 counts per second was also subtracted
from the original data. The number of photons that
are not counted during the dead time (50 ns) of the
photon counter was also compensated under the as-
sumption that the SPDC has Poisson distribution in
multimode.?

3. Results and Discussions

The photon number distribution obtained in our ex-
periment is shown by the bars (a) in Fig. 2. These
P(j) are estimated by use of Eq. (1) from the raw
photon counting data P’'(0) = 0.9199, P’'(1) = 0.0794,
and P'(2) = 0.0005 with the measurement of 10°
output pulses. The probability P(1) to have a single
photon in a pulse is 0.265 = 0.02, which is more than
three times larger than the previously reported
value, to the best of our knowledge. The probability
P(2) to have two photons in a pulse was estimated to
be 0.011 = 0.001. The average photon number of
the output in a pulse is 0.29 = 0.02. The bars (b in
Fig. 2) show the calculated photon number distribu-
tion of weak coherent light (WCL) with the same
average photon number. The sub-Poisson charac-
teristics of our single-photon source are clearly ob-
served, since the P(1) of G-SPDC is higher than that
of WCL and at the same time P(2) of G-SPDC is much
smaller than that of WCL.

The probability P(2) of two-photon states indicates
the security risk for quantum cryptography. The
bars (c) in Fig. 2 show the photon number distribu-
tion of WCL having a P(2) of 0.011, which is the same
as that of our source. The P(1) of our source is twice
as large as that of the WCL. This result also illus-
trates the potential advantage of our source over
WCL as a single-photon source for quantum cryptog-
raphy. This is our present experimental status.
Next, we will analyze this photon number distribu-
tion quantitatively.
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The probability P(1) is restricted by the optical loss
in the path of signal photons in our experimental
setup. The 41% overall transmittance of the path
suggests that the collection efficiency of the paramet-
ric fluorescence by the fiber coupler is 68%, which is
consistent with the estimation by independently per-
formed measurement of the absolute quantum effi-
ciency of the detection setup.20

Ideally, we can also eliminate the probability P(2) to
find more than two photons in a pulse by use of the
G-SPDC method. P(2) is not ideal, because the opti-
cal shutter used in our experiment is not perfect in two
points. One is the noninfinitesimal shutter opening
time (50 ns), and the other is the small leakage of
photons through the closed optical shutter (0.1%).

The following is a discussion of the possibility for
applications that require higher repetition rates.
One of the applications could be quantum key distri-
bution (QKD). Note that long shutter opening time
(100 ps) in the present setup would be one of the
problems that prevent an immediate adoption of our
source for conventional QKD systems at 1.55-pm
wavelength with photon counters gated by nanosec-
ond timing pulses. In our experiment, the repetition
rate of 10 kHz was limited by a photon pair emission
rate of 10° counts per second with a pump power of
200 mW. With this photon pair emission rate, we
had eight detection signals of control photons per
pulse, on average. We can increase the repetition
rate to several tens of kilohertz with our present
setup; however, the likelihood that no control photon
in a pulse can be found becomes significant when the
repetition rate is increased too much. To overcome
this limitation, one may be able to increase the pho-
ton emission rate up to 10° counts per second by use
of a periodically poled lithium niobate crystal2! and
an increased pump power of 1 W. This means that
the repetition rate of several tens of megahertz is
possible with conventional technologies. This rate
can compete with most single-photon sources using
single-light emitters. Note also that none of the
single-photon sources that have been reported so far
can be used to replace the WCL in the conventional
1.55-um QKD system, because of available wave-
length, low collection efficiencies, limited lifetimes,
low operation temperatures, and so on.

Our G-SPDC method has two significant advan-
tages over other kinds of single-photon sources.
First, our method operates at room temperature and is
very stable. This compares favorably with the fact
that many other proposals suffer from a short lifetime
or require low temperature operation. The other ad-
vantage is that the wavelength of single photons can be
continuously changed. The SPDC process occurs for
not only the degenerate condition but also other pairs
of wavelengths when energy and momentum conser-
vation laws are satisfied. In our case, we can easily
change the wavelength of photons just by changing the
angle of the B-barium borate crystal. This tunability
is a unique characteristic of the G-SPDC method, since
methods using single-light emitters have emission



wavelengths that are determined by the materials or
by the device structure.

Because we adopted a multimode fiber optical delay
line to minimize the optical losses, the single photons
are emitted in multimodes in space. We could not
measure the bandwidth of the emitted photons with
our present experimental setup, but we suppose that it
should be ~0.26 nm (FWHM). This is because we
used a narrowband filter of 0.26 nm for control pho-
tons, and the corresponding signal photons that are
emitted through the shutter should have a similar
bandwidth owing to energy conservation. In this
case, the associated coherence time of the emitted pho-
tons would be 6.25 ps. Therefore the photonic wave
function is supposed to be localized in time in the whole
time duration (100 ws) of the pulses.

Note that even a source that emits single photons
in multimode may be used in quantum cryptography
experiments, such as the one recently reported using
a built-in multimode optical fiber telecommunication
network.22 The generation of single photons in a
single mode in space and/or in a single mode in a
time domain remains a challenge.23.2¢

4. Conclusions

In conclusion, we have experimentally demonstrated
the generation of single-photon pulses using the
G-SPDC method. The measured single-photon prob-
ability was found to be P(1) = 0.265 at the collimated
output port at a repetition rate of 10 kHz after the
effective quantum efficiency of 27.4% in the detection
setup was compensated. The photon number distri-
bution of the output pulses also clearly showed sub-
Poissonian characteristics. Single-photon sources
using our method have long lifetimes at room temper-
ature and can be tuned to a wide range of frequencies.
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