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Single-photon sources are critical optical components in quantum communication, in particular, for security applications. One of
the essential parameters that define these sources is the magnitude of the second-order coherence function, whose investigation
reveals the state of the emitted photon. In this study, we indicate that the second-order coherence function varies over time when
using two lasers and preparing coherent population trapping. *e calculation is based on solving the master equation to find the
density matrix corresponding to the emission dynamics and provide the second-order coherence function. *e changes of the
second-order coherence function can be estimated and the system behavior regarding photon emission can be predicted by
solving the master equation based on the parameters obtained from the experimental results of a nitrogen vacancy (NV) in a
diamond. Here we report, for the first time to the best of our knowledge, that the state of the emitted photons persists in the strong
interaction of the aforementioned process. As using two lasers is a familiar method for controlling the single-photon source and
the stability of the source is an essential point in a quantum network, this study can be considered to develop quantum network
components such as memory and on-demand single-photon sources. Also, it suggests a method for tuning photon statistics while
controlling the photon states.

1. Introduction

Quantum theory has enabled scientists to study phenomena
beyond the classical level and opened new horizons for them.
At the beginning of this theory, the existence of separate
photons was theoretically suggested by many researchers
[1–3], but now it has been shown experimentally [4–7]. To
conduct quantum experiments and introduce new tech-
nologies, quantum light sources that can emit separate
photons, i.e., single-photon sources, have attracted signifi-
cant research interests [8–12].

Single-photon sources which emit individual photons
can send information by each photon, without influencing
the information transmitted by the previous photon in the
sequence. An optimal single-photon source should deter-
ministically deliver one, and only one, photon at a time, with

no trade-off between the source’s efficiency and the photon
indistinguishability [13].

In a simple model, the detected photons of a single-
photon source, which contains just two energy levels and is
excited by a pump laser, originate from the transitions
between the excited and ground states, as the excited state is
populated and cannot absorb another photon. In this case,
there is a separation time between two successive emitted
single-photons depending on the excited state lifetime. *is
time separation is the main point for the separation of
photons.

Single-photon sources are critical optical components in
quantum communications, in particular, for security ap-
plications and are employed in quantum communications
research both theoretically [14–18] and experimentally
[8, 19–21]. In this regard, researchers have studied their
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potential applications, for example, in fiber optical windows,
along with other technologies, especially those operating at
room temperature. Furthermore, researchers have focused
on developing on-demand sources as one of the critical
components for realizing quantum networks [22–27], and
indeed, the introduction of highly controllable sources is of
great significance.

*ere are several methods for controlling the emitted
single-photons. One of these methods is coherent pop-
ulation trapping (CPT), which occurs when two resonant
optical fields interact with an atom, causing the emission
from the excited state to disappear, and there is no emission
after lifetime of the excited state. For employing a source in a
quantum network, the correlation between the emitted
single photons at two successive times needs to be informed;
therefore the dynamics of the source states should be
studied. If the source is stable at the single-photon level and
its regime persists over time, the case would be desirable for
the quantum network. So far, various important papers have
studied the CPT and time evolution of the related atom
states. Also, there are papers describing the preparation of
CPT in real systems such as single-photon sources [28, 29].
However, up to now, the stability of the source regime in the
emitted photon state has not been studied, which is the
primary point of this research. While many researchers have
used the CPTphenomena for tuning a single-photon source,
we explore its impact on the values of the second-order
coherence function, as a function of time.

To this end, we study the time evolution of the excited
state of the considered system and the emitting mechanisms
of single-photons from the supposed source. We are also
motivated to study the correlation of the photons since the
CPTcondition prepares for a limited time, and after that, the
system begins to emit photons [29]. In this respect, the
second-order coherence function of the source g2(t) is
investigated, where g2(t) is the correlation between the
intensities of the fields, while t is their time separation. *e
variations of the second-order coherence function ĝ2 (t)
caused by the coherent population trapping (CPT) are ex-
amined employing experimental results of a real system. For
this purpose, a nitrogen vacancy (NV) in diamond has been
chosen as an actual single-photon source. NV in diamond
consists of the nearest neighbor pair of a nitrogen atom and a
lattice vacancy. It is one of the most significant room-
temperature single-photon sources, as it enjoys a unique
structure and extraordinary quantum properties for quan-
tum communications, spintronics, quantum information
processing, etc. [14, 30–32], and control processes such as

CPT and electromagnetically induced transparency pro-
cesses have been experimentally observed for it [25, 33]. In
the next step, using approximation methods, the modifi-
cations of g2(t) function when CPT are prepared have been
reported. We show that the intensity profile changes after
applying the second laser and preparing the CPT condition.
*is change affects g2(t) function, but it is not effective on
the regime of the single-photon state.

*erefore, this process can be considered in technology
for achieving the desired quantum source in a quantum
network. Also, this study can be employed for introducing a
method that provides a tunable second-order coherence
function and a highly sensitive device with potential ap-
plications in quantum communication security.

2. Methods

*e second-order coherence function g2(t) is a function of
the time, whose value for t� 0 reveals whether the system is a
single-photon or not. For t≠ 0, assuming a two-level system,
i.e., one excited and one ground state, g2(t) is a function of
the spontaneous emission rate. By changing the rate, g2(t)

may be modified. If the Rabi frequency Ω of this system,
which is defined as the transition frequency between the
ground and excited states, is far smaller than the sponta-
neous decay rate, c, the joint probability of detecting two
successive photons is [1, 2]

g
2
(t) � 1 − exp −

c

2
t  

2
, forΩ≪ c, (1)

where τ � 1/c is the lifetime of the excited state and the first
photon is at time t� 0 and the other photon is at time t� τ.

Since the aim of this study is to investigate a three-level
atom and indicate the changes of g2(t), an isolated atom
including two ground and one excited states,|1〉, |2〉, and
|3〉, respectively, is considered.*e CPTcondition (Figure 1)
is prepared and the density of states and related probabilities
are calculated.

In the beginning, the atom is in its ground state, after
which the pump laser excites the atom. Also, the other laser,
which is called the probe or coherent laser and has a fre-
quency close to the pump frequency, is activated, hence
satisfying the CPTcondition (the formation of the dark state
in the excited state).

It can be expected that if the CPT condition is imposed
on the system, a reduction of the emission rate should occur
within a specific frequency range. It can be expressed using
the Einstein coefficients [24]:

c(total transition probablity) �
1
τeff3

� A32 + A31 + ρ ]31( B31 + ρ ]32( B32 + other transition probabilities, (2)
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where ρ(υ31) and ρ(υ32) represent energy densities and A31
and A32 are the spontaneous emission probabilities, while
B31 and B32 are the stimulated emission probabilities be-
tween the third and first, as well as third and second levels,
respectively.

It seems that in a three-level atomic system, the third
atomic energy level is eliminated after the CPT process. It
vanishes the coefficients A31, B31,A32, and B32; the effective
lifetime of the excited state changes, and equation (1)
becomes

1
τi

� otherstransition probabilities. (3)

*e rates of the other transitions are most likely to
change. Hence, it is suitable to study the density of states’
dynamics for finding the lifetime as well as the second-order
coherence function, which are essential parameters.

For the considered system, the Hamiltonian at the initial
time, before applying the lasers, is

H0 � h]1|1〉〈1| + hυ2|2〉〈2| + hυ3|3〉〈3|. (4)

When the lasers are employed, a perturbation appears,
where the total Hamiltonian becomes [33]

H � H0 + H1, (5)

H1 �
h

2
Ω1e

− iϕ1e
− i]1t

|3〉〈1| +Ω2e
− iϕ2e

− i]2t
|3〉〈2|  + H.C,

(6)

whereΩ1e− iϕ1 andΩ2e− iϕ2 are the complex Rabi frequencies
associated with the coupling of the field modes of fre-
quencies ]1 and ]2 to the atomic transitions |3〉⟶ |1〉 and
|3〉⟶ |2〉, respectively.

For the considered system, we solve the density matrix
master equation to find the density of the third level in the
steady state:

dρ
dt

� −i
H

Z
, ρ  + L(ρ) � 0. (7)

*e Hamiltonian and decoherence or relaxation terms
L(ρ) are [33]

H

h
�

υ1 0
Ω∗1
2

0 υ2
Ω∗2
2

Ω1
2
Ω2
2

υ3

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (8)

L(ρ) �

Γ12 ρ22 − ρ11(  + Γ3( ρ33 −c12ρ12 −c13ρ13
−c21ρ21 Γ12 ρ11 − ρ22(  + Γ3( ρ33 −c23ρ23
−c31ρ31 −c32ρ32 − Γ3( ρ33

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (9)

After solving the master equation [34], calculating ρ33,
and substituting the real parameters of the NV in diamond
as a three-level system (see Appendix), the time profile of the
density matrix elements can be obtained.

Typically, the intensity is plotted as a function of the
detuning frequency from the two photons’ resonance pro-
cess, with the resultant profile displayed in Figure 2.

In this study, we focus on the intensity as a function of
the time for the three-level system, i.e., the NV center in
diamond and large Rabi frequency. After solving the master
equation using the real parameters of the system, we plot the
obtained element of the density matrix as a function of time
and compare the results. Figure 3 illustrates the changes in

the profile before and after applying the second laser, as a
function of the time separation. We focus, in particular, on
strong interaction between the system and light.

*ese results inspired us to consider g2(t) for studying
the intensity fluctuations and the relations between two
successive photons. Even before performing simulations, we
can expect that these differences affect the correlation be-
tween intensities g2(t), as intensity fluctuation changes are
suggested from the figure. g2(t) function has also been
plotted (Figure 4). For verifying this statement, the time
dependence of the intensity is used and calculated by solving
the master equation and substituting the experimental re-
sults of the NV in a diamond as a three-level atom [24, 33].

|1⟩

|3⟩

|2⟩

v2
v1

Figure 1: Isolated three-level atom in the presence of the pump υ1
and probe υ2 laser interactions.
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Figure 2: Intensity curves (corresponding to ρ33) as a function of the detuning frequency: (a) intensity in the absence of the second laser;
(b) intensity in the presence of the second laser.
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Figure 3: Simulation profile of the density matrix element (ρ33) for a NV in a diamond as a function of time when the second laser turns off
(a) and turns on (b).
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Figure 4: Differences between g2(t) curves: in the absence (a) and in the presence (b) of the second laser.
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3. Discussion and Summary

CPT leads to reduced rate of excited-state emission for a
range of frequencies. It implies that the electrons prefer to
remain in the ground state, i.e., become laser inactive. We
employed this variable electron behavior for modifying the
effective lifetime of the excited state and emission rate. In
other words, CPTprovided us with the possibility to alter the
rate of emission and, accordingly, the second-order corre-
lation function. As the value of the function is heavily de-
pendent on the system parameters such as the Rabi
frequency and frequencies of the lasers, it can be used for
investigating the emission behavior of the system.

Another application of this method is to consider it in a
photon source, as it can provide a different second-order
coherence function. If the value of the second-order co-
herence function is smaller than 0.5, the source is a single-
photon source, while if the value is 1, the states of the emitted
photons are coherent (the value measured experimentally
for this function for a NV in diamond is approximately 0.07
[3]). In this research, we estimated that g2(t) changes after
CPT, but the emitted photons are still Fock states (after
CPT). It implies that the photon wave packets are inde-
pendent, as before, and the source is a single-photon isolated
source. While g2(t) fluctuations are obvious, its value
showed that the source is stable in the single-photon regime.
It suggests that the state of the emitted photon is conserved
although the second-order coherence function varies after
CPT. In many quantum technologies that use the CPT

process, such as quantum memories, this effect helps re-
searchers to define the system behavior and avoid the de-
velopment of undesired events.

In summary, we investigated the second-order coher-
ence function of a three-level single-photon source in the
presence of CPTand in the strong interaction. *e obtained
results were compared with those without CPT. *e results
suggested that CPTcould be used as a method for providing
a stable source state, in number or Fock state.

Appendix

For achieving the density matrix elements, the relation [34].

ρ32(t) �
iΩ2e

iΔ1t

c32 + 2iΔ2( 
ρ12, (A.1)

is employed, where Ω2 is the Rabi frequency, which
originates from the second laser; c32 is the decay rate
between the second and third energy levels; here Δ1 � ω31 −

ω1 and Δ2 � ω32 − ω1 are the detunings of the first and
second laser frequencies ω1 and ω2 from the corresponding
atomic transitions.

ρ12(t) � −
iΩ2e

iΔ2t

c21 + 2i Δ2 − Δ1( 
ρ13, (A.2)

where c12 is the decay rate between the second and first
energy levels.

ρ31(t) �
iΩ1e

iΔ1t

c31 + 2iΔ1( 
+

iΩ2e
iΔ2t

c31 + 2iΔ1( 
ρ21 �

iΩ1e
iΔ1t

c31 + 2iΔ1( 
+

iΩ2e
iΔ2t

c31 + 2iΔ1( 

iΩ2e
− iΔ2t

c21 − 2i Δ2 − Δ1( 
ρ31

�
iΩ1e

iΔ1t

c31 + 2iΔ1( 
+

iΩ2e
iΔ2t

c31 + 2iΔ1( 
 

iΩ2e
− iΔ2t

c21 − 2i Δ2 − Δ1( 
 

iΩ1e
iΔ1t

c31 + 2iΔ1( 
 ,

(A.3)

where c31 is the decay rate between the third and first energy
levels and Ω1 represents the Rabi frequency, which is ob-
tained from the first laser.

ρ32(t) �
iΩ2e

iΔ1t

c32 + 2iΔ2( 
ρ12 �

iΩ2e
iΔ1t

c32 + 2iΔ2( 

−iΩ2e
iΔ2t

c21 + 2i Δ2 − Δ1( 
ρ13 

ρ32(t) �
iΩ2e

iΔ1t

c32 + 2iΔ2( 

−iΩ2e
iΔ2t

c21 + 2i Δ2 − Δ1( 
 

−iΩ1e
− iΔ1t

c31 − 2iΔ1( 

ρ32(t) �
Ω1e

− iΔ1t

c31 − 2iΔ1( 
 

Ω2e
iΔ1t

c32 + 2iΔ2( 
 

iΩ2e
iΔ2t

c21 + 2i Δ2 − Δ1( 
 .

(A.4)

For deriving time evolution of the density matrix
element ρ33(t), the differential equation which has

been solved in detail in reference [29] should be
considered.

_ρ33(t) �
iΩ2
2

ρ32e
iω2t

− ρ23e
− iω2t

  +
iΩ1
2

ρ31e
iω1t

− ρ13e
− iω1t

 

− Γ3ρ33.
(A.5)

At small vibrations, it can be concluded that

_ρ33(t) �
iΩ1
2

ρ31 − ρ13(  +
iΩ2
2

ρ32 − ρ23(  − Γ3ρ33. (A.6)

By considering
ρ31 � ρ∗31,

ρ32 � ρ∗32,
(A.7)

the concluding relation will be
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_ρ33(t) �
iΩ1
2

× 2Im ρ31(  +
iΩ2
2

× 2Im ρ32(  − Γ3ρ33 � Ω1ρ31 +Ω2ρ32 − Γ3ρ33, (A.8)

ρ33 �


dt Ω1ρ31 +Ω2ρ32 − Γ3ρ33( .
(A.9)

*is relation can be simulated by using (A.3), (A.2), and
the real value of the experiment [33], as listed in Table 1.

*e results of the simulation are presented in Figure 3.

Data Availability

*e data used to support the findings of this study are
available from the corresponding author upon request.
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