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Abstract: In this paper, we present a method for measuring arbitrary-order correlation functions

of the light field using a two-level atomic system. Theoretically, light field information should be

mapped onto the atomic system after the light interacts with the atom. Therefore, we can measure the

atomic system and thus obtain information about the light field. We study two typical models, the

p-photon Jaynes–Cummings model, and the p-photon Tavis–Cummings model. In both models, we

find that the pth-order correlation function of an unknown light field can be obtained by measuring

the instantaneous change of energy of the two-level atoms with the aid of a known reference light

field. Moreover, we find that the interactions other than the dipole interactions between light and

atoms have no effect on the measurement results.

Keywords: correlation functions; indirect measurement; two-level atoms; Jaynes–Cummings model;

Tavis–Cummings model

1. Introduction

In quantum optics, light with quantum correlations is widely used in quantum com-
munication [1–8], quantum computing [9–17], quantum metrology [18–21], quantum imag-
ing [22–26], and quantum sensing [27–30]. In addition, correlation functions of light field
proposed by Glauber are also commonly used to distinguish the quantum and classical
nature of the light field [31–33]. Unnormalized equal-time pth-order correlation functions
of light fields proposed by Glauber are defined as g(p)(0) = 〈â†p âp〉, where â† and â
are the photon creation and annihilation operators of the light field, respectively. These
correlation functions can characterize some properties of the light field. For example,
the equal-time first-order correlation function g(1)(0) of the light field characterizes the
average photon number of the light field. Additionally, these functions can be used to
characterize some quantum phenomena in the quantum light field that are not observed
in the classical system. The most well known is the equal-time second-order correlation
function g(2)(0), which is commonly used to distinguish between classical and quantum
light fields. For example, when g(2)(0) < [g(1)(0)]2, the light field shows a well-known
antibunching phenomenon [34–40], which quantifies how the detection of one photon
from a source affects the probability of detecting another photon; this is a typical quantum
phenomenon. In general, g(2)(0)/[g(1)(0)]2 < 0.5 means that the light field is a good
single-photon source [41–46]. Of course, a strictly single-photon source needs to satisfy
g(2)(0)/[g(1)(0)]2 = 0. Single-photon sources play a very critical role in quantum net-
works [47], universal linear quantum computing [48], and boson sampling [49]. Moreover,
the resolution of the microscope can be improved by the second-order correlation function
of the optical field [50].

The correlation function of the optical field is a significant feature of the optical
field, so the measurement of the correlation function of the optical field is a problem
that needs to be solved. In 1956, Hanbury Brown and Twiss pioneered a new class of
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optical interferometry experiments in which the second-order correlation function of the
optical field was observed for the first time [51]. From this experiment, theoretical and
experimental studies of the nonclassical nature of light became a very hot area of research,
which is also known as quantum optics [52]. In addition, methods or devices for measuring
the second-order correlation function of the optical field include random phase modulation
methods [53], analog detectors [54], linear detectors [55,56], and reversed-wavefront Young
interferometers [57].

However, when we study the statistical properties of the optical field in detail, it is
not enough to measure the first- and second-order correlation functions of the optical field.
For example, when we study two-photon blockades, we need to measure the second-order
correlation function and the third-order correlation function. When we study more photon
blockades, higher-order correlation function measurements are required. Based on this
practical problem, we propose a method to indirectly obtain the pth-order correlation
function of the light field by measuring the energy change of atoms. In the following,
we investigate this indirect measurement method with an extended p-photon Jaynes–
Cummings (JC) model and an extended p-photon Tavis–Cummings (TC) model.

2. Measuring the pth-Order Correlation Function of the Light Field in p-Photon
JC Model

We consider an extended p-photon Jaynes–Cummings model (as shown in Figure 1a)
with the following Hamiltonian (h̄ = 1):

ĤJC = ωa â† â +
ω0

2
σ̂z + g(â†pσ̂− + σ̂+ âp) +

U

2
â†2 â2 + γâ† âσ̂z, (1)

where p is an integer greater than or equal to 1. ωa and ω0 are the eigenfrequency of the op-
tical cavity and the transition frequency of the two-level atom, respectively. g is the dipole
interaction strength between the cavity field and the single atom, U is the Kerr-type nonlin-
ear interaction strength of the optical field, and γ is the dispersion interaction between the
cavity field and the single atom. â and â† are, respectively, the annihilation and creation
operators of the single-mode cavity field that satisfy the usual bosonic commutation rela-
tion [â, â†] = 1. σ̂x,y,z are the usual Pauli operators, and σ̂± = 1

2 (σ̂x ± iσ̂y). Experimentally,
the multiphoton JC model can be implemented in systems such as superconducting circuits
and trapped ions [58–62].

Figure 1. (a) Schematic diagram of the JC model with a single two-level atom interacting with a

single-mode optical field. (b) Schematic diagram of the TC model with multiple two-level atoms

interacting with a single-mode optical field.
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Here, we assume that the light field is in an unknown state |ϕa(0)〉 and the atom is
in the ground state |g〉, that is, the initial state of the total system is |ψ(0)〉 = |ϕa(0)〉 ⊗
|g〉 = ∑

∞
n=0 cn|g, n〉, where cn = 〈n|ϕa(0)〉 and |n〉 is the number state of the optical

field. Since the total excitation number is conserved (the total excitation number operator
N̂e = â† â + p|e〉〈e| satisfies the condition [N̂e, ĤJC] = 0), we can assume that the state of
the system at time t has the following form:

|ψ(t)〉 =
∞

∑
n=0

cn[C
e
n−p(t)|e, n − p〉+ C

g
n(t)|g, n〉], (2)

where Ce
n−p(0) = 0 and C

g
n(0) = 1. Substituting Equations (1) and (2) into the Schrödinger

equation, we can obtain two differential equations:

i
d

dt
Ce

n−p(t) = A(n)Ce
n−p(t) + B(n)C

g
n(t), (3)

i
d

dt
C

g
n(t) = B(n)Ce

n−p(t) + D(n)C
g
n(t), (4)

where

A(n) =
ω0

2
+ ωa(n − p) +

U

2
(n − p)(n − p − 1) + γ(n − p), (5)

B(n) = g
√

n!/(n − p)!, (6)

D(n) = −
ω0

2
+ ωan −

U

2
n(n − 1)− γn. (7)

The above two differential equations are easy to solve using the Laplace transform,
and we give the specific solution procedure in Appendix A. Then, we can obtain the
solutions of these two differential equations as follows:

Ce
n−p(t) = z1[cos(x2t)− cos(x1t)]− i(z1[sin(x2t)− sin(x1t)]), (8)

C
g
n(t) = y1 cos(x1t)− y2 cos(x2t)− i[y1 sin(x1t)− y2 sin(x2t)], (9)

where

x1 =
[A(n) + D(n)]−

√

[A(n)− D(n)]2 + 4B2(n)

2
, (10)

x2 =
[A(n) + D(n)] +

√

[A(n)− D(n)]2 + 4B2(n)

2
, (11)

y1 =
A(n)− x1

x2 − x1
, (12)

y2 =
A(n)− x2

x2 − x1
, (13)

z1 =
B(n)

x2 − x1
. (14)

When p = 1 and U = γ = 0, Equations (8) and (9) can be reduced to the results of the
single-photon JC model [63].

When the total system starts evolving with an initial state |ψ(0)〉 = |ϕa(0)〉 ⊗ |φ〉,
where |ϕa(0)〉 is an unknown initial state of the light field to be measured, and |φ〉 is a
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known initial state of the prepared probe atom (|φ〉 = |g〉 in here). Then, we can obtain the
energy acquired by the atom from the light field at time t as follows:

∆E(|ψ(0)〉, t) = 〈ψ(t)|
ω0

2
σ̂z|ψ(t)〉 − 〈ψ(0)|

ω0

2
σ̂z|ψ(0)〉

=
∞

∑
n=0

|cn|
2
(

∣

∣

∣
Ce

n−p(t)
∣

∣

∣

2
−
∣

∣

∣
C

g
n(t)

∣

∣

∣

2
)

+ 1. (15)

Theoretically, since different light fields make different energy changes in the atom,
we can distinguish light fields according to the difference in energy changes of the atom.
In order to extract information about the light field from the energy change of the atom,
we need a scale. Finally, by the ratio of the energy change of the atom to this scale, we can
obtain information about the light field. Here, we choose the change of the atomic energy
as a scale when the initial state of the total system is a known initial state. Therefore, when
the initial state of the total system is |ψr(0)〉 = |ϕr〉 ⊗ |g〉, where |ϕr〉 is a known initial state
of the light field. Thus, |ψr(0)〉 is a known initial state, and we call it a known reference
state. Then we can similarly obtain the energy obtained by the atom from the light field at
time t

∆E(|ψr(0)〉, t) = 〈ψr(t)|
ω0

2
σ̂z|ψr(t)〉 − 〈ψr(0)|

ω0

2
σ̂z|ψr(0)〉

=
∞

∑
m=0

|dm|
2
(

∣

∣

∣
Ce

m−p(t)
∣

∣

∣

2
−
∣

∣

∣
C

g
m(t)

∣

∣

∣

2
)

+ 1, (16)

where dm = 〈m|ϕr〉 and |m〉 is the number state of the optical field. Here, we refer to
∆E(|ψr(0)〉, t) as the scale of the atomic energy change.

In the following, we start to investigate the ratio of the energy acquired by the atom in
the unknown light field and in the known light field, respectively, when t → 0. Thus, we
are able to obtain the following expression:

lim
t→0

∆E(|ψ(0)〉, t)

∆E(|ψr(0)〉, t)
= lim

t→0

∑
∞
n=0|cn|

2
(

∣

∣

∣
Ce

n−p(t)
∣

∣

∣

2
−
∣

∣

∣
C

g
n(t)

∣

∣

∣

2
)

+ 1

∑
∞
m=0|dm|

2
(

∣

∣

∣
Ce

m−p(t)
∣

∣

∣

2
−
∣

∣

∣
C

g
m(t)

∣

∣

∣

2
)

+ 1

. (17)

When t → 0, since |Ce
n−p(t)|

2 = |Ce
m−p(t)|

2 = 0 and |C
g
n(t)|

2 = |C
g
m(t)|

2 = 1, accord-
ing to L’Hôpital’s law, we need to consider the first-order derivatives of the numerator
and denominator in Equation (20) with respect to time t. These two derivatives are easily
derived as follows:

d

dt

∣

∣

∣
Ce

n−p(t)
∣

∣

∣

2
= 2(z1[cos(x2t)− cos(x1t)])(z1[−x2 sin(x2t) + x1 sin(x1t)])

+2(z1[sin(x2t)− sin(x1t)])(z1[x2 cos(x2t)− x1 cos(x1t)]), (18)

d

dt

∣

∣

∣
C

g
n(t)

∣

∣

∣

2
= 2[y1 cos(x1t)− y2 cos(x2t)][−y1x1 sin(x1t) + y2x2 sin(x2t)]

+2[y1 sin(x1t)− y2 sin(x2t)][y1x1 cos(x1t)− y2x2 cos(x2t)]. (19)

Since |Ce
m−p(t)|

2 and |C
g
m(t)|

2 have the same derivatives with respect to time t as

|Ce
n−p(t)|

2 and |C
g
n(t)|

2, we do not have a redundant representation here. Obviously, since

lim
t→0

d

dt
|Ce

n−p(t)|
2 = 0, (20)

lim
t→0

d

dt
|C

g
n(t)|

2 = 0, (21)



Photonics 2022, 9, 727 5 of 13

according to L’Hôpital’s law, we need to consider the second-order derivatives of the
numerator and denominator in Equation (17) with respect to time t, and they are

d2

dt2

∣

∣

∣
Ce

n−p(t)
∣

∣

∣

2
= 2

d(z1[cos(x2t)− cos(x1t)])

dt
(z1[−x2 sin(x2t) + x1 sin(x1t)])

+2(z1[cos(x2t)− cos(x1t)])
d(z1[−x2 sin(x2t) + x1 sin(x1t)])

dt

+2(z1[sin(x2t)− sin(x1t)])
d(z1[x2 cos(x2t)− x1 cos(x1t)])

dt
+2(z1[x2 cos(x2t)−x1 cos(x1t)])(z1[x2 cos(x2t)− x1 cos(x1t)]), (22)

d2

dt2

∣

∣

∣
C

g
n(t)

∣

∣

∣

2
= 2[y1 cos(x1t)− y2 cos(x2t)]

[

−y1x2
1 cos(x1t) + y2x2

2 cos(x2t)
]

+2[y1x1 cos(x1t)−y2x2 cos(x2t)][y1x1 cos(x1t)−y2x2 cos(x2t)]. (23)

Then, we can obtain

lim
t→0

d2

dt2

∣

∣

∣
Ce

n−p(t)
∣

∣

∣

2
= 2[z1(x2 − x1)]

2

= 2B(n)2, (24)

lim
t→0

d2

dt2

∣

∣

∣
C

g
n(t)

∣

∣

∣

2
= 2(y1 − y2)

(

−y1x2
1 + y2x2

2

)

+ 2(y1x1 − y2x2)
2

= −2B(n)2. (25)

By L’Hôpital’s law, substituting Equations (24) and (25) into Equation (17), we obtain

lim
t→0

∆E(|ψ(0)〉, t)

∆E(|ψr(0)〉, t)
=

∑
∞
n=0|cn|

2B2(n)

∑
∞
m=0|dm|

2B2(m)
=

∑
∞
n=0|cn|

2√n!/(n − p)!

∑
∞
m=0|dm|

2√m!/(m − p)!
. (26)

And since 〈ψ(0)|â†p âp|ψ(0)〉 = ∑
∞
n=0|cn|

2√n!/(n − p)!, the above equation actually
represents the following equation

lim
t→0

∆E(|ψ(0)〉, t)

∆E(|ψr(0)〉, t)
=

〈ψ(0)|â†p âp|ψ(0)〉

〈ψr(0)|â†p âp|ψr(0)〉
. (27)

We rewrite the above equation as

〈ψ(0)|â†p âp|ψ(0)〉 = 〈ψr(0)|â
†p âp|ψr(0)〉 lim

t→0

∆E(|ψ(0)〉, t)

∆E(|ψr(0)〉, t)
. (28)

Since |ψr(0)〉 is a light field initial state known to us, in effect, both 〈ψr(0)|â†p âp|ψr(0)〉
and ∆E(|ψr(0)〉, t) are known. Therefore, we only need to measure the change in energy
of the atom over a short period of time to obtain the pth-order correlation function of the
unknown light field |ψ(0)〉.

In order to verify the above conclusions from the actual dynamical evolution of the
atom, we plot the variation of the energy obtained by the atom from the light field with time
for the single-photon JC model and the two-photon JC model in Figure 2a,b, respectively,
when the system takes different parameter values and different initial states. It is worth
noting, in particular, that the red dashed line indicates the variation of the energy acquired
by the atom from the light field with time for a known reference state. To extract information
about the unknown light field from the variation of the atomic energy, we compare the
energy acquired by the atom from the unknown light field with the energy acquired by
the atom from the known light field to obtain information about the unknown light field.
For example, we plot in Figure 2c,d the relative ratios of the energy obtained by the atom
from the unknown light field in the single-photon JC model and the two-photon JC model
with the aid of the reference state as a function of time, respectively. Obviously, when the
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interaction time between the atom and the light field is short enough, we can obtain the
first-order correlation function and the second-order correlation function of the unknown
light field by measuring the energy change of the atom with the assistance of a known
reference state. Of course, we can also obtain higher-order correlation functions for the
unknown light field, which we will not redundantly discuss here.

Furthermore, we can see from Figure 2c,d that when t → 0, different values of γ and U
do not affect the value of this correlation function of the light field obtained by measuring
the energy change of the atoms. That is, the elastic collision interactions between the atom
and the light field and between photon and photon do not affect the results obtained by
this measurement method.
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Figure 2. (a) Variation with time of the energy acquired by atoms from the light field in the single-

photon JC model for different parameters and different initial states. (b) Variation with time of the

energy acquired by atoms from the light field in the two-photon JC model for different parameters

and different initial states., respectively. (c) The ratio of the energy acquired by an atom from an

unknown light field and a known reference light field in the single-photon JC model as a function

of time. (d) The ratio of the energy acquired by an atom from an unknown light field and a known

reference light field in the two-photon JC model as a function of time. The initial state of the total

system is |ψ(0)〉 = |ϕa(0)〉 ⊗ |g〉 and the known reference state is |ψr(0)〉 = |ϕr〉 ⊗ |g〉. The values of

other parameters are ωa = 1, ω0 = ωa, and the values of U and γ in the figure are all ratios to ωa.
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3. Measuring the pth-Order Correlation Function of the Optical Field in p-Photon
TC Model

Above, we have investigated how to obtain the correlation function of the unknown
light field in the JC model using the measurement of the energy change of a single atom.
Here, we study how to obtain the correlation function of the unknown light field in the
TC model using the energy change of multiple atoms. The Hamiltonian of an extended
p-photon TC model (as shown in Figure 1b) is as follows:

ĤTC = ωa â† â + ω0 Ĵz + g(â†p Ĵ− + Ĵ+ âp) +
U

2
â†2 â2 + γâ† â Ĵz + χ Ĵ2

z , (29)

where Ĵα (α = x, y, z) is the collective angular momentum operator for the spin ensemble
consisting of N identical two-level atoms; these operators Ĵx, Ĵy, Ĵz satisfy the commutation
relation of SU(2) algebra and Ĵ± = Ĵx ± i Ĵy. χ is the strength of the interaction between the
atoms, and the other parameters are the same as in the JC model.

When we were studying single-photon TC quantum batteries before [64], we found
an interesting phenomenon, which is expressed by the following equation:

lim
t→0

∆E(|m〉, t)

∆E(|M〉, t)
=

m

M
, (30)

where |m〉 and |M〉 denote the two number states, respectively, and ∆E(|m〉, t) (or ∆E(|M〉, t))
denotes the variation of the energy obtained by all the atoms from the number state light
field |m〉 (or |M〉) with time t. Furthermore, when the initial state of the total system is
|ψ(0)〉 = |ϕa(0)〉 ⊗ |J,−J〉 (J = N/2), where |ϕa(0)〉 denotes that the light field is in an
arbitrary state as well as |J,−J〉 denoting that the atoms are in the ground state, the energy
that the atoms acquire from the light field at time t is [64]

∆E(|ϕa(0)〉, t) =
∞

∑
m=0

|c(|m〉, |ϕa(0)〉)|
2∆E(|m〉, t), (31)

where |c(|m〉, |ϕa(0)〉)|2 is the probability distribution of the initial state |ϕa(0)〉 in the
number states.

Similar to the idea of the study in the JC model, we choose a number state |M〉 as a
known reference light field, then we can obtain the following expression:

lim
t→0

∆E(|ϕa(0)〉, t)

∆E(|M〉, t)
〈M|â† â|M〉. (32)

Substituting Equation (31) into Equation (32), we can obtain

lim
t→0

∆E(|ϕa(0)〉, t)

∆E(|M〉, t)
〈M|â† â|M〉

= lim
t→0

∑
∞
m=0 |c(|m〉, |ϕa(0)〉)|2∆E(|m〉, t)

∆E(|M〉, t)
〈M|â† â|M〉

=
∑

∞
m=0 |c(|m〉, |ϕa(0)〉)|2m

M
M

= 〈ϕa(0)|â
† â|ϕa(0)〉. (33)

For the above equation, it is also possible to obtain information on the average photon
number of the unknown light field by measuring the change in the energy acquired by the
atoms from the unknown light field with the assistance of a known reference state.

When the light field takes different initial states and the Hamiltonian of the total
system takes different parameter values, in Figure 3a,b, we plot the variation of the energy
acquired by the atoms from the light field with time in the single-photon TC model and
the two-photon TC model, respectively. Furthermore, in Figure 3c,d, we plot the variation
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of the relative ratio of the energy acquired by the atoms in the single-photon TC model
and the two-photon TC model with respect to time, respectively. We find that when the
time is sufficiently short, i.e., t → 0, with the assistance of a known reference state, we can
completely obtain the pth-order correlation function of the optical field by measuring the
change of atomic energy in the p-photon TC model.
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Figure 3. (a) Variation with time of the energy acquired by the all atoms from the light field in

the single-photon TC model for different parameters and different initial states. (b) Variation with

time of the energy acquired by the all atoms from the light field in the two-photon TC model for

different parameters and different initial states, respectively. (c) The ratio of the energy acquired by

the all atoms from an unknown light field and a known reference light field in the single-photon TC

model as a function of time. (d) The ratio of the energy acquired by the all atoms from an unknown

light field and a known reference light field in the two-photon TC model as a function of time.

The initial state of the total system is |ψ(0)〉 = |ϕa(0)〉 ⊗ |J,−J〉 and the known reference state is

|ψr(0)〉 = |M = 3〉 ⊗ |J,−J〉. The values of other parameters are ωa = 1, ω0 = ωa, and the values of

U , γ and χ in the figure are all ratios to ωa.

Here, we can compare the p-photon TC model with the p-photon JC model. When
t → 0, we find that using the change of atomic energy in the p-photon TC model to obtain
the pth-order correlation function of the light field is the same as that using the p-photon JC
model. That is, this indirect measurement is independent of the specific atomic number and
is only related to the form of the dipole interaction between the atom and the light field.
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All the data obtained from the numerical calculations in Figure 3 were performed by
QuTIP [65], a quantum toolbox.

4. Conclusions

In conclusion, we propose a method to indirectly measure the pth-order correlation
function of the optical field using a two-level atomic system. We find that with the aid of a
known reference state, the information of the pth-order correlation function of the optical
field can be extracted by measuring the energy change of the atoms. We investigate the
advantage of this measurement method using the p-photon JC model and the p-photon
TC model, respectively, that is, the ability to measure arbitrary order correlation functions
compared to other methods. We find that any interaction in the system other than the
dipole interaction between light and atoms does not affect the measurement results, i.e., this
measurement method is robust to other possible interactions. Finally, we compare this
indirect measurement method in both models, and we find that this measurement method
depends only on the dipole interaction between light and atoms, independent of the specific
number of atoms involved in the measurement.
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Appendix A. The Specific Solution Procedure for the System of Differential

Equations (3) and (4)

Here, we give the specific solution procedure for Equations (3) and (4). Substitut-
ing Equations (1) and (2) into the Schrödinger equation, we can obtain two differential
equations:

i
d

dt
Ce

n−p(t) = A(n)Ce
n−p(t) + B(n)C

g
n(t), (A1)

i
d

dt
C

g
n(t) = B(n)Ce

n−p(t) + D(n)C
g
n(t), (A2)

where

A(n) =
ω0

2
+ ωa(n − p) +

U

2
(n − p)(n − p − 1) + γ(n − p), (A3)

B(n) = g
√

n!/(n − p)!, (A4)

D(n) = −
ω0

2
+ ωan −

U

2
n(n − 1)− γn. (A5)
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We make a Laplace transform of Ce
n−p(t) and C

g
n(t), i.e., X(s) = L

[

Ce
n−p(t)

]

, Y(s) =

L
[

C
g
n(t)

]

. Then, Equations (A1) and (A2) become the following expressions:

sX(s)− Ce
n−p(0) = −iA(n)X(s)− iB(n)Y(s) (A6)

sY(s)− C
g
n(0) = −iB(n)X(s)− iD(n)Y(s) (A7)

From the initial condition, we have Ce
n−p(0) = 0, C

g
n(0) = 1, then we can obtain

X(s) =
−iB(n)

s + iA(n)
Y(s) (A8)

Y(s) =
s + iA(n)

(s + iD(n))(s + iA(n)) + B(n)2
(A9)

Since (s + iC(n))(s + iA(n)) + B2(n) = (s + ix1)(s + ix2), where

x1 =
(A(n) + D(n))−

√

(A(n)− D(n))2 + 4B2(n)

2
, (A10)

x2 =
(A(n) + D(n)) +

√

(A(n)− D(n))2 + 4B2(n)

2
, (A11)

Then

Y(s) =
s + iA(n)

(s + ix1)(s + ix2)

=
y1

s + ix1
−

y2

s + ix2

= y1

[

s

s2 + x2
1

− i
x1

s2 + x2
1

]

− y2

[

s

s2 + x2
2

− i
x2

s2 + x2
2

]

(A12)

where y1 = A(n)−x1
x2−x1

, y2 = A(n)−x2
x2−x1

. Finally, we perform an inverse Laplace transform on

Y(s) to obtain

C
g
n(t) = L−1[Y(s)] = y1 cos(x1t)− y2 cos(x2t)− i[y1 sin(x1t)− y2 sin(x2t)] (A13)

Similarly, we can obtain

X(s) =
−iB(n)

s + iA(n)
Y(s)

=
−iB(n)y1

(s + iA(n))(s + ix1)
+

iB(n)y2

(s + iA(n))(s + ix2)

= z1

(

s

s2 + A2(n)
− i

A(n)

s2 + A2(n)

)

− z1

(

s

s2 + x2
1

− i
x1

s2 + x2
1

)

+z2

(

s

s2 + A2(n)
− i

A(n)

s2 + A2(n)

)

− z2

(

s

s2 + x2
2

− i
x2

s2 + x2
2

)

(A14)

where z1 = −B(n)y1

x1−A(n)
= −B(n)

x1−A(n)
A(n)−x1

x2−x1
= B(n)

x2−x1
, z2 = B(n)

x2−A(n)
A(n)−x2

x2−x1
= −B(n)

x2−x1
= −z1.

Similarly, we perform an inverse Laplace transform on X(s) to obtain

Ce
n−p(t) = L−1[X(s)] = z1[cos(A(n)t)− cos(x1t)] + z2[cos(A(n)t)− cos(x2t)]

−i(z1[sin(A(n)t)− sin(x1t)] + z2[sin(A(n)t)− sin(x2t)])

= z1[cos(x2t)− cos(x1t)]− i(z1[sin(x2t)− sin(x1t)]) (A15)
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Substituting Equations (A13) and (A15) into Equation (2), we obtain the quantum state
of the total system at time t.
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11. O’brien, J.L.; Furusawa, A.; Vučković, J. Photonic quantum technologies. Nat. Photonics 2009, 3, 687–695. [CrossRef]

12. Flamini, F.; Spagnolo, N.; Sciarrino, F. Photonic quantum information processing: A review. Rep. Prog. Phys. 2018, 82, 016001.

[CrossRef] [PubMed]

13. Liu, X.F.; Wang, T.J.; Gao, Y.P.; Cao, C.; Wang, C. Chiral microresonator assisted by Rydberg-atom ensembles. Phys. Rev. A 2018,

98, 033824. [CrossRef]

14. Slussarenko, S.; Pryde, G.J. Photonic quantum information processing: A concise review. Appl. Phys. Rev. 2019, 6, 041303.

[CrossRef]

15. Kang, Y.H.; Shi, Z.C.; Song, J.; Xia, Y. Heralded atomic nonadiabatic holonomic quantum computation with Rydberg blockade.

Phys. Rev. A 2020, 102, 022617. [CrossRef]

16. Kang, Y.H.; Shi, Z.C.; Huang, B.H.; Song, J.; Xia, Y. Flexible scheme for the implementation of nonadiabatic geometric quantum

computation. Phys. Rev. A 2020, 101, 032322. [CrossRef]

17. Zheng, R.H.; Xiao, Y.; Su, S.L.; Chen, Y.H.; Shi, Z.C.; Song, J.; Xia, Y.; Zheng, S.B. Fast and dephasing-tolerant preparation of

steady Knill-Laflamme-Milburn states via dissipative Rydberg pumping. Phys. Rev. A 2021, 103, 052402. [CrossRef]

18. Polino, E.; Valeri, M.; Spagnolo, N.; Sciarrino, F. Photonic quantum metrology. AVS Quantum Sci. 2020, 2, 024703. [CrossRef]

19. Giovannetti, V.; Lloyd, S.; Maccone, L. Advances in quantum metrology. Nat. Photonics 2011, 5, 222–229. [CrossRef]

20. Zheng, R.H.; Kang, Y.H.; Su, S.L.; Song, J.; Xia, Y. Robust and high-fidelity nondestructive Rydberg parity meter. Phys. Rev. A

2020, 102, 012609. [CrossRef]

21. Barbieri, M. Optical Quantum Metrology. PRX Quantum 2022, 3, 010202. [CrossRef]

22. Lugiato, L.A.; Gatti, A.; Brambilla, E. Quantum imaging. J. Opt. B Quantum Semiclassical Opt. 2002, 4, S176–S183. [CrossRef]

23. Lemos, G.B.; Borish, V.; Cole, G.D.; Ramelow, S.; Lapkiewicz, R.; Zeilinger, A. Quantum imaging with undetected photons.

Nature 2014, 512, 409–412. [CrossRef] [PubMed]

24. Berchera, I.R.; Degiovanni, I.P. Quantum imaging with sub-Poissonian light: Challenges and perspectives in optical metrology.

Metrologia 2019, 56, 024001. [CrossRef]

25. Gilaberte Basset, M.; Setzpfandt, F.; Steinlechner, F.; Beckert, E.; Pertsch, T.; Gräfe, M. Perspectives for applications of quantum

imaging. Laser Photonics Rev. 2019, 13, 1900097. [CrossRef]

26. Kang, Y.H.; Shi, Z.C.; Song, J.; Xia, Y. Effective discrimination of chiral molecules in a cavity. Opt. Lett. 2020, 45, 4952–4955.

[CrossRef] [PubMed]

27. Degen, C.L.; Reinhard, F.; Cappellaro, P. Quantum sensing. Rev. Mod. Phys. 2017, 89, 035002. [CrossRef]

28. Pirandola, S.; Bardhan, B.R.; Gehring, T.; Weedbrook, C.; Lloyd, S. Advances in photonic quantum sensing. Nat. Photonics 2018,

12, 724–733. [CrossRef]

29. Lawrie, B.J.; Lett, P.D.; Marino, A.M.; Pooser, R.C. Quantum sensing with squeezed light. ACS Photonics 2019, 6, 1307–1318.

[CrossRef]

30. Clark, A.S.; Chekhova, M.; Matthews, J.C.; Rarity, J.G.; Oulton, R.F. Special Topic: Quantum sensing with correlated light sources.

Appl. Phys. Lett. 2021, 118, 060401. [CrossRef]

31. Glauber, R.J. Photon Correlations. Phys. Rev. Lett. 1963, 10, 84–86. [CrossRef]

32. Glauber, R.J. The Quantum Theory of Optical Coherence. Phys. Rev. 1963, 130, 2529–2539. [CrossRef]

http://doi.org/10.1126/science.279.5348.205
http://www.ncbi.nlm.nih.gov/pubmed/9422688
http://dx.doi.org/10.1103/PhysRevA.59.1092
http://dx.doi.org/10.1038/nphoton.2007.22
http://dx.doi.org/10.1103/PRXQuantum.2.010304
http://dx.doi.org/10.1088/1367-2630/ac8699
http://dx.doi.org/10.34133/2022/9798679
http://www.ncbi.nlm.nih.gov/pubmed/35586151
http://dx.doi.org/10.1103/PRXQuantum.2.040334
http://dx.doi.org/10.1103/PRXQuantum.3.020315
http://dx.doi.org/10.1103/PhysRevLett.92.127902
http://dx.doi.org/10.1364/OE.25.026638
http://dx.doi.org/10.1038/nphoton.2009.229
http://dx.doi.org/10.1088/1361-6633/aad5b2
http://www.ncbi.nlm.nih.gov/pubmed/30421725
http://dx.doi.org/10.1103/PhysRevA.98.033824
http://dx.doi.org/10.1063/1.5115814
http://dx.doi.org/10.1103/PhysRevA.102.022617
http://dx.doi.org/10.1103/PhysRevA.101.032322
http://dx.doi.org/10.1103/PhysRevA.103.052402
http://dx.doi.org/10.1116/5.0007577
http://dx.doi.org/10.1038/nphoton.2011.35
http://dx.doi.org/10.1103/PhysRevA.102.012609
http://dx.doi.org/10.1103/PRXQuantum.3.010202
http://dx.doi.org/10.1088/1464-4266/4/3/372
http://dx.doi.org/10.1038/nature13586
http://www.ncbi.nlm.nih.gov/pubmed/25164751
http://dx.doi.org/10.1088/1681-7575/aaf7b2
http://dx.doi.org/10.1002/lpor.201900097
http://dx.doi.org/10.1364/OL.398859
http://www.ncbi.nlm.nih.gov/pubmed/32870900
http://dx.doi.org/10.1103/RevModPhys.89.035002
http://dx.doi.org/10.1038/s41566-018-0301-6
http://dx.doi.org/10.1021/acsphotonics.9b00250
http://dx.doi.org/10.1063/5.0041043
http://dx.doi.org/10.1103/PhysRevLett.10.84
http://dx.doi.org/10.1103/PhysRev.130.2529


Photonics 2022, 9, 727 12 of 13

33. Mandel, L.; Wolf, E. Optical Coherence and Quantum Optics; Cambridge University Press: Cambridge, UK, 1995.

34. Paul, H. Photon antibunching. Rev. Mod. Phys. 1982, 54, 1061–1102. [CrossRef]

35. Davidovich, L. Sub-Poissonian processes in quantum optics. Rev. Mod. Phys. 1996, 68, 127–173. [CrossRef]

36. Birnbaum, K.M.; Boca, A.; Miller, R.; Boozer, A.D.; Northup, T.E.; Kimble, H.J. Photon blockade in an optical cavity with one

trapped atom. Nature 2005, 436, 87–90. [CrossRef]

37. Huang, J.F.; Liao, J.Q.; Sun, C.P. Photon blockade induced by atoms with Rydberg coupling. Phys. Rev. A 2013, 87, 023822.

[CrossRef]

38. Liao, J.Q.; Nori, F. Photon blockade in quadratically coupled optomechanical systems. Phys. Rev. A 2013, 88, 023853. [CrossRef]

39. Huang, R.; Miranowicz, A.; Liao, J.Q.; Nori, F.; Jing, H. Nonreciprocal Photon Blockade. Phys. Rev. Lett. 2018, 121, 153601.

[CrossRef]

40. Chakram, S.; He, K.; Dixit, A.V.; Oriani, A.E.; Naik, R.K.; Leung, N.; Kwon, H.; Ma, W.L.; Jiang, L.; Schuster, D.I. Multimode

photon blockade. Nat. Phys. 2022, 18, 879–884. [CrossRef]

41. Michler, P.; Kiraz, A.; Becher, C.; Schoenfeld, W.; Petroff, P.; Zhang, L.; Hu, E.; Imamoglu, A. A quantum dot single-photon

turnstile device. Science 2000, 290, 2282–2285. [CrossRef]

42. Gies, C.; Jahnke, F.; Chow, W.W. Photon antibunching from few quantum dots in a cavity. Phys. Rev. A 2015, 91, 061804.

[CrossRef]

43. Kaupp, H.; Hümmer, T.; Mader, M.; Schlederer, B.; Benedikter, J.; Haeusser, P.; Chang, H.C.; Fedder, H.; Hänsch, T.W.; Hunger, D.

Purcell-Enhanced Single-Photon Emission from Nitrogen-Vacancy Centers Coupled to a Tunable Microcavity. Phys. Rev. Appl.

2016, 6, 054010. [CrossRef]
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