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The photon-number distribution of an output state from a single-photon source using gated spontaneous para-
metric downconversion is analyzed in detail. For an improved experimental result of �P�0� ,P�1� ,P�2��
= �0.59,0.40,0.009�, it is found that P�1� is restricted by the optical loss of the signal photon path (62%) and the
cause of nonzero P�2� is the imperfection of the optical shutter for gating. A method by which to reconstruct the
photon-number distribution via photon-counting measurement is also presented. © 2005 Optical Society of
America
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. INTRODUCTION
he realization of single-photon sources is attracting at-
ention as an indispensable technology for quantum com-
unication and quantum information processing using

hotons.1,2 We herein define an ideal single-photon source
s an apparatus that emits only a single photon with
00% probability in a limited time window at the output
ort. Therefore, the probability of having one photon in a
ulse P�n=1� should be 1; otherwise, P�n�1�=0. This
hoton-number distribution (PND) clearly differs from
he distribution of weak coherent light with an average
hoton number equal to 1, P�n�=exp�−1� /n!.
Extensive research has been conducted regarding the

ealization of such single-photon sources. Compared with
ingle-photon sources that use single light emitters,3–7

ingle-photon sources that use parametric
ownconversion8–15 have some advantages, such as room-
emperature operation and wavelength tunability. It
hould also be noted that the photons are automatically
mitted in a certain direction owing to the phase-
atching condition.16 In contrast, controlling the emis-

ion of photons from single light emitters, i.e., using a
igh-finesse cavity, remains difficult.
We recently reported a single-photon source using

ated parametric downconversion.17 In the process of
pontaneous parametric downconversion (SPDC), a pair
f photons, an idler photon and signal photon, is created
t the same time. In the previous experiment, signal pho-
0740-3224/05/112393-9/$15.00 © 2
ons were gated by a fast optical shutter according to the
etection event of the corresponding idler photons in or-
er to realize a state such that there exists a single pho-
on in a 100 �s period. Note that the coherence time of
he photon pair is much shorter than the repetition time
f the operation and the time interval of the photon pair.
e reported a PND of �P�1� ,P�2��= �0.27,0.011� at 10 kHz

peration. However, to realize an ideal single-photon
ource with P�n=1�=1 and P�n�1�=0, we have to clarify
he cause of the imperfections in the previous experiment.

In this paper, we present a detailed analysis of the
ND of the output state from the single-photon source us-

ng gated spontaneous parametric downconversion (G-
PDC). Losses in the optical circuit of the source and the

mperfections of the trigger-photon detector and the opti-
al shutter are considered in the present analysis. The
nalysis results corresponded well to our updated result
f �P�1� ,P�2��= �0.40,0.009� at 10 kHz and �P�1� ,P�2��
�0.39,0.019� at 50 kHz. In addition, we investigated a
ethod by which to reconstruct the PND from the mea-

urement result given by the nonideal detection system,
hich was not fully discussed in the previous paper.17

onunity effective quantum efficiency, afterpulses, dark
ounts, and the dead time of the detection system are con-
idered quantitatively the imperfect factors in the recon-
truction of the PND.

This paper is organized as follows. Section 2 presents a
escription of the experimental setup. Section 3 describes
005 Optical Society of America
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he measurement scheme and the photon-count distribu-
ion results, and Section 4 describes the method used to
btain a PND from the photon-count distribution by using
he compensation of the detection system. A detailed
nalysis of the obtained PND in terms of the imperfection
s given in Section 5. Finally, conclusions are presented in
ection 6.

. EXPERIMENTAL SETUP
igure 1 shows a schematic diagram of the experimental
etup of a single-photon source using G-SPDC. This sys-
em contains three key components: a setup for SPDC and
dler photon detection, a shutter, and a gate control cir-
uit. In the following, we will explain each of these com-
onents.

. Setup for Spontaneous Parametric Downconversion
nd Idler Photon Detection
5 mm thick type-II beta-barium borate (BBO) crystal

as pumped by an argon-ion laser at a wavelength of
51.1 nm. We adopted a degenerate phase-matching con-
ition for the twin-beam generation at a central wave-
ength of 702.2 nm.16 To optimize the photon-pair collec-
ion efficiency, we placed a convex lens for the pump beam
efore the BBO crystal so that the pump beam was fo-
used in the middle of two fiber couplers.18 After we re-
oved the scattered pump light by using two colored

lass filters and a narrowband filter, each of the idler pho-
ons and the signal photons was guided to multimode fi-
er couplers. These colored glass filters cut off the light
hose wavelength is shorter than 640 nm. The narrow-
and filter has a center wavelength of 702.2 nm and a
andwidth of 4 nm. The idler photon was then detected by
hoton detector 1, which is an avalanche photodiode op-
rated in Geiger mode (SPCM-AQ-FC, Perkin Elmer).
uring the time it takes to open the shutter after the de-

ection of the idler photon, which was 150 ns in our ex-
eriment, the signal photon should be maintained with a
mall loss. For this purpose, we adopted an optical delay

ig. 1. Schematic diagram of the experimental setup. When a
ump beam is incident to a BBO crystal, SPDC occurs. Through
he process of SPDC, signal photons and idler photons are gen-
rated at the same time. The idler photons are detected, and the
ignal photons are guided into an optical fiber. The gating circuit
hen operates the shutter in order to output only one signal pho-
on for a fixed period.
ine using a multimode fiber (length: 35 m). Note that for
he signal photons we used two colored glass filters before
he multimode fiber coupler.

. Shutter
he shutter consists of four electro-optic �E/O� modula-

ors and four polarizing beam splitters (PBSs) (Fig. 1). In
ur experiment, the polarization at the output of the op-
ical delay line (multimode fiber) is random owing to the
se of multimode fiber. In this situation, a classic Kerr
hutter configuration, such that an E/O modulator is
laced between two polarizers, may lose at least 50% of
nput photons. For obtaining high P�1�, however, the
ransmission of the shutter should be as high as possible.
herefore, we adopted a configuration in which the signal
hoton was sent along one of two paths, according to its
olarization, by a PBS, and its polarization was rotated
y the E/O modulators in each path. The output in each
ath was then merged by the second PBS. To minimize
he shutter open time and avoid the restriction due to the
epetition rate (1 MHz) of the E/O modulator drivers
LIV-8, Linos), we used two E/O modulators sequentially
o control the polarization of the photons. With this con-
guration, we achieved 83% transmittance for an open
hutter. In Subsection 2.C, we explain how this optical
hutter is controlled according to the detection pulse of
he idler photon.

. Gate Control Circuit
he timing chart of the electric signals used to control the
ptical shutter circuit is shown in Fig. 2. The cycle of the
lock that was used to determine the optical pulse dura-
ion �p was given by a function generator (DS345, Stan-
ord Research Systems). Intermissions �2 �s� are needed
wing to the repetition rate of the E/O modulator driver
1 MHz). Each E/O modulator followed by a PBS can be

ig. 2. Timing chart of the shutter controlled by the gate control
ircuit. When the working window is set high, the gate control
ircuit reacts. Following the first photon detection pulse of pho-
on detector 1 during one clock cycle, the gate control circuit
pens the shutter for a short time. To minimize the shutter open
ime, the gate control circuit controls the first set of E/O modu-
ators (E/O-1 and E/O-3) and the second set of E/O modulators
E/O-2 and E/O-4) separately.
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onsidered a conventional Kerr shutter. When the voltage
o an E/O modulator is at the high (low) level, the Kerr
hutter is open (closed). The gate control circuit controls
he first two E/O modulators (E/O-1 and E/O-3) and the
econd two E/O modulators (E/O-2 and E/O-4) indepen-
ently.
At the time origin, the voltages to the first set of E/O
odulators and the voltages of the second set of E/Os are

t the low level (closed). After a short delay time, the con-
rol circuit opens the second set of E/O modulators. Re-
cting to the first detection pulse in a clock cycle (1), the
ate control circuit increases the voltages of the first set of
/Os to the high level (open) (2). The state of the entire

hutter is then open (3). After a delay time (33 ns), the
ontrol circuit turns off the second set of E/O modulators
4), which means that the entire shutter is now closed (5).
o minimize the leaking of photons through the closed
hutter, we also turned off the first set of E/O modulators
fter an appropriate period of time �1 �s� (6). For the de-
ection pulse after the first detection pulse in the clock
ulse (7), the gate control circuit does not react, so that
he signal photons corresponding to those detection
ulses are blocked. The above procedure is then repeated
or the remaining clock cycles.

. MEASUREMENT OF PHOTON-NUMBER
ISTRIBUTION
efore the experiment to obtain the PND of the output
tate, we measured the single-count and coincidence-
ount rates using photon detector 1 and photon detector 2
hen the shutters were opened. When the power of the
umping laser was 53 mW, the single-count rates of the
dler photon and the signal photon and the coincidence-
ount rate were 1.19�105, 8.76�104, and 2.81�104

ounts per second (cps), respectively.
To obtain the PND, we counted the number of photons

n each optical pulse by using photon detector 2. The
ingle-photon counting module (SPCM) generates an elec-
ric pulse (pulse width 40 ns) when a photon is detected.
or the purpose of removing the afterpulses,19 we ex-
anded the pulse width of the SPCM from 40 ns to 1.5 �s
ia a digital delay and a pulse generator (DG535, Stan-
ord Research Systems). Before this treatment, the prob-
bility of having afterpulses within 100 �s (optical pulse
uration) was 2�10−3. After this treatment, the probabil-
ty decreased to 3�10−6. As a result, the number of after-
ulses was 0.01 cps, which is smaller than the standard
eviation of the intrinsic dark count of the detector (10
ps).

The measurement result of the photon-count distribu-
ion is as follows, where N�n� is the number of photon-
ount pulses having n counts in an optical pulse: N�0�,
6,194; N�1�, 23,305; N�2�, 493; N�3�, 8; and N�n�4�, 0.
he pulse duration was 100 �s. The total number of opti-
al pulses measured was 1.0�105.

The photon-count probability P�n� can be obtained by
ividing N�n� by the total number of optical pulses. The
istribution of the photon-count probability is shown in
able 1. The number of significant digits of P�n� is deter-
ined by the fluctuation of each N�n�, which is defined by

N�n��1/2. In this experiment, N�3� and N�4� are of the
ame order as their fluctuation. Therefore, in the follow-
ng analysis, we will focus our attention on P�n� with n

2. In Section 4, we discuss how to compensate for the
mperfections, such as the nonunity quantum efficiency, of
he detection system for estimating the PND of the output
tate.

. ESTIMATION OF THE PHOTON-NUMBER
ISTRIBUTION

n this section, we try to estimate the real PND in the out-
ut state. The photon-count distribution obtained in Sec-
ion 3 is affected by the nonideal characteristics of the de-
ection system: dead time, dark count, and losses. The
equence of physical processes corresponding to these
haracteristics may be regarded as follows.

(1) Loss: A signal photon may not be detected owing to
oss before the detector or nonunity quantum efficiency.

(2) Dark count: The detector may cause some additional
oise signals.
(3) Dead time: Some of the electric signal pulses are
issed by the electric pulse counter because of nonzero

ulse width.

These effects must be compensated for in reverse order
f their occurrence in order to obtain the PND. Therefore,
he compensation should be performed in the order of
ead time, dark count, and losses.

. Effect of Dead Time
o decrease the effect of afterpulses, we extended the elec-
ric signal pulse duration �d from 40 ns to 1.5 �s, as is ex-
lained in Section 3. However, if a following signal pulse
s within the extended time duration, it cannot be de-
ected or lost. In this sense, �d can be considered the dead
ime of the detection apparatus. The effect of this dead
ime on the distribution of signal pulses can be written as
ollows:

P�0� = P��0� + Pld11P��1�,

P�1� = �1 − Pld11�P��1� + Pld21P��2�,

P�2� = �1 − Pld21�P��2�, �1�

here P��n� and P�n� are the probabilities of having n sig-
al pulses in an optical pulse without and with the effect
f dead time, respectively. Pld11 and Pld21 are the respec-
ive probabilities for (1) the existence of only one signal
ulse in the optical pulse, which is then lost owing to the
ead time, and (2) the existence of two signal pulses, one
f which is then lost. In the following, we derive Pld11 and
ld21 on the basis of the assumption that the signal pulses
re uniformly distributed in the optical pulse time dura-

Table 1. Photon-Count Probability Distribution

P�0�a P�1� P�2�

0.76 0.23 0.005

aP�n� is the photon-count probability of having n counts in an optical pulse.
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ion �p. In our experiments, the ratio ���d /�p�0.08 and
�1��P�2�. Therefore, we derive the approximated value
ld11 and Pld21 to the second order and the first order, re-
pectively, of �.

First, we investigate the factor Pld11. This probability
orresponds to the case whereby only one signal pulse A
xists in the optical pulse but is lost owing to the dead
ime. This situation may occur only when the signal pulse

is in the dead time of another signal pulse B, which is in
he previous optical pulse. This can occur only when the
ollowing condition is satisfied:

�p − �d � tp � �p, �2�

here tp is the position (time) of the signal pulse B in the
revious optical pulse. In our experiment, there is no time
nterval between optical pulses. Therefore, the dead time
n the present optical pulse due to the signal pulse B is
iven by tp− ��p−�d�. Here, let us assume that we have
nly one signal pulse in the previous optical pulse. The
robability of having the signal pulse in a small time win-
ow dt is given by dt /�p. Therefore, the probability of los-
ng the signal pulse in the present optical pulse is as fol-
ows:

�
�p−�d

�p 1

�p
�

0

tp−��p−�d� 1

�p
dtcdtp =

�2

2
, �3�

here tc is the position (time) of the signal pulse A.
Let us now consider the case in which we have n signal

ulses in the previous optical pulse. In this case, the prob-
bility of having one of the signal pulses in a small time
indow dt in the previous optical pulse is given by ndt /�p
y neglecting the higher-order term. Taking into account
he fact that the probability of counting n signal pulses is
ow given by P�n�, we can write Pdl11 as follows:

Pdl11 = 	
n=0

	

P�n��
�p−�d

�p n

�p
�

0

tp−��p−�d� 1

�p
dtcdtp

=�
�p−�d

�p n̄

�p
�

0

tp−��p−�d� 1

�p
dtcdtp =

n̄�2

2
, �4�

here n̄�	n=0
	 nP�n� is the measured average number of

ignal pulses in an optical pulse.
Second, we study the factor Pld21. Although two signal

ulses (say, pulse A and pulse B) originally existed in the
ptical pulse, one of the two pulses is lost owing to the
ead time. In Section 5, we will consider only the case in
hich one of the pulses is in the dead time of the other
ulse and is lost. Note that we neglect the case in which
he signal pulse is lost owing to the dead time of the sig-
al pulses in the previous optical pulse, because the prob-
bility of this case is of the order of �2 or higher.
The probability that pulse B is in the dead time of pulse
and lost is given as follows:

0

�p−�d 1

�p
�

tA

tA+�d 1

�p
dtBdtA +�

�p−�d

�p 1

�p
�

tA

�p 1

�p
dtBdtA

= � −
�2

2

 �, �5�
here tA and tB are the position (time) of the pulses A and
. The probability that pulse A is in the dead time of
ulse B is given by the same equation. Therefore, the fac-
or Pld21 is

Pld21 = 2�. �6�

From Eqs. (1), (4), and (6), one can find the equations
etween �P�n�� and �P��n�� as follows:

P�0� = P��0� +
n̄�2

2
P��1�,

P�1� = �1 −
n̄�2

2
�P��1� + 2�P��2�,

P�2� = �1 − 2��P��2�, �7�

ere, we have analyzed the effect of dead time under the
ssumption that the signal pulses are uniformly distrib-
ted in the optical pulse time duration. However, as dis-
ussed in the next section, we found that the signal pulses
end to bunch up because background parametric fluores-
ence, which cannot be distinguished from the signal pho-
ons that are the partners of the first-detected idler pho-
ons in the optical pulse duration �p, leaks through the
pen shutter. We present a method by which to compen-
ate for the effect of dead time while taking this bunching
henomena into account in Appendix A.

. Effect of Dark Count
ere, we assume that the probability P��m� of having m

ounts per optical pulse due to photons sent to the detec-
or and the probability of having l dark counts per optical
ulse are independent. In this case, the joint probability
f having n signal counts and m dark counts can be sim-
ly given by

P��m�Pd�l�. �8�

hen we have n counts per optical pulse, the sum of the
ignal counts and the dark counts should be n. Therefore,
he probability P��n� of having n counts is given as fol-
ows:

P��n� = 	
m�n

Pd�n − m�P��m�. �9�

ecause dark counts are caused by stochastic processes,
he dark-count distribution �Pd�n�� can be approximated
y a Poisson distribution Pd�n�=
n exp�−
� /n!, where 
 is
he average number of dark counts per optical pulse. The
bove equation then reads as8

P��n� = 	
m�n


n−m exp�− 
�

�n − m�!
P��m�. �10�

. Loss of Photons in the Detection System
ome photons are lost in the optical components of the de-
ection system with the probability �1−T�, where T is the
ffective transmittance of the optics used in the system.
ome photons are not counted by the detector because of
he nonunity quantum efficiency � of the photon detec-
D
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or. The probability that a signal photon is finally counted
y the detection system is called the effective quantum ef-
ciency �=�DT. The relationship between the probability
��n� of having n counts during an optical pulse without

oss and the probability P��n� of having n counts during
n optical pulse with a reasonable loss is as follows8:

P��n� = 	
m�n

mCn�n�1 − ��m−nP��m�, �11�

here mCn is the combinations of m things taken n at a
ime.

. Photon-Number Distribution of Output
e estimate the PND [Table 2, row (a)] at the output from

he photon-count probability distribution (Table 1) by us-
ng expressions (1)–(11). The calculated PND of weak co-
erent light with average photon number [Table 2, row
b)] and the same P(2) [Table 2, row (c)] are also shown.
he parameters of the detection system are shown in
able 3. In Table 4, the details of the effective quantum
fficiency are given. The values of the multimode fiber
oupler and photon detector 2 are measured indepen-
ently by using a laser diode with a wavelength of 693
m. The probability P�1� is 0.40±0.03, which is more than
.5 times larger than the previously reported value
0.27).17 The probability P�2� is 0.007±0.003. The average
hoton number of the PND of the output is 0.41. Here,

Table 2. Photon-Number Distributiona

P�0� P�1� P�2�

a) 0.59 �±0.03� 0.40 �±0.03� 0.007 �±0.003�
b) 0.67 0.27 0.056
c) 0.88 0.11 0.007

aRow �a� shows the PND that was estimated from the original data. Row �b�
hows the Poisson distribution with the same average photon number as in row �a�.
ow �c� shows the Poisson distribution with the same P�2� as in row �a�.

Table 3. Parameters of the Detection System

arameter Value

ark count (cps) 120 ± 10
ffective quantum efficiency (%) 56.3 ± 5

PBG�n��a (count/shutter open time) �10−3 2.87 ± 0.02

a
PBG��n� is the average number of detection pulses of background parametric
uorescence �see Appendix A�.

Table 4. Effective Quantum E

omponent

irror (catalog value)
wo lenses (catalog value) (one with broadband antireflection coa
antireflection coating)
ultimode fiber coupler (measured value)
hoton detector 2 (SPCM) (measured value)

ffective quantum efficiency

aMeasured values are obtained using a laser diode with a wavelength of 693 nm
�1� of the G-SPDC single-photon source is three times as
arge as that of the weak coherent light with the same
�2�. Note that the PND in Table 2, row (a) is calculated
nder the assumption that the signal pulses are uni-
ormly distributed in the optical pulse duration time.

The PND �P�0� ,P�1� ,P�2�� is also estimated using Eqs.
A5), (A10), and (A11) in Appendix A, in which the bunch-
ng phenomena of single pulses is considered. The result
s shown in Table 5. P�2� is 20% larger than that listed in
able 2, row (a). The signal pulse tends to be in dead time
wing to the bunching effect. Thus, it follows that P�2�
ompensated for the bunching effect is larger than that
ithout compensation. In the following discussion, we use

he PND obtained from this compensation.
In principle, �P�0� ,P�1� ,P�2�� should be {0, 1, 0} with an

deal G-SPDC single-photon source. However the experi-
ental data listed in Tables 2, row (a) and 5 are different

rom the ideal distribution. In Section 5 we will analyze
he imperfection of the experimental results.

. ANALYSIS OF THE IMPERFECTION OF
HE EXPERIMENTAL RESULT FOR A
HOTON-NUMBER DISTRIBUTION

n principle, we can construct an ideal single-photon
ource using the G-SPDC method with a PND of �P�n
1�=0, P�1�=1�. However, the PND obtained in Section

was {P�0�=0.59±0.03, P�1�=0.40±0.03, and P�2�
0.009±0.003}, which differs from the ideal case. In this
ection, we attempt to theoretically predict the PNDs
hile considering the possible causes of imperfection,

uch as losses in the optical circuit of the source, imper-
ection of the trigger-photon detector, and the imperfec-
ion of the optical shutter. We then compare the estimated
NDs with the experimental results.
The measured PND, which is a set of probabilities, can

e considered the sum of two different PNDs. One is the
ND of the signal photons that are the partners of the
rst-detected idler photons in the optical pulse duration
p. We name this PND the PND of the selected signal pho-
ons. The other is the PND due to background photons.
e first characterize these two PNDs independently and

hen estimate the total PND of the output photon.

. Photon-Number Distribution Due to Selected Signal
hotons
he PND of selected signal photons does not include the
ossibility of having more than one photon because these

ncy of the Detection System

Transmittance, Quantum Efficiency (%)a

99.0
ne without 91.1

83.2 ± 0.2
75.0 ± 5

56.3 ± 5
fficie

ting, o
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hotons are the partners of the first-detected idler pho-
ons in the optical pulse duration.

To have selected signal photon emission, one must de-
ect at least one idler photon during the time duration �p.
he probability Pi�n� of detecting n idler photons in a
ulse duration �p can be approximated by a Poisson dis-
ribution because photon pairs are emitted into multimo-
es by the SPDC process in our experiment.20 Thus, the
i�0� is written as

Pi�0� = exp�− N1�, �12�

here N1 is the average single counts of the idler photon
n an optical pulse duration. The probability of having at
east one idler photon in an optical pulse duration is given
y 1−Pi�0�, which can be as close as unity when N1 is suf-
ciently large. Such a condition can be achieved by one’s
djusting the pump power.
Even when more than one idler photon is detected dur-

ng �p, the selected signal photon may be lost in the opti-
al circuit in the signal photon generator. When the over-
ll transmittance for selected signal photons is given by
s, the probability Pg�1� of having one photon at the out-
ut port is given as follows:

Pg�1� = �1 − Pi�0��Ts. �13�

To estimate the overall transmittance Ts experimen-
ally, we can use the absolute quantum efficiency
ethod.21 According to this method, Ts is given as fol-

ows:

Ts =
�2

�m
, �14�

here the �m and �2 are the photon collection efficiency of
he detection system and the absolute quantum efficiency
f photon detector 2. In our experiment, we used the value
or �m shown in Table 4.

After all, �Pg�n�� is given as follows:

Pg�0� = 1 − �1 − Pi�0��Ts, �15�

Pg�1� = �1 − Pi�0��Ts, �16�

Pg�2� = 0. �17�

. Leakage of Photons
eakage of unnecessary parametric fluorescence may oc-
ur because the shutter used in our experiment is not per-
ect with respect to the noninfinitesimal shutter open
ime (33 ns) or the leakage of photons, albeit small,
hrough the closed shutter.

The average photon number of the leaking parametric
uorescence is given as follows:


l =
N2� − Nc.g

�m
, �18�

here N2� is the average single counts of the signal photon
n �p when the shutter is appropriately operated and Nc.g
s the average coincidence counts between the signal pho-
on and the first-detected idler photon in �p. The numera-
or is the single counts of the leaking parametric fluores-
ence when the shutter is appropriately operated. Here,
2�−Nc.g contains the loss of the detection system, so that

hese values are divided by the collection efficiency of the
etection system �m. The PND of the leaking parametric
uorescence can be approximated by a Poisson distribu-
ion as follows:

Pl�n� =

l

n exp�− 
l�

n!
. �19�

. Photon-Number Distribution of Output Photon
he probability P�n� of having n photons during an opti-
al pulse duration can be written using Pg�n� and Pl�n� as
ollows:

P�n� = 	
l=0,m=0

l+m=n

Pg�l�Pl�m�, �20�

or n=0,1,2.

. Comparison of Estimated and Measured Photon-
umber Distributions
sing Eqs. (15)–(17), (19), and (20), we can reconstruct

he PND of the output by the parameters Ts , Pi�0�, and
l. First, we attempt to reconstruct the result of Table 2,
ow (a). The measured values for Ts , Pi�0�, and 
l were
.38, 6.6�10−6, and 0.016, respectively. Thus, the esti-
ated PND is �P�1�=0.38±0.01, P�2�=0.006±0.005�,
hich is in accordance, within the error range, with the
xperimental data of Table 5. In this way, P�1� is limited
y Ts, and P�2� is due to 
l in this experiment.
To check the validity of the analysis given here, we
easured the PNDs of the output state from the G-SPDC

ource operated with three different sets of pump powers
nd repetition rates: row (a) 53 mW, 10 kHz; row (b) 53
W, 50 kHz; and row (c) 170 mW, 50 kHz. Table 6 shows

he measurement results of the PND of the outputs and
he estimated results of the corresponding PND using the
bove equations. Table 7 shows the parameters used to
btain the estimated results.

When the repetition rate was increased from 10 to 50
Hz while the pump laser intensity was kept constant (53
W), P�1� decreased from 0.40±0.03 [Table 6, row (a)] to

.32±0.02 [Table 6, row (b)]. This degradation of P�1� is
ainly due to the decrease in the average number of idler

hoton detection events per optical pulse, 
nidler�. In that
nidler� at 50 kHz was 2.4, which is one fifth of 
nidler� at 10
Hz, the probability of having no idler photon detection in
n optical pulse becomes significant. The PNDs
P�1� , P�2�� are well reproduced by the theoretical predic-
ions.

To increase P�1� at 50 kHz to the level recorded at 10
Hz, we increased the pump laser intensity from 53 to
70 mW [Table 6, row (c)]. The measurement result of

Table 5. Photon-Number Distribution Considering
the Analysis of Appendix A

P�0� P�1� P�2�

0.59 �±0.03� 0.40 �±0.03� 0.009 �±0.003�
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�1� is 0.39±0.03, which is as high as the previous value
Table 6, row (a)]. In this experiment, 
nidler� is increased
rom 2.4 [Table 6, row (b)] to 7.7, and the probability of
aving no idler photon detection was again well sup-
ressed. Note that the theoretical calculations for PND
Table 6, row (c)] correspond to the experimental results
ithin the errors.

. CONCLUSION
ur goal is to realize a photon source that generates a

ingle photon in a given time duration. In this paper, we
iscussed in detail the reconstruction of the photon-
umber distribution (PND) at the output state using a
onventional photon-counting device. The estimated
NDs of the collimated output states are �P�1� , P�2��
�0.40,0.009� and {0.39, 0.019} for 10 and 50 kHz repeti-

ion rates, respectively, where P�n� denotes the probabil-
ty of finding n photons in a pulse duration. These P�1�s
re 1.5 times larger than those in our previous report.17

e also presented a detailed analysis of the obtained
NDs. The PNDs are well explained in terms of Ts ,Pi�0�,
nd 
l, where Ts is the overall transmittance for the sig-
al photons, Pi�0� is the probability of not detecting idler
hotons in pulse duration �p, and 
l is the average photon
umber of the leaking parametric fluorescence. We also
onfirmed that the increase of P�1� is mainly due to the
igher transmittance of the frequency filter used in the
odified setup. We also found that the P�1�s of our modi-

ed source are still restricted by the optical losses due to
he coupling efficiency of parametric fluorescence, the
ransmittance of the shutter, and the narrowband filter.
he main cause of P�2�s was found to be nonzero trans-
ittance of the optical shutter when the shutter was

losed.
In the reconstruction of the PNDs, we first assumed a

niform distribution of photon-emission time in a pulse
uration and took into account the effects of dead time,
fterpulses, dark counts, and the limited effective quan-
um efficiency of the detection apparatus. We also per-
ormed a further analysis in which the nonuniform distri-
ution of the photon-emission time due to the mechanism

Table 6. Measured and Estimated

Meas
Operation Conditiona P(1)

a) 53 mW, 10 kHz 0.40�±0.03�
b) 53 mW, 50 kHz 0.32�±0.02�
c) 170 mW, 50 kHz 0.39�±0.03�

aPump powers are 53 and 170 mW, and 10 and 50 kH are repetition rates.

Table 7. Parameters for Estimation

Operation Conditiona Ts Pi�0� 
l

a) 53 mW, 10 kHz 0.38 6.6�10−6 0.016
b) 53 mW, 50 kHz 0.37 0.10 0.021
c) 170 mW, 50 kHz 0.38 3�10−3 0.045

aPump powers are 53 and 170 mW, and 10 and 50 kH are repetition rates.
f the gating optical circuit is considered and found that
he reconstructed PNDs are approximately equivalent to
hose using the former simple assumption.

The complete analysis of PNDs presented herein can be
sed to design a photon source for a specific application
equiring high-probability single-photon emission.

Room-temperature operation, long lifetime, and wave-
ength tunability of the source may be favorable for such
pplications.

PPENDIX A: EFFECT OF DEAD TIME ON
HE ESTIMATED PHOTON-NUMBER
ISTRIBUTION CONSIDERING
HE PHOTON ARRIVAL TIME

n Section 4, we assumed a uniform distribution of signal
hoton arrival time in optical pulse duration when we dis-
ussed the effect of dead time. This assumption may be
oo simple when we consider the gating mechanism in our
ingle-photon source: The photons leaking through the
hutter tend to bunch up during the shutter open time.
herefore, in this appendix, we discuss the effect of dead

ime on the PND, taking the above effect into account.
First, let us show that the effect of dead time on the

ackground photons through the closed shutter is
egligible in our experiment. As shown in Table 7,
s�1−Pi�0��, which corresponds to the number of signal
hotons corresponding to the detected idler photons
gated signal photons), is much larger than 
l, the aver-
ge number of background photons (stray signal photons).
herefore, we have to consider only the effect of dead time
ue to the gated signal photons. Because the arrival time
f stray signal photons at the optical shutter has a uni-
orm distribution, the ratio of lost signals of background
hotons through the closed shutter to that through the
pen shutter is given as follows:

�sh�d

�sh
, �A1�

here �sh,�d, and �sh are the average transmittance of the
losed shutter, the average dead time, and the average
hutter open time, respectively. In our experiment, this
atio is 0.03 when we substitute our experimental param-
ters: �sh=0.001,�d=1.5�10−6, and �sh=33�10−9. There-
ore, we can conclude that we have to consider only the
ffect of dead time on the background photons through
he open shutter.

In the following, we reconstruct the original �P��n��
ithout loss due to dead time from the experimentally
easured �P�n��, which can be written using the distribu-

s of Photon-Number Distribution

alue Estimated Value
P(2) P(1) P(2)

0.009�±0.003� 0.38�±0.01� 0.006�±0.005�
0.011�±0.002� 0.34�±0.01� 0.007�±0.002�
0.019�±0.002� 0.39�±0.01� 0.017�±0.001�
Value

ured V
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ions of signal pulses during the shutter open time �Po�n��
nd during the shutter closed time �Pc�n�� as follows:

P�n� = 	
m�n

Po�n − m�Pc�m�. �A2�

ere, �Pc�n�� can be assumed to have a Poisson distribu-
ion with an average photon number of 
Pc�n�� because
he corresponding signals are due to cw-pumped paramet-
ic fluorescence:

Pc�n� = exp�− 
Pc�n���
Pc�n��n/n ! . �A3�

or �Po�n��, the probability of counting more than two sig-
al pulses in the shutter open time should be 0 in our ex-
eriment:

Po�n � 2� = 0. �A4�

his is because the dead time �1.5 �s� is much larger than
he shutter open time (33 ns). Using Eqs. (A2)–(A4), we
alculate 
Pc�n�� , �Po�0��, and �Po�1�� as follows:


Pc�n�� =
P�1�

P�0�
−��P�1�

P�0��2

− 2
P�2�

P�0�
, �A5�

Po�0� = exp�
Pc�n���P�0�, �A6�

Po�1� = 1 − Po�0�. �A7�

Next, let us consider the relationship between �Po�n��
nd the original �Po��n��, which is the signal pulse distri-
ution during the shutter open time when the effect of
ead time is compensated. Note that when the signal
ulse during the shutter open time eliminates the other
ignal pulses the number of remaining pulses should still
e larger than 1. Therefore, we have the following rela-
ionship:

Po�0� = Po��0�. �A8�

Here, �Po��n�� can be decomposed into two signal pulse
istributions. One is the distribution �PG�n�� of the pulses
ue to signal photons that are the partners of the first-
etected idler photons during the optical pulse duration,
nd the other �PBG�n�� is that of background parametric
uorescence. By definition, these three distributions
hould be related as follows:

Po��0� = PG�0�PBG�0�,

Po��1� = PG�0�PBG�1� + PG�1�PBG�0�,

Po��2� = PG�0�PBG�2� + PG�1�PBG�1�. �A9�

n the last equation, we used PG�n�2�=0 because the
umber of detection pulses of the first-detected idler pho-
ons should be less than 1 in one optical pulse.

Here, �PBG�n�� should be a Poisson distribution because
he corresponding signals are due to background cw-
umped parametric fluorescence. One can estimate the
verage value of 
PBG�n�� by experimentally measuring
he background parametric fluorescence with the shutter
pen.
Using Eqs. (A8) and (A9), one can give the relationship
etween �Po�n�� and the original �Po��n�� as follows:

Po��0� = Po�0�,

Po��1� = Po�0�
PBG�n��

+ �1 − Po�0�/exp�− 
PBG�n����exp�− 
PBG�n���,

Po��2� = Po�0�

PBG�n��2

2
+ �1 − Po�0�/exp�− 
PBG�n����,

� 
PBG�n��exp�− 
PBG�n���. �A10�

Finally, �P��n�� can be calculated only from �P�n�� and
PBG�n�� by using �Pc�n�� derived in Eq. (A5) and �Po��n�� in
q. (A10) as follows:

P��n� = 	
m�n

Po��n − m�Pc�m�, �A11�

here n�2 in our experiment.
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