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Coherent perfect absorption in a quantum nonlinear regime of cavity quantum electrodynamics
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Coherent perfect absorption (CPA) is investigated in the quantum nonlinear regime of cavity quantum
electrodynamics (CQED), in which a single two-level atom couples to a single-mode cavity weakly driven
by two identical laser fields. In the strong-coupling regime and due to the photon blockade effect, the weakly
driven CQED system can be described as a quantum system with three polariton states. CPA is achieved at a
critical input field strength when the frequency of the input fields matches the polariton transition frequency. In
the quantum nonlinear regime, the incoherent dissipation processes such as atomic and photon decays place a
lower bound for the purity of the intracavity quantum field. Our results show that under the CPA condition, the
intracavity field always exhibits the quadrature squeezing property manifested by the quantum nonlinearity, and
the outgoing photon flux displays the super-Poissonian distribution.
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I. INTRODUCTION

Control of photon absorption, scattering, and localization
is a current research topic in optical physics and has been
extensively investigated in both theories and experiments
[1–5]. Recently, coherent perfect absorption (CPA) that arises
from the interference of two counterpropagating light fields in
a confined cavity structure has attracted considerable interest
and may have potential applications in optical logical devices,
energy storage, information communication, and acoustic
absorption [6]. CPA has been studied in solid Fabry-Perot
etalons containing a loss medium [1,2], subwavelength thin
films [7–12], planar slab [13,14], metamaterials [15–18],
and waveguides [19,20]. The applications of CPA have been
explored in graphene [21–24], photonic structures [25–29],
resonators [30], and other complex-structure devices [31–34].
Most CPA studies are carried out in the linear optical regime
and the CPA systems are treated classically [1,7–31]. Some
recent studies of CPA have been extended to the nonlinear
optical regime. For example, the nonlinear CPA has been
investigated in a Helmholtz resonator [35] and a distributed
Bragg reflector [36]. Based on a semiclassical model, CPA
has been studied recently in a cavity quantum electrodynamics
(CQED) system consisting of N two-level atoms confined in a
single-mode cavity. The results show that CPA can be readily
observed in both the linear and nonlinear excitation regime
when the CQED system satisfies the strong collective coupling
condition [37,38]. In addition, the CQED system consisting
of N three-level atoms also demonstrates the feasibility of
interference control of perfect photon absorption in linear
excitation regimes [39].
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All previous studies of CPA are done on optical system
with multiple absorbers and classical light fields. One can
argue that with a large optical depth of the absorber, the input
light can essentially be completely absorbed, thus making
the CPA less useful for applications. However, if one can
manipulate the atom-photon coupling and ultimately realize
the ideal condition in which a single photon can be absorbed
with a 100% probability, it will provide a new insight for
studies of quantum nonlinear optics and its applications. It
was well known that for a single-atom CQED system in
the strong-coupling regime of the atom-photon interaction,
a photon can be converted into the atomic excitation with a
high probability through the polariton excitation. Distinct from
the previous theoretical and experimental investigations on
photon trapping in single-atom CQED systems with one-sided
driving [40–43], here we present a fully quantized analysis
of CPA in a CQED system consisting of a single two-level
atom coupled to a single-cavity mode with the use of two-sided
driving fields, and show that statistically CPA can be achieved
in the strong-coupling regime. Thus the CQED with CPA
fulfills the ideal goal of the atom-photon interaction: a single
photon is completely absorbed by a single atom, or the photonic
excitation with a single photon is converted into the atomic
excitation of a single atom with a 100% probability.

In the semiclassical treatment of CPA in the CQED system
with N two-level atoms via ignoring the quantum correlations,
the intracavity light is treated as a coherent field, and the
nonlinear CPA is induced by the destructive interference
between the intracavity field and input fields [38]. However, in
the quantum nonlinear regime of the CQED study presented
here, the dissipation processes decrease the coherence of the
intracavity field, and the interference between the coherent
input fields is different from that of the semiclassical analysis.
Using the secular approximation, we derive the analytical
expression of the output field from the cavity and show that the
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average amplitude of output field is nonlinearly dependent on
the input field. The CPA is realized in the nonlinear regime of
the CQED when the input laser fields match a critical intensity
and are resonant with the polariton transition. The nonlinearity
considered here is induced by the polariton excitation of the
CQED system, which is negligible in the linear CPA in a
multiatom CQED system. We also show that the incoherent
processes, such as atomic and cavity dissipations of excited po-
lariton states, reduce the coherence of the intracavity field and
place a lower bound on the purity of the intracavity field. The
quantum nonlinearity can also generate nonclassical statistical
properties such as the quadrature squeezing of the intracavity
field. We discuss the higher-order correlation function and
show that the coherent part of the intracavity field can interfere
with the input light, leading to a null average amplitude, but the
fluctuation of the output field is still nonzero due to the mixed
state of the intracavity field under the condition of CPA.

The paper is organized as follows. In Sec. II, the CQED
system is introduced; in Sec. III, the generation of CPA in
the quantum nonlinear regime is analyzed; in Sec. IV, the
quadrature squeezing of the intracavity field and the properties
of the output field are presented; and in Sec. V, the conclusion
is presented.

II. THE DESCRIPTION OF CQED SYSTEM

A typical CQED system is shown in Fig. 1, in which a
two-level atom couples to a cavity consisting of two high-
reflectivity mirrors that is driven by two laser fields al

in and
ar

in (with the same frequency νl = νr = ν) from two opposite
sides, respectively. In the rotating frame of the input laser
frequency, the system Hamiltonian

H = − δa†a − �

2
(σ †σ − σσ †) + g(σ †a + a†σ )

+ i

(
ar

in

√
κr

τ
+ al

in

√
κl

τ

)
(a† − a), (1)

where a is the annihilation operator of cavity mode, σ is
the atomic transition operator, δ = νl − νcav is the detuning
between the laser frequency νl and cavity frequency νcav, and
� = νl − νeg is the detuning between the laser frequency νl

and atomic frequency νeg. The atom-cavity coupling strength
is g, and the coupling coefficient of the input laser fields
and the cavity mode is

√
κi/τ (i = l,r), with the loss rate

κi related to the mirror transmission Ti and photon round-trip

FIG. 1. A typical CQED system consisting of a two-level atom
coupled to a two-sided cavity mode. The atom is strongly coupled to
the cavity mode, and the cavity mode is driven by two coherent laser
fields, al

in and ar
in, with the same frequency and amplitude from the

two ports.

time inside the cavity τ by κi = Ti/τ . We consider a symmetric
arrangement such that Tl = Tr = T , and then κl = κr = κ , the
total cavity decay rate 2κ .

The evolution of system is described by the master equation

ρ̇ = −i[H,ρ] + Lcρ + Laρ, (2)

in which the loss of cavity mode and atomic dissipation are
described by the Lindblad operators

Lcρ = κ(2aρa† − ρa†a − a†aρ),
(3)

Laρ = 	(2σρσ † − ρσ †σ − σ †σρ),

with the atomic dissipation rate 2	.
The output fields of the cavity from the two ports are

determined by the input-output equations

al
out =

√
T a − al

in, ar
out =

√
T a − ar

in. (4)

If the average amplitudes of output fields from the two ports
are equal to zero, the input lasers are completely absorbed by
CQED system, and CPA occurs [2,44].

III. GENERATION OF NONLINEAR CPA IN THE
SINGLE-PHOTON QUANTUM REGIME

Strong atom-cavity coupling in CQED is achievable in
single-atom or ion CQED systems [41,45,46], as well as
artificial atom systems such as quantum dots [47] and defect
centers [48]. The anharmonic energy-ladder structure is formed
in such CQED systems. When the cavity excitation rate is
much smaller than the atom-cavity coupling strength, the
system can be well treated approximately in the single-photon
excitation space due to the effect of the photon blockade at
the appropriate frequency of the driving laser fields. Thus, the
system can be excited from the ground state |0〉 = |g,0〉 only
to the first excited manifold {|e,0〉,|g,1〉}, when the frequency
of the driving laser fields is tuned near the transition frequency
of the first-order polariton states that are formed by strong
atom-cavity coupling as shown in Fig. 2.

(a) (b)

FIG. 2. (a) Level structure of the CQED system confined within
the single-excitation states due to the effect of the photon blockade
in the strong atom-cavity coupling regime. (b) Transitions between
the polariton states formed by the hybridizing atom and cavity modes
due to the strong atom-cavity coupling.
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A. Theoretical investigation of CPA in the polariton states

Under the condition of strong atom-cavity coupling g �
{κ,	,−δ + �}, the polariton states of hybridizing the atom
and cavity modes are formed as

|1〉 = cos φ|e,0〉 − sin φ|g,1〉,
(5)

|2〉 = sin φ|e,0〉 + cos φ|g,1〉,

where sin φ =
√

2�−�+δ
4�

, cos φ =
√

2�+�−δ
4�

, � =√
g2 + ( �−δ

2 )2, and the energy frequencies are −2δ ∓ �.
Then the CQED system can be approximately treated as a
three-level quantum system consisting of one ground state |0〉
and two excited states |1〉 and |2〉, as shown in Fig. 2(b). In

such polariton states, the cavity and atomic operators can be
rewritten as

a = − sin φ|0〉〈1| + cos φ|0〉〈2|,
(6)

σ = cos φ|0〉〈1| + sin φ|0〉〈2|,
and the Hamiltonian of this CQED system becomes

H = �

2
|0〉〈0| +

(
− δ

2
− �

)
|1〉〈1| +

(
− δ

2
+ �

)
|2〉〈2|

+ iε(− sin φ|1〉〈0| + cos φ|2〉〈0| + sin φ|0〉〈1|
− cos φ|0〉〈2|), (7)

where ε = √
κ
τ

(al
in + ar

in). Under the assumption of symmet-
rical laser inputs al

in = ar
in = ain, the total driving strength

becomes ε = 2
√

κ
τ
ain.

Taking into account cavity and atomic dissipations, the density-matrix elements obey the following set of coupled differential
equations:

˙ρ00 = ερ10 sin φ − ερ02 cos φ + ερ01 sin φ − ερ20 cos φ + 2(κ cos2 φ + 	 sin2 φ)(ρ11 + ρ22),

˙ρ01 =
[
−i

(
�

2
+ δ

2
+ �

)
− (κ sin2 φ + 	 cos2 φ)

]
ρ01 − ερ00 sin φ + ερ11 sin φ − ερ21 cos φ,

˙ρ02 =
[
−i

(
�

2
+ δ

2
− �

)
− (κ cos2 φ + 	 sin2 φ)

]
ρ02 + ερ00 cos φ + ερ12 sin φ − ερ22 cos φ,

˙ρ11 = −2(κ sin2 φ + 	 cos2 φ)ρ11 − ερ01 sin φ − ερ10 sin φ,

˙ρ12 = [2i� − (κ + 	)]ρ12 − ερ02 sin φ + ερ10 cos φ,

˙ρ22 = −2(κ cos2 φ + 	 sin2 φ)ρ22 + ερ02 cos φ + ερ20 cos φ. (8)

With appropriate chosen values of �, δ, and �, the states |0〉 and |2〉 are near resonant, i.e., the frequency detunings �
2 + δ

2 − �

close to the linewidth κ sin2 φ + 	 cos2 φ. While in the regime of strong coupling (2� � {κ,	}) and weak driving ({2�,κ} � ε),
transitions |0〉 → |1〉 and |1〉 → |2〉 are far off-resonance since the detuning is about 2�. Therefore, it is feasible to apply the
secular approximation by setting off-resonant terms ρ10, ρ11, ρ12, and ρ21 approximately equal to zero. Then evolution equations
of density matrix elements can be simplified to only concern the states of |0〉 and |2〉, and the solutions in the long-time limit are
in the form

ρ02 =
√

T −1

A0
[8(κ cos2 φ + 	 sin2 φ)κain cos φ − 4i(� + δ − 2�)κain cos φ], (9)

ρ22 = 16κ2a2
inT

−1 cos2 φ

A0
, (10)

ρ00 = 1

A0
[4(κ cos2 φ + 	 sin2 φ)2 + 16κ2a2

inT
−1 cos2 φ + (� + δ − 2�)2], (11)

where A0 = 4(κ cos2 φ + 	 sin2 φ)2 + (� + δ − 2�)2 + 32κ2a2
inT

−1 cos2 φ, and T is the transmittance of the mirror. The average
value of operator a becomes

〈a〉 = ain

√
T −1

A0
[8(κ cos2 φ + 	 sin2 φ)κ cos2 φ + 4i(� + δ − 2�)κ cos2 φ]. (12)

And the average value of number-operator 〈N〉 = ρ22 cos2 φ = 16κ2a2
inT

−1 cos4 φ/A0, where N = a†a.
From the input-output relation in Eq. (4) the output fields of two mirrors are equal and are given by

〈aout〉
ain

= (κ2 cos4 φ − 	2 sin4 φ) − 8κ2a2
inT

−1 cos2 φ − (
�
2 + δ

2 − �
)2 + 2i

(
�
2 + δ

2 − �
)
κ cos2 φ

(κ cos2 φ + 	 sin2 φ)2 + 8κ2a2
inT

−1 cos2 φ + (
�
2 + δ

2 − �
)2 . (13)

Equation (13) shows the nonlinear dependence on the input
field. The nonlinear relation indicates that the three-level

CQED model presented here is beyond the weak excitation
limit. In the weak excitation limit, the excitation is negligible
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FIG. 3. The output fields from the output ports which are equal
and scaled by the input field versus (a) the amplitude of input field ain

and (b) the detuning �/	 and amplitude of input field ain, with the
parameters κ = 2	, g = 10	, � = δ, and T = 0.01.

and ρ00 = 1, and then the output field 〈aout〉/ain = κ�−	δ
κ�+	δ

. The
conditions of perfect photon absorption are κ� = 	δ, which
is consistent with the linearized result derived semiclassically
for the multiatom CQED system in Ref. [37]. When the
excitation of the upper levels is included, the output field
becomes nonlinearly dependent on the input field. The perfect
absorption occurs when the following conditions are met:

�δ = g2, (14a)

a2
in = T (κ2�2 − 	2δ2)

8κ2�(� + δ)
. (14b)

The first relation requires that the input laser fields are
resonant to the transition |0〉 → |2〉 shown in Fig. 2(b), and
the second condition gives the required strength of input laser
fields for the CPA. The CPA appears only at a given input field
strength, which is a characteristic of the nonlinear dynamics.
In Fig. 3(a) we show the dependence of the output field on the
input field which reveals the difference from the linear CPA
that is independent of the input field strength [37]. Figure 3(b)
presents a two-dimensional (2D) contour plot demonstrating
that CPA can only occur when both the strength and the
frequency of the input fields satisfy Eq. (14).

In the quantum nonlinear CPA, the polariton excitation is
taken into account, and thus the photon scattered by the system
is the mixed state due to dissipation processes involved. The
underlying physics of the CPA can be further clarified when
the purity of the CQED states is analyzed.

B. The quantum nonlinear CPA limited
by the intracavity coherence

The underlying physics of CPA is the destructive interfer-
ence between the intracavity field and the coherent input field
[2]. In the linearized approach [37], the atomic population is in
the ground state, atomic excitation is ignorable, and quantum
dissipation processes do not play a role there. However for the
quantum CPA analysis presented here, the excitation in state
|2〉 becomes

ρ22 = κ� − 	δ

4κ�
, (15)

which is 0.125 when κ� = 2	δ. Now the incoherent processes
of the excited state, such as spontaneous atomic decay and
dissipation of cavity photons into free-space photons, should be

included. The incoherent processes will decrease the coherence
of the intracavity field and also influence the destructive
interference which requires the coherence.

To evaluate the influence of incoherent processes on CPA,
we analyze the purity of the intracavity photon state,

Tr(ρ2) = (1 − ρ22 cos2 φ)2 + 2|ρ02|2 cos2 φ + ρ2
22 cos4 φ,

(16)

from which it is evident that Tr(ρ2) = 1 for the pure state of
intracavity photon state. The purity takes the minimum value

Tr(ρ2)min = 7�2 + 14�δ + 8δ2

8(� + δ)2
, (17)

under the condition of a2
in = T (κ�+	δ)2

8κ2�(�+δ) . Meanwhile, the aver-

age of operator a takes the maximum value 〈a〉max =
√

�
8(�+δ) ,

with 〈a†a〉 = �
4(�+δ) , which fulfills the relation 2|〈a〉max|2 =

〈a†a〉. Furthermore, the inequality 2|〈a〉|2 > 〈a†a〉 will be
achieved when a2

in < T (κ�+	δ)2

8κ2�(�+δ) , which is a necessary and
sufficient condition of squeezing of the intracavity field com-
prised by the superposition of Fock states |0〉 and |1〉 [49,50].
Explicitly, when � = δ, Tr(ρ2)min = 29

32 ≈ 0.906, 〈a〉max = 1
4 ,

〈a†a〉 = 1
8 , and a2

in = T
16 .

Moreover, under the CPA conditions of Eqs. (14), the purity
becomes

Tr(ρ2)CPA = 1 − �(� + 2δ)

2(� + δ)2

(
1

2
− 	δ

2κ�

)2

. (18)

With the requirement of positive value of a2
in, 	δ/κ� should

fulfill the value range (0,1). When 	δ = κ�, the input field
ain = 0, the system is in the linearized regime, and the
purity becomes unity, where the incoherent processes are
not involved. Tr(ρ2)CPA = Tr(ρ2)min in the limit 	δ 	 κ�,
which means the atomic dissipation is ignored. Otherwise,
Tr(ρ2)CPA > Tr(ρ2)min. Therefore, if we intend to achieve the
CPA, the purity should never drop below the threshold purity
value. Because of the interference of the Fock states, the
intracavity photon is in a squeezing state, showing nonclassical
properties under CPA, which is in the next section.

The physical process behind the quantum nonlinear CPA
is the match between the coherent part of the intracavity field
and the coherent input fields. When � = δ, the required input
field for CPA becomesa2

in = T [1 − (	/κ)2]/16. Therefore, the
increase of two-sided inputs is associated with the increase of
intracavity photons but also the decrease of purity. When the
coherent part of the intracavity field can match with the left (or
right) input field at the certain value, the nonlinear quantum
CPA occurs. However, when the purity is below the critical
value, such as Tr(ρ2)min as discussed above, the coherence
of the intracavity field cannot match the input field, and the
quantum nonlinear CPA disappears. Thus, due to the nonlinear
dependence and negative correlation between the purity and the
inputs, there exists an upper limit of the inputs that specifies
the lowest limit of purity.

The incoherence will affect the CPA and vice versa. In Fig. 4
we plot the purity versus detuning �. In the vicinity of CPA
(� = g), there exists a peak which indicates the increase of
coherence due to CPA.

053825-4



COHERENT PERFECT ABSORPTION IN A QUANTUM … PHYSICAL REVIEW A 97, 053825 (2018)

8 10 12
0.97

0.975

0.98

Δ /Γ

 T
r(
ρ2 )

FIG. 4. The purity of the intracavity field versus the detuning
�/	 with the parameters κ = 2	, g = 10	, � = δ, T = 0.01, and
ain = 0.0216 [determined by the CPA condition in Eq. (14)].

IV. THE SQUEEZING OF AN INTRACAVITY PHOTON
WITH QUANTUM NONLINEAR CPA

To generate the nonclassical properties of the photon field,
Wódkiewicz et al. suggested to utilize the interference effect
of superposition of Fock states and ignore dissipation. They
had obtained maximum squeezing on some time points under
different initial states of |0〉, |1〉, and |2〉 through the Jaynes-
Cummings model [49]. Haroche has experimentally measured
the negative value of the Wigner function with a zero- and
one-photon field using the Lutterbach-Davidovich method
[51]. Recently, Duan has proposed and experimentally demon-
strated the nonclassical properties using the superposition of
Fock states |0〉 and |N〉 [52]. Due to the effect of photon
blockade, the intracavity field is confined within one excitation,
and according to the mechanism of generating squeezing by
coherently superposing Fock states |0〉 and |1〉 [49,53,54], here
we discuss the squeezing property of the intracavity field and
especially discuss the optimal squeezing at the CPA conditions.
The quadrature components X1 and X2 of the intracavity field
are defined as

X1 = 1√
2

(ae−iθ/2 + a†eiθ/2),

(19)

X2 = 1√
2i

(ae−iθ/2 − a†eiθ/2),

where θ is the phase angle. If the quadrature variance
〈(�X1)2〉 < 1/2 or 〈(�X2)2〉 < 1/2, the intracavity field is
squeezed.

The variance of X1 is

〈(�X1)2〉 = 1
2 + (ρ22 − |ρ02|2) cos2 φ

− 1
2

(
ρ2

20e
−iθ + ρ2

02e
iθ

)
cos2 φ. (20)

When the phase angle θ/2 = arg(ρ20), the variance becomes
〈(�X1)2〉 = 1

2 + (ρ22 − 2|ρ02|2) cos2 φ, and if 2|ρ02|2 > ρ22

is satisfied, the intracavity is squeezed. Under the condition
of CPA, 2|ρ02|2 = ρ22

κ�+	δ
κ�

, and thus the intracavity field is
always squeezed. To achieve the optimal squeezing under the
conditions of CPA, we should further simplify the variance as

〈(�X1)2〉 = 1

2
+ 1

4

[(
	δ

κ�

)2

−
(

	δ

κ�

)]
�

� + δ
, (21)

FIG. 5. (a) The squeezing of the intracavity field versus the de-
tuning �/	 with the resonance of cavity mode and atomic transition
(� = δ), and the other parameters κ = 2	, g = 10	, T = 0.01, and
ain = 0.0216 [determined by the CPA condition in Eq. (14)]. (b)
The squeezing of the intracavity field versus the detuning �/	 with
cavity mode blue-detuned to atomic transition (� = 2δ = 14.14	),
and the other parameters κ = 	, g = 10	, T = 0.01, and ain = 0.025
[determined by the CPA condition in Eq. (14)].

which can be maximized by requiring 	δ = κ�/2, which
leads to 〈(�X1)2〉 = 1

2 − 1
16

�
�+δ

. The maximum squeezing is
0.58 dB. When the cavity field is resonant to atomic transition,
i.e., � = δ, we have κ = 2	 and the variance is 0.468, as
shown in Fig. 5(a), which corresponds to 0.28 dB squeez-
ing. Moreover, when the cavity field is tuned off resonance
from the atomic transition δ′ = � − δ = νcav − ν21, the better
squeezing is achieved when the cavity field is blue-detuned
from atomic transition at νcav > ν21 (δ′ > 0). For example, for
symmetric damping ratesκ = 	, we have� − δ = 5

√
2	 with

g = 10	, and the variance is 0.458, as shown in Fig. 5(b),
which corresponds to 0.38 dB squeezing.

For the blue-detuning δ′ > 0, the photonic excitation takes
a larger ratio of the polariton excitation, as shown in Fig. 6(b),
and the intracavity field will show strong nonlinearity from the
polariton excitation, which could improve the squeezing. The
condition is realizable in the photon blockade system of a single
87Rb atom-cavity CQED [42], where the atomic dissipation
rate is 	/2π = 3 MHz, the cavity decay rate is κ/2π =
2 MHz, and the coupling strength is g/2π ≈ 20 MHz. When
we choose the detuning δ′ = 7.7	, from the CPA conditions
in Eq. (14) we have δ = 3.85	, � = 11.55	, and input field
ain = 0.0265. The variance is 0.453 and the squeezing is
0.43 dB, as shown in Fig. 6(a).

FIG. 6. (a) The squeezing of the intracavity field versus the
detuning �/	 with cavity mode blue-detuned to atomic transition
(� − δ = 7.7	), and the other parameters κ = 2/3	, g = 20/3	,
T = 0.01, and ain = 0.0265 [determined by the CPA condition in
Eq. (14)]. (b) The photonic or atomic excitation versus the detuning
�/	 with cavity mode blue-detuned to atomic transition.
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FIG. 7. (a) The squeezing of the intracavity field versus the
detuning �/	 with cavity mode red-detuned to atomic transition
(� − δ = −15	), and the other parameters κ = 10	, g = 10	, T =
0.01, and ain = 0.0316 [determined by the CPA condition in Eq. (14)].
(b) The photonic or atomic excitation versus the detuning �/	 with
cavity mode red-detuned to atomic transition.

In contrast, for the red-detuning δ′ = � − δ < 0, the atomic
excitation takes a larger ratio of the polariton excitation, as
shown in Fig. 7(b), and intracavity nonlinearity is deceased,
which could reduce the squeezing. If we choose the detuning
δ′ = −15	, we have δ = −5	, � = −20	, κ = 20	, and
input field ain = 0.0316. The squeezing effect is smaller at
� = −20	 compared with the blue-detuning, δ′ = � − δ >

0, which corresponds to occurrence of CPA, as shown in
Fig. 7(a).

Finally, we show the distinctions between the quantum
nonlinear CPA and semiclassical nonlinear CPA [38] and the
linear CPA [37]. For the semiclassical nonlinear CPA, the
quantum fluctuations do not play a role because the intracavity
photon is treated as a classical coherent field and the variance,
〈(�aout)2〉 = 0. However, in the quantum analysis, the dissipa-
tion of polariton excitation can reduce the coherence, leading
to the mixed intracavity field, and the interference between the
mixed state and the coherent inputs is not complete. Typically,
the phenomenon of CPA deals with the average of interference
between the intracavity field and coherent inputs, which is
semiclassical in its essence. The characteristics of quantum
from classical is represented by the variance of the output
operator defined as [55]

〈(�aout)
2〉 = 〈a†

outaout〉 − 〈a†
out〉〈aout〉. (22)

Under the condition of the nonlinear CPA, the variance of the
output operator becomes

〈(�aout)
2〉 = a2

in
κ� − 	δ

κ� + 	δ
. (23)

The nonzero value of the variance is a significant quantum
feature. In the linear regime [37], the condition of CPA is κ� =
	δ, which corresponds to zero value of variance. However,
the condition of κ� = 	δ is unacceptable in the quantum
nonlinear regime, for the input field ain in Eq. (14) is equal to
zero, which means no input field. To interpret the inconsistency,
the linear regime can be treated as an approximation based
on the nonlinear regime, where the excitation ρ22 = 0, the
variance of the output field is also zero, and the input field ain is
required to be small enough to be approximately ignored. More
accurately, in the quantum nonlinear regime, the excitation is
nonzero under the CPA condition, i.e., κ� > 	δ, and thus the
variance of the output operator is also nonzero. The mean

photon flux of the output could not be perfectly absorbed
and can be detected in the quantum regime. In this sense,
it is impossible to realized quantum CPA in the nonlinear
quantum systems because of nonzero mean photon flux of
the output field, since the ideal CPA requires that both the
coherent component and photon number flux are zero. But in
the semiclassical treatment where only the coherent component
of the output field is eliminated, semiclassical CPA is still
realizable in the quantum nonlinear regime.

Moreover, the higher-order correlation can also manifest the
nonlinearity in the quantum regime. Under the CPA condition,
we calculate the equal-time n-photon correlation function
g(n)(0) of the output field,

g(n)(0) =
〈
a
†n
outa

n
out

〉
〈a†

outaout〉n
, (24)

with the mean output photon flux

〈Nout〉 = 〈a†
outaout〉 = a2

in
κ� − 	δ

κ� + 	δ
. (25)

With of the input-output relation Eq. (4), the higher-order
correlation becomes〈

a
†n
outa

n
out

〉 = 〈(
nan−1

in

√
T a† − an

in

)(
nan−1

in

√
T a − an

in

)〉
= a2n

in

[
n2 κ� − 	δ

κ� + 	δ
+ (n − 1)2

]
, (26)

after neglecting the two- and more-photon correlations of
the intracavity field due to the truncation of the higher-order
polariton states via the photon blockade. The equal-time n-
photon correlation functions g(n)(0) are

g(n)(0) =
(

κ� + 	δ

κ� − 	δ

)n[
(n − 1)2 + n2 κ� − 	δ

κ� + 	δ

]
. (27)

Different from the linear CPA [56], the quantum state of
nonlinear CPA is the superposition of the photon state |0〉
and |1〉, a coherent superposition state with certain purity.
g(n)(0) > 1 is fulfilled in the nonlinear CPA, and the photons
tend to bunch, i.e., g(2)(0) = 21, g(3)(0) = 117, with the pa-
rameters used in Fig. 6 (κ = 2/3	, g = 20/3	, T = 0.01,
and ain = 0.0265), which shows the nonlinear processes with
the strong multiphoton correlations. In addition, the result is
distinct from the sub-Poissonian statistics of the output field
in the typical photon blockade experiment [41], where the
statistics of the output field are the same as the intracavity
field due to the vacuum input field at the output port. Here, the
state at the output field is the superposition of the mixed and
antibunching state of the intracavity field and the input coherent
state, and moreover, the superposition should guarantee the
zero of mean value of the output field. Thus the input field
should take the explicit value determined in Eq. (14), and the
zero value of the average amplitude of the output field increases
multiphoton correlations. Therefore the quantum nonlinear
CPA produces an exotic photon distribution in the quantum
sense, although the classical (mean) value of the output is zero.

V. CONCLUSION

To conclude, we present a study of CPA phenomenon in
a nonlinear quantum CQED system, where the emitter single
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atom and cavity mode is strongly coupled, and the polariton
excitation is confined within one excitation due to the photon
blockade effect. The output field is nonlinearly related to the
input field, and the CPA is still achievable at a given input
field strength when the frequency of the input laser fields
matches the frequency of the polariton transition. However, the
incoherent processes, such as atomic and cavity dissipations,
will reduce the coherence of the intracavity field, which leads
to the incomplete destructive interference with the input fields.
Via analyzing the purity of the intracavity field, we find that
there exists a lower limit for the purity below which the CPA
is not possible. Moreover, we find that the intracavity field
is always quadrature squeezed under the CPA condition: a
better squeezing occurs when the cavity field frequency is

blue-detuned relative to the atomic transition frequency, in
which the photonic excitation contributes more to the polariton
excitation. Finally, the distinction between the quantum linear
CPA analysis and the semiclassical nonlinear CPA analysis
is presented from the variance of the output field and its
higher-order correlation functions. Statistically, the CPA in a
quantum nonlinear system is realizable with a null value of the
average output field.
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