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Parametric down-conversion (PDC) sources play an important role in quantum information processing, therefore
characterizing their properties is necessary. Here we present a statistical model to assess the properties of the PDC source
with certain distribution, such as the brightness and photon channel transmissions, we only need to measure the singles and
coincidences counts in a few seconds. Furthermore, we validate the model by applying it to a PDC source generating highly
non-degenerate photon pairs. The results of the experiment indicate that our method is more simple, efficient, and less time

consuming.
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1. Introduction

Single-photon sources (SPS) are the fundamental ele-
ments usually used as information carriers in many quantum
information processes. To date, many types of alternative sin-
gle photon sources have been developed, e.g., molecule or
atom emission, ! nitrogen vacancies in diamond,?! quantum
dots,l and the parametric down-conversion (PDC) sources. !
Because of the feasibility and reliability, the PDC sources have
been widely adopted in practical implementation of quan-
tum communication, such as long-distance quantum key dis-

(81 and entanglement

tribution (QKD),>~7! quantum repeater,
swapping. (!

In the last two decades, PDC sources have been stud-
ied extensively, with two typical applications as the her-
alded single-photon source (HSPS) and the entanglement pho-
ton pair source. PDC sources are based on the sponta-
neous parametric down-conversion (SPDC) process, which
possess a probabilistic nature for both the continue-wave (CW)

12.13] configurations. As a result,

pump!'%111 and pulsed pump!
the photons emitted from the PDC sources follow a certain
statistical distribution such as Poisson or thermal distribution,
which can be achieved by properly adjusting the experimental

set-up.!'*] Nevertheless, the pulsed pumping regime has more
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advantages over the CW one, for providing the time informa-
tion of the emitted photons, which can be very useful in quan-
tum communications.

It is necessary to know the properties of the PDC source
in most applications. For instance, when a PDC source is ap-
plied to a QKD system, it can generate the decoy-state either

[15-18] dramatically increasing the secu-

actively or passively,
rity of realistic QKD. In those protocols, it is important to
know the brightness (i.e., the mean photon number per time
unit) and the photon channel transmissions to estimate the key
generation rate. Unfortunately, the realistic PDC sources suf-
fer from the lossy channels, inefficient single mode fiber cou-
pling, and non photon-number-resolving detectors. All these
factors lead to the assessment of the source brightness being a
difficult task. Consequently, efforts have been made to char-
acterize the PDC sources. %201 The method in Ref. [19] is re-
lated to the CW pump regime, while the method in Ref. [20] is
related to the pulsed one. Both methods are less practical for
their complexity. Hence, a more simple and straightforward
method is needed to assess the properties of the PDC sources
in practical quantum information processing.

Here we propose a model of the pulsed pump PDC
source, and derive the analytic formulas for the single and co-
incidence counting rates, which are the functions of the bright-
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ness and the transmittance. The coincidence counting rates in-
clude the total, the real, the accidental, and the side peak ones.
Then by substituting the measured values into the statistical
model of the single and the coincidences counts, one can sim-
ply and quickly calculate all the parameters that are needed,
such as the brightness and the total efficiency of each photon
channel. Moreover, with the measured single and coincidence
counts in a Hanbury-Brown—Twiss (HBT) experiment,?! one
can obtain the second-order autocorrelation function g2(0).
We experimentally verify our model by using a PPLN based
non-degenerate PDC source; with the measured single count-
ing rate and coincidence counting rate, we estimate the bright-
ness and the photon channel transmissions; and then, we pre-
dict the real and accidental coincidence counting rates. We fi-
nally measure the heralded second-order autocorrelation func-
tion, which indicates that our source is very close to the single-
photon source.

2. Statistical model of the PDC source

According to the probabilistic nature of the PDC source,
we develop a statistical model to access the properties of the
sources. A simple model of the PDC source is shown in Fig. 1.
As shown in Fig. 1, one pump photon is focused on a non-
linear crystal (NC). After the spontaneous parametric down-
conversion process, a photon pair which includes a signal pho-
ton and an idler photon maybe generated simultaneously. Then
the photon pair is separated by a dichroic mirror (DM) in the
case of collinear generation with non-degenerate wavelengths,
and individually collected into fibers by a coupler. The idler
photon is directly detected by the single photon detector D;.
While the signal photon is sent into a 50/50 fiber beam split-
ter (FBS) and detected by two single photon detectors D, and
D3, respectively. It should be noted that the FBS is not neces-
sary in determining the source brightness and photon channel
transmission, which is only used to perform the HBT exper-
iment and measure the second-order autocorrelation function

¢%(0).
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Fig. 1. (color online) The model of SPDC source.

2.1. Single and coincidences counts

Since all the counts are detected within a time window
either in a CW or a pulsed laser scheme, in the following for a
convenient description, we suppose a pulsed laser scheme with

a repetition rate of f. Assume that the mean photon number of
photon pairs emitted per pulse from the crystal is yy. Denote
the dark count rate of each detector as d; (i = 1,2,3), and the
transmission efficiency of each mode as 7);. Here 7; includes
all the optical efficiency, the fiber coupling efficiency, and the
efficiency of the detectors. According to our statistical model,
the singles and any kind of coincidence can be easily deduced
as follows.

Single counting rate For an n-photon pair state generated
from the PDC source, the yield of the detector D; for each pho-
ton pair state can be written as

Yi=1—(1—d;)(1—m)". (D

Then the counting rate of detector D; can be expressed as
Ri=fY YiP.(lo), ()
n=0

where P,(Ho) is the photon number distribution.

Total coincidence counting rate In our model, one
should measure the total coincidence between detectors Dy
and D; (j = 2,3), which includes the real coincidence and the
accidental coincidence. As is known, the coincidence is ob-
tained when the two detectors click simultaneously within the
same time window. The yield of the detector for each pulse
is already given by Eq. (1), then we can easily obtain the total
coincidence counting rate

CijZfZYIYan(“O)a (j=2,3). )
n=0

Real coincidence counting rates The real coincidence
comes from the case that the idler and one path of the signal
photon from the same n-photon pair are simultaneously de-
tected, its yield is given by

n.p
Y=Y Y am (1 —m)" "Cin (1-n))"™ 7, (4
p=lg=1
where “rc” indicates the real coincidence, and “g” shows that
the photon pair participates in the coincidence. Furthermore,
the counting rate of real coincidence can be obtained in the
same way

i :f;ij-ano), (j=2,3). Q)

Accidental coincidence counting rate As for the acci-
dental coincidence, it can be divided into four classes: (i) the
click events of detectors Dy and D; are both from the dark
counts; (i) Dy click is caused by the dark counts, and D; is
caused by the PDC photons; (iii) D; click is caused by the
dark counts, and D; is caused by the PDC photons; (iv) the
detected photons of D and D; come from different PDC pho-
ton pairs. Therefore, the accidental coincidence can be given
as

) i(l—m)"(l—n;)”Pn(uo)
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+d; Y, Y et (1 —m)" " (1= 1n;)" (o)

n=1m=1
o n—1 p

M 0y P

+) )Y Y G
=2p=1lq=1

n./)n_an (/JO)
+d12i '"71,'"( -n)""
x (1=m;)"Pu(po)}, (j=2,3). (6)

Side peak coincidence counting rates If the relative
delay between two paths is adjusted to around k/f (k =
1,2,3,..
called the side peak coincidence.

.), the coincidence can still be measured, which is
This coincidence comes
from two independent pulses, therefore the corresponding ex-
pression is

= E_OYle(Ho) 2_0, YjPa(tto)
RiR; .
=—J (j=2)3). 7
7 (J ) @)

From the above deduction, we can arrive at three conclu-
sions. First, the singles, the total and side peak coincidence
counting rates can be measured directly from an experiment,
we can use the measured counting values to assess the bright-
ness and efficiency. Second, it has been proven through Math-
ematica that the sum of the real and accidental coincidence
counting rates is exactly equal to the total coincidence, i.e.,
G+ C I
ac01dental and side peak coincidences are not the same thing.

which in turn validates our model. Third, the

2.2. Brightness and photon channel transmission

Note that our statistical model can apply to any certain
photon number distribution of the PDC source. If we have a
prior knowledge of the photon number distribution, then we
can determine the brightness (1) and photon channel trans-
mission (7);) by just measuring the single and total coincidence
counting rates. Now we take the typical Poisson and thermal
distributions for examples.

The Poisson distribution can be expressed as P, (L) =
(e Hopf)/n!, therefore the expressions (2) and (3) can be fur-
ther simplified as

Ri = f[1—(1—d;)e Hom],
Cij = fI1=(1—dy)e om —
+(1—di)(1—dj)e o

(i=1,2,3;j=2,3),
(1—dj)e Hol
Ho(m+nj— 17111]')]. ®)

The thermal distribution is P, (o) =
pressions (2) and (3) can be given by

pd/(1+ o)™, then ex-

1—d;
Ri=f(1———% ) (i=1,2,3;j=2,3),
’ f( 1+uoni> g / )

1—d,; 1—d;
Ct' — 1_ _ J
V= L4+ pon 1+ uom;
(1—dy)(1—d;) . ©)
L+ o1 + tomj — HomiM;

Finally, after substituting the measured dark count rate d;, and
with the measured single and total coincidence counting rates,
Uo and 7; can be numerically solved.

Particularly if the condition pon; < 1 is satisfied, and the
dark count rate can be neglected, for both distributions we can
obtain the further simplified results

R; = fﬂoniv (i: 17273)7

The uy and 7n; can also be simply obtained. Equation (10) in-
dicates that the singles and total coincidence are proportional
to Uo, while the side peak coincidence is in proportion to ,ug.

2.3. The second-order autocorrelation function g*(0)

The second-order autocorrelation function can be found
via an HBT experiment by measuring the three-path coinci-
dence using three detectors (D, Dy, and D3), as shown in
Fig. 1. For any photon number distribution, the second-order
autocorrelation function!??! has always been expressed as

_ Cuf
RyR3’

g (r= (11)

and the heralded second-order autocorrelation function!?3! can
be obtained by

2C123Ry

= (12)
(Cip +Ci3)?

where Cy3 is the coincidence counting rate of D, and D3, and
C123 is the coincidence counting rate of Dy, D>, and D3. Here,
we also take the Poisson and thermal distributions for exam-
ples to discuss the distribution of the second-order autocorre-
lation function.

For the Poisson distribution, when the delay of the two
path (7) is 0, the coincidence between D, and Dj is given by

fZ Z Crt"(1=1)""[1 = (1 —dy) (1= 120)"]
n=0m=|
x (1= (1 d) (1= ms0) ) 2 oo
= 1= (1= d) e B (1 ) et
= RyR;3/f, (13)

where ¢ is the transmittance of the FBS, 1, =10, and 13 =

(1—1)n30. Then g® (7 = 0) is estimated by

Cusf

@(r =
g (r=0)= RoRs =1 (14)

This result indicates that g(®)(0) is independent of the bright-
ness.
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For the thermal distribution, the coincidence between D,
and D3 when 7 = 0 can be obtained in a similar way

c53::~fji ficzwm(1Afon—m[147(1415)(147nﬂQM]

n=0m=0

X[ (1) (1= m30)" "] s
- f(l_l—dz) (1_1_(13>
14+ pom2 1+ uoms

f(1=dy) (1—ds) u3mans
(1+ poma) (14 1om3) (1+ poma + Hom3)
RoR3 (f=R)(f —R3) (R —dof) (R3 —d3 f)
[ fl(0l—da—d3) f>+ (daR3 +d3Ry) f — RaR3]
(15)

+

When neglecting the dark count rate, we can obtain an approx-
imated result

RyR3 - (f —R2)(f —Rs)
f f?—RaR3

Therefore the second-order autocorrelation function for the

(16)

Cr3 =

thermal distribution is

Cuf _
RyR;

(f—R2)(f—Rs)

1
* f?—RaR3

1
+—F.
1+ (M2 +13)
With g, n2,m3 > 0, we can obtain the following relationship:

A7)

1<g®(r=0)<2 (18)

From the above derivation, we can easily see that g?(0)

0 implies a perfect single photon source. However, due to the
disturbance from external experiment conditions, we usually
regard it as achieving an HSPS when g?(0) < 1. Alternatively,
g%(0) > 1 describes a classical source (for Poisson g?(0) = 1
and for thermal 1 < g2(0) < 2).

3. Experimental results

A schematic of our experimental setup is displayed in
Fig. 2. A 76 MHz repetition rate, picosecond, mode-locked
Ti:sapphire laser at 898 nm is frequency doubled into 449 nm
light through a B-BaB,04 (BBO) crystal. It is then used to
pump a periodically poled LiNbO3; (PPLN) crystal, generat-
ing nondegenerated parametric down-conversion photon pairs
centered at 633 nm and 1545 nm, respectively. The generated
photon pairs are separated by a dichroic mirror (DM). Photons
at 1545 nm are further split into two paths by a fiber beam
splitter (FBS). Then each path is individually coupled into a
fiber and filtered by a tunable bandpass filter with full width
half maximum of 3 nm. The photons in the two paths are fi-
nally sent into home-made super-conducting nanowire single-
photon detectors (SNSPD) operating at 2.15 K with a 55%
detection efficiency and a dark count rate of 16 Hz. More-
over, two polarization controllers (PC) are placed in front of
the SNSPDs to maximize the counting rates. Photons at 633
nm are coupled into a fiber and sent into a silicon avalanche
photo diode (SAPD). We use a time-to-digital converter (TDC)
to collect the signals from all detectors. The start signal of
TDC comes from the clock of the Ti:sapphire laser, which is
frequency divided into 380 kHz. The time window is set to 3
ns.

First, we performed the HBT experiment, measuring the
single counting rates of D, and D3 and their coincidence
counting rate C,3. Here, we only discuss the Poisson distribu-
tion, g()(0) is calculated to be 1.022 - 0.004 using Eq. (11).
This result demonstrates that the photon number distribution

follows the Poisson distribution. The single counts and the

start

laser
idler

m BBO

PPLN signal

s [ [ [ [ e

N b

mirror coupler

[ [
SAPD SNSPD

N
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D,

oo p—

= gg

FBS FPC frequency divider

filter

Fig. 2. (color online) The experimental setup of SPDC source.

110302-4



Chin. Phys. B Vol. 26, No. 11 (2017) 110302

total coincidences were measured with pump powers set to
100 uW, 200 uW, 300 uW, 400 uW, and 500 W, respectively.
The measured Ry, C}, and C}; are displayed in Fig. 3(a). C},
and Cj; are shown in Fig. 3(b). By using our model for the
Poisson distribution, we can calculate the mean photon num-
ber Uy and photon channel transmissions 1; (i = 1,2,3), which
are demonstrated in Figs. 4(a) and 4(b), respectively.

————r—————+———50k
900k

800k 40k

700k

600k 1 30k

500k

400k 20k

Single counts/s

300k A

Coincidence counts/s

10k
200k 1 0

100k 1+ T T T T T T T T

3.0k . ; . ; . ; . .

2.5k

2.0k

1.5k

1.0k

Side peak conincidences/s

0.5k

0 T T T T T T T T T
100 200 300 400 500
Pump power/uW

Fig. 3. (a) The measured single count rate of D, total coincidences be-
tween Dy, D, and Dy, D3 for different pump power. (b) Side peak coinci-
dences between Dy, D, and Dy, D3 for different pump power.

From Fig. 3(a), we can see that the experimental data of
Ry, C},, and Cj; can be well linearly fitted, which is in agree-
ment with Eq. (10). Similarly, figure 3(b) shows that the ex-
perimental data of C, and C}, can perfectly match the quadric
curve described by Eq. (10). It should be emphasized that
all the fittings rely on the condition tpn; < 1; in our exper-
iment, they are estimated to be 1y = 11.24%, 1, = 2.87%,
1n3 = 3.26%, together with the value of Ly, the condition can
be surely satisfied.

Figure 4(a) demonstrates a proportionality between the
pump power and the generated mean photon number (. We
can figure out from Fig. 4(b) that the calculated photon chan-
nel transmissions do not change with the pump power, which
manifests a reliability of our model.

T T T T T T T T T
0.104 d
(a)
0.08+ 4
S 0.064 4
0.04+ E
0.024 4
T T T T T
100 200 300 400 500
Pump power/pW
= 0.12 4 4
9 ] e [ B . ——a |
n
172}
o ‘1 - -
% 0.10 -
g
S 0.08 - (b) " i
At ® 7, ]
£ 0.06 A .
=]
E |
o 0.04 E
A A A
§ @ L 2 @ ‘7 "
o 0.02 E
=
[a W)
0 T T T T T
100 200 300 400 500

Pump power/pW

Fig. 4. (color online) (a) The mean photon number per pulse generated by
the crystal with increasing pump power. (b) The photon channel transmis-
sion with increasing pump power.

With the estimated values of y and n; (i = 1,2,3), sub-
stituting the Poisson distribution into Egs. (5) and (9), we can
predict the real and accidental coincidences. The expressions
are

1l-j = f(l - e_uomnj)v (.] = 2a3)a
?j = fe MMM —(1 _d])efﬂom(lfnj)]

X [1—(1—dj)eHomi(l=m)], (19)

The predicted Cj ; and CY; versus Ly according to Eq. (19) are
shown in Fig. 5. It is obviously in Fig. 5 that the predicted
real and accidental coincidences have the linear and quadratic
relationships with the mean photon number, respectively. This
is in accord with the approximate results under the condition
of uon; < 1.

By measuring the single counting rates R; and the coinci-
dence counting rates Cy2, Cy3, C123 together with Eq. (12), we
can obtain the heralded second-order autocorrelation function
gg ) (0) at different pump powers. Figure 6 shows gg ) (0) as a
function of the pump power. When the mean photon number
is kept less than 0.1 as in our experiment, the probability of
single photon is much larger than that of multi-photon. What
is more, after being heralded, the vacuum pulse can be largely
eliminated, and so the single photon becomes the dominant
part in the source. Therefore, the second-order autocorrelation
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function measured under the condition that the idler detector
clicks can be very close to that of a single-photon source.

30k 1 (a)

25k —Ci

13
20k A
15k
10k A

5k

Real coincidence counts/s

T T T
0.04 0.06 0.08

Ho

T
0 0.02

2.5k A

4. Conclusion

We proposed a simple statistical model to characterize a
PDC source, which provides the means to estimate the bright-
ness, photon number transmissions, and the second-order au-
tocorrelation function by measuring the single counts and to-
tal coincidence counts. Moreover, with the estimated photon
channel transmission and mean photon number per pulse, one
can predict the real and accidental coincidence counts. We
constructed a PDC source and characterized its properties by
using our method, the experimental results confirmed our sta-
tistical model. This analysis method is simple and less time
consuming in accessing a PDC source, which we believe will
have a wide application in the field of quantum communica-
tion.
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