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ABSTRACT— This paper describes the second-

order coherence degree of photons produced in 

SPDC. First, the nonlinear BBO crystal 

generates the twin correlated signal and idler 

photons in the experimental setup. Then, g2 (0) is 

obtained experimentally via Hanbury Brown-

Twiss set-up for investigation of the light source 

nature. The results show this value is less than 1 

which verifies the generated photons are in the 

heralded single photon (HSP) regime. 

KEYWORDS: Spontaneous parametric down-

conversion, Heralded Single Photon, Second-order 

degree of coherence. 

I. INTRODUCTION 

While the classical wave behaviors of light, 

such as interference and diffraction, have been 

observed in laboratories for many years [1], the 

explicit observation of the quantum nature of 

light (photons) is much more difficult. For 

example, well-known phenomena such as the 

photoelectric effect and Compton scattering 

show the presence of photons [2, 3] 

From the quantum mechanics point of view, 

light has a wave-particle duality nature. In this 

article, an experiment is presented that clearly 

shows the quantum nature of light. This 

experiment is the experimental confirmation of 

the existence of particles called photons, which 

cannot be explained using the classical theory 

of light. One of these experiments was done by 

Grangier and his colleagues [4, 5]. The basic 

idea is that if a single photon meets a beam 

splitter, it can be detected only in the 

transmission port or the reflection port, not both 

ports. In other words, there are no photons in 

the transmission and reflection ports at the same 

time.  

The frequency-entangled photon pairs can be 

generated by Spontaneous Parametric Down-

Conversion (SPDC) using a nonlinear crystal 

[6-11]. The SPDC is a three-wave mixing 

process where a photon in a medium with χ(2) 

nonlinearity can be down-converted into two 

photons under the constraint of energy and 

momentum conservation, commonly referred to 

as phase matching. The entangled photons 

generated by the SPDC process are correlated 

in energy, time, and momentum. This 

correlation is intimately related to energy 

uncertainty and emission time. For SPDC 

photon pairs, if we discard all the signal 

photons and only measure the emission of idler 

photons, thermal-state statistics is expected [12, 

13]. Their energy is in the quantum regime and 

the biphoton waveforms exhibit non-classical 

behavior. Detection of one of the entangled 

photons announces the presence of its partner, 

which is called heralded single photons (HSP) 

[14, 15]. By removing the spatial and spectral 

correlations of the entanglement photons, one 

can obtain the HSP [16, 17]. Spatial and 

spectral filters are simple to implement 

experimentally, while is decreased the number 

of photons available. The proof of concept for a 

scheme to generate on-demand single photons 

via actively multiplexing several heralded 
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photons probabilistically produced from pulsed 

SPDCs has been demonstrated [14]. 

Furthermore, to ensure that the source is 

operating in the single-photon regime, the 

heralded second-order correlation function 

g2(0) is measured by adding a 50/50 beam 

splitter into the signal arm [18]. In this article, 

an experiment has been designed, which is used 

to calculate a function called the degree of 

second-order coherence  g2(0). So, the classical 

or quantum nature of the light source and 

operating in the single photon regime can be 

determined via  g2(0). If the light source follows 

the classical theory, it will be g2(0) ≥ 1. 

According to the theory of quantum mechanics, 

the use of a non-classical light source violates 

this inequality and g2(0) less than one will be 

obtained. The relation is also established for 

ideal single photon sources as g(2)(0) = 0. 

II. THEORY 

The theory behind the SPDC has been widely 

studied. It is based on the nonlinear interaction 

of some particular [17] 

1 2 1 2 1 20 0 ( , )PDC s i s i
d d f       = +  , (1) 

where s and i denote the signal and the idler 

photons, respectively. f(ω1, ω2) is the joint 

spectral function (JSF) of the photon pairs 

representing the probability distribution 

associated with the signal and the idler 

frequencies. The JSF characterizes the two 

photons’ state which depends on the phase-

matching properties of the crystal and the 

spatial shape of the pump (including the degree 

of focusing). |γ|2 is proportional to the rate of the 

photon-pair generation and characterizing the 

nonlinear interaction strength as γ∝χ(2)EpEsEi 

where χ(2) is proportional to the original tensor 

product susceptibility [19]. 

The states of the idler and signal are denoted by 

2 i
  and 

2 s
 , respectively where 𝑎† and 𝑏† 

are the annihilation operators on the idler and 

the signal, respectively.  

The JSF as a function of the signal and the idler 

frequencies are depicted in Fig. 1. The signal 

and the idler frequencies are related to the pump 

frequency as ωp=ωs+ωi. Here, the pump 

spectral amplitude is described by a Gaussian 

function centered at frequency ωp, and the joint 

amplitude of the photon pairs is considered as 

[20]. 

 
Fig. 1. The joint spectral function in free as a function 

of the signal (ω1) and the idler (ω2) frequencies (Hz): 
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where σ1 and σ2 are the normalized bandwidth 

of the signal and idler frequencies, respectively. 

In classical physics, electromagnetic waves are 

fully described by Maxwell's equations. For 

such a field, the correlation between the 

transmitted IT intensity and the reflected IR  from 

the beam splitter is described by a second-order 

(temporal) degree of coherence g𝑇,𝑅
(2)

(𝜏), which 

is a function of the time delay between intensity 

measurements [20]. 
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+
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+
, (3) 

If the light source intensity is constant, that is, 

if its statistics do not change in time, the 

brackets can be interpreted as ensemble 

averages rather than temporal averages. The 

a) 
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above relation represents the second-order 

degree of coherence because it involves the 

correlation between intensities, while the first-

order degree of coherence describes the 

correlation between fields. 

Assuming a 50/50 beam splitter where 

transmitted, reflected and input intensities are 

related as 𝐼𝑇(𝑡) = 𝐼𝑅(𝑡) =
1

2
𝐼𝑡(𝑡). From Eq. 1 

for simultaneous intensity measurement, 𝜏=0, 

we will have [2]: 

 
2

2

, 2

( )
(0)

( )

I

I

T R

I t
g

I t
= , (4) 

From the Cauchy–Schwarz inequality, 

 
22

( ) ( )I II t I t , it can be proved that and 

the conclusion can be drawn [2]: 

2

, (0) 1T Rg  , (5) 

This result was obtained using classical wave 

theory. In Eq. 2, equality 1 is achieved when the 

input field is completely stable and without 

fluctuations (assuming an input field in a 

coherent state, one finds g𝑇,𝑅
(2)

(0)=1), and an 

input field in a thermal state (which is an 

incoherent mixture) one can find g𝑇,𝑅
(2) (0) > 1. 

Such a field is said to be bunched.  

In quantum theory, quantum mechanical 

operators are used to calculate the correlation 

between the output fields from the light splitter 

and the equation g𝑇,𝑅
(2)

(𝜏) is rewritten as follows 

[2]: 

2

,

ˆ ˆ: :
(0)

ˆ ˆ

T R

T R

T R

n n
g

n n
= , (6) 

The intensity operator is proportional to the 

photon number operator for the field �̂� = �̂�†�̂�, 

where �̂�†  and �̂�  are creation and annihilation 

operators. Using the below relationships [3]: 

† †

† †

2

,

ˆ ˆ ˆ ˆ
(0)

ˆ ˆ ˆ ˆ

T R R T

T R

T T R R

a a a a
g

a a a a
= , (7) 

where ( )
1

ˆ ˆ ˆ
2

R I Va a a= + and 

( )
1

ˆ ˆ ˆ
2

T I Va a a= −  are the output field operators 

after the beam splitter. Also, �̂�𝐼 and �̂�𝑉 are the 

incident field operators before the beam splitter. 
2

, ( )T Rg   can be rewritten as [2]: 

2

2

ˆ ˆ( 1)
(0)

ˆ

I I

I

n n
g

n

−
= , (8) 

III. EXPERIMENTAL SETUP 

The SPDC is used to produce correlated photon 

pairs, through which, by applying the non-

collinear Type-I degenerate SPDC from a 

(5×5×0.5) mm BBO crystal pumped using 405 

nm focused light (f=5 cm) from a CW diode 

laser with 120 mW power. The signal and idler 

photon pairs with a wavelength of 810 nm are 

produced. Before the crystal, the laser beam 

passes through a spatial filter, half-wave plate 

and two broadband (380-420 nm) high-

reflective mirrors. The extra light especially 

405 nm in the detectors is removed by the filters 

(with bandwidth 5 nm and 12 nm transmission 

centered at 810 nm). The transmitted entangled 

photons are focused on a four-channel single 

photon counting module (SPCM) 

(Excelitas:SPCMAQ4C; dark counts 351, 483, 

156, and 146 cps (count per second) for 

channels A, B, C, and D, respectively, time 

resolution 600 ps, dead-time 50 ns and quantum 

efficiency about 28 at 810 nm) which is 

connected to a coincidence counting unit (using 

Altera-DE2 FPGA board with 7.1 ns 

coincidence window and adjustable acquisition 

time greater than 0.1 s) to detect the photon rate 

in the coincidences. To obtain the experimental 

efficiency of detectors we use 𝜂𝑠 =
𝑁𝑐𝑐

𝑁𝑖
 and 

𝜂𝑖 =
𝑁𝑐𝑐

𝑁𝑠
 [4], where Ns, Ni and 𝑁𝑐𝑐  are the 

photon counts in the signal, idler arms, and the 

coincidence count rate, respectively. The 

detectors efficiency obtained as 25.7%±3.2%, 

26.4%±2.2%, 26.1%±5.2% and 24.2%±3.4 

which they are in agreements with the reported 

company value. 
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Fig. 2. Schematic arrangement of the laboratory related to measuring the degree of second-order coherence of 

photons produced by the SPDC process. 

Since the two output arms of the SPDC process 

have some kind of quantum correlation, so each 

photon is in the energy superposition state and 

the total energy is fixed. Thus, measuring a 

photon in one arm guarantees the presence of a 

photon in the other arm. This source is called a 

heralded single photon source. The two output 

photons called twin photons even though their 

energies are not necessarily equal. 

To ensure the source is operating in the HSP 

regime and quantify the operating parameter of 

the HSPs, the statistical properties of the 

generated photon pairs in the SPDC can be 

investigated in terms of the second-order 

coherence using three detectors. The second-

order coherence degree is commonly evaluated 

with a Hanbury-Brown-Twiss (HBT) 

interferometer operating at the single-photon 

level or using two detectors placed at the 

outputs of a (50:50) beam splitter. The idler 

photon meets the detector 1 and the signal 

photon hits a beam splitter. Photon detection in 

detector 1 acts as a gate which announces the 

presence of a signal photon in the beam splitter. 

Our source regularly produces singles count 

rates in the idler beams of 360 k cps, and total 

coincidence rates between the two arms of the 

beam splitter and idler beams of 30 k cps where 

the count rate of two arms of the beam splitter 

are 207 k cps and 117 k cps. 

 
Time (s) 

Fig. 3. The measured value of g2(0) in time. 

In Fig. 2 the photon correlation set up in the 

HBT experiment is shown The signal photon 

that hits the beam splitter is either transferred to 

the passing detector2 or reflected to the 

detector3. 

If N1 is the number of photons that arrives the 

detector 1 in the acquisition time, N12  is the 

number of photons which arrives detectors 1 

and 2 simultaneously (similarly defined as N13), 

and N123 is the number of photons arrives three 

detectors simultaneously. Grangier and his 

colleagues showed that the classical optical 

field in the beam splitter must satisfy the 

following inequality [21]: 

2 123 1

12 13

(0) 1Her

N N
g

N N
=  . (9) 

The measurement of 
2 (0)Herg  less than 1 

indicates the light source is in the single photon 
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regime and the biphoton nonclassical behavior 

[9]. 

It is noted that some corrections must be 

considered in our experiments. Apart from 

corrections from the optical path, corrections 

from dark count, accidental coincidence and 

dead time of detectors should be remarked. We 

decrease the dark counts from the raw data and 

consider the accidental coincidence and the 

dead time in our corrections, see Ref. [3]. 

The dead time of detectors, τdead, is correction 

that should be considered by substituting iN  

instead of iN  where, 1 ( ) /j deadN T = −  is the 

dead time correction factor and ( , )jN j s i=  is 

photon count in the signal or idler arms. The γ-

factor is evaluated around 0.9. The dead time of 

detector is around 50 ns. 

Figure 3 shows the second order coherence 

function 2 (0)Herg  at the different time. The 

standard deviation value of these results is 

0.057. The results show that the light source is 

not compatible with the classical wave theory. 

The accidental coincidence, the average 

number of photons arrives the detectors in the 

coincidence interval purely by happenstance 

without any correlation, should be considered 

in the pair photon generation s i
acc

N N
N t

T

 
=  

 

, where, Δt is the coincidence window (7.1 ns), 

and T is the acquisition time (0.3 ns). This value 

must be subtracted from the total number of the 

recorded coincidences to evaluate the degree of 

the entanglement. This leads to the modified 

(expected) value for 
2 (0)Herg  . 

Here, 
2 (0)Herg  with the effect of the 

contributions from the dark counts and all other 

noises of the photons and the accidental 

coincidence can be evaluated about 0.117 and 

the standard deviation is 0.027. The 

experimental value of 
2 (0)Herg  is less than 1, 

which confirms the existence of a heralded 

single photon source [2, 22, 23]. This means 

one photon announces the arrival of the other. 

We compared our results to others. For example 
2 (0)Herg  in our experiment is in agreement with 

those in [4], which 2 (0)Herg  is 0.0177+0.0026 

[3]. 

IV. CONCLUSION 

In this article, at first, a heralded single photon 

has been generated in the nonlinear process of 

spontaneous parametric down-conversion 

(SPDC). In this process the annihilation of a 

pump photon is accompanied by creation of two 

correlated photons. Then the degree of second-

order coherence of the output photons has been 

obtained in the HBT experiment. The single-

photon generation results are consistent with 

the quantum mechanical description of a field 

impinging on a beam splitter in a single-photon 

state. The results indicate the modified 2 (0)Herg  

has a value smaller than1. This experimental 

result verifies the photons are in the quantum 

HSPs regime. 
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