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The unconventional photon blockade (UPB) for low-frequency mode is investigated in a three-mode system with
double second-order nonlinearity. By analyzing the Hamiltonian of the system, the optimal analytic condition of UPB in
low-frequency mode is obtained. The numerical results are calculated by solving the master equation in a truncated Fock
space, which agrees well with the analytic conditions. Through the numerical analysis of the system, it is found that the
weak driving strength is favorable for the system to realize the UPB effect, and the system is insensitive to the changes
of attenuation rate and environmental temperature. The comparison with the two-mode system and another similar three-
mode system shows that, under similar system parameters, the UPB effect of this double two-order nonlinear system is
more obvious.

Keywords: unconventional photon blockade, second-order nonlinearity, quantum interference

PACS: 03.67.Hk, 14.70.Bh, 42.50.–p, 42.60.–v DOI: 10.1088/1674-1056/abab82

1. Introduction

A single-photon source is a device that can emit photons
one by one, which plays a key role in the realization of quan-
tum information processing and quantum communication.[1–3]

Therefore, the realization of single photon source has become
a popular research topic in the field of quantum optics.[4,5] At
present, a method called photon blockade (PB)[6,7] is one of
the main means to realize single-photon control which means
that only a single photon is allowed to exist in a nonlinear
semiconductor microcavity, that is, the existence of the first
photon will hinder the entry of the second photon. And it has
been proved experimentally that PB can be achieved in cav-
ity quantum electrodynamics (QED) or circuit-QED.[8] Ac-
cording to the present researches, PB has great application
prospects in many fields, such as nonlinear optics,[9–11] photo-
dynamic devices.[12–17]

In theory, there are two physical mechanisms for im-
plementing PB. One is the photon blockade caused by the
splitting of energy levels due to the strong nonlinearity of
the system, which is called conventional photon blockade
(CPB).[18,19] At present, CPB has been applied in cavity-
QED,[20] quantum optical systems and second-order nonlinear
semiconductor microcavities.[21–24] Moreover, studies have
shown that CPB has its application value in the fields of single-
photon transistor,[25] interferometer,[26] and quantum optical
rectifier.[27,28] Another PB phenomenon was discovered by

Liew and Savona in a photon molecule system.[29] Its basic
principle is destructive quantum interference between different
drive dissipation paths, and it is called unconventional photon
blockade (UPB). It is shown that strong antibunching can be
realized in two coupled cavities with weak nonlinearities. Un-
der this mechanism, UPB has been realized successively in
many weak nonlinear coupling systems.[30–35] With the fur-
ther development of this field, UPB has also been realized in
bidirectional optical cavity quantum dot,[36] polaritonic cou-
pling system,[37] coupled optical machine position system,[38]

and single-mode cavity coupled with second-order or third-
order nonlinear system.[39–41] Moreover, the non-classical op-
tical statistics of exciton polarization field also depend on
UPB.[42] Recently, in Ref. [43], unconventional photon block-
ade is studied in a two-mode system, and the conditions for
strong photon anti-bundling in low-frequency mode are ob-
tained.

In this paper, we investigate the unconventional photon
blockade in a three-mode system contains double second-
order nonlinear coupling. The optimal condition for strong
antibunching is found in the low-frequency mode by analyti-
cal calculation and discussion of the optimal condition is pre-
sented. By comparing the numerical and analytical solutions,
we find that they are in good agreement. By the analysis of
numerical solutions, we find that the weak driving strength is
favorable for the system to realize the UPB effect, and the sys-
tem is insensitive to the changes of attenuation rate and envi-
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ronmental temperature. By comparing it with the two-mode
system and another similar three-mode system, we find that
the UPB effect is more obvious in current system.

The remainder of this paper is organized as follows: In
Section 2, we introduce the physical model of the double
second-order nonlinear coupling system. In Section 3, by an-
alytical calculation, we derive an expression for the optimized
antibunching, and we give a numerical result and compare it
with the analytical one. Not only that, we compare the cur-
rent system with the two-mode nonlinear system and find the
advantages of the system. Conclusions are given in Section 4.

2. Physical model of the double second-order
nonlinear coupling system

In this paper we study the unconventional photon block-
ade in double second-order nonlinear coupling system, which
consists of two high-frequency cavities 1 and 3 with frequen-
cies ωa and ωc, and one low-frequency cavity 2 with frequency
ωb. The three cavities are coupled by two-order nonlinear χ(2)

materials that mediates the conversion of the single-photon in
cavity 1 or cavity 3 into two-photon in cavity 2, and the system
model diagram is shown in Fig. 1.

cavity 1 cavity 2 cavity 3

F
a F

b
F
c

ω
a

ω
b

ω
c

χ(2) χ(2)

Fig. 1. The scheme of the system consisting of two high-frequency cavities
1 and 3 with frequencies ωa and ωc, and one low-frequency cavity 2 with
frequency ωb. The coupling between cavities is by χ(2) nonlinear material.
Fa, Fb, and Fc are the driving strengths for cavities 1, 2, and 3, respectively.

External weak drive is the key to realize UPB, and in this
system we choose three-mode drivings. The Hamiltonian of
the system can be written as[34]

Ĥ = ωaâ†â +ωbb̂†b̂+ωcĉ†ĉ + J(â†b̂2 + b̂†2â)

+ g(ĉ†b̂2 + b̂†2ĉ)+Fa(â† e−i2ωLt + âe i2ωLt)

+ Fb(b̂† e−iωLt + b̂e iωLt)+Fc(ĉ† e−i2ωLt + ĉe i2ωLt). (1)

Here the â (â†), b̂ (b̂†), and ĉ (ĉ†) denote the annihilation (cre-
ation) operators of fields in the three cavities. The Fa, Fb, and
Fc express the driving strengths for the three cavities, while
the driving frequencies of Fa and Fc are 2ωL, and the driv-
ing frequency of Fb is ωL. The g and J express the second-
order nonlinear strengths, which can be derived from the χ(2)

nonlinearity.[21]

For the convenience of our subsequent calculations and
discussions, we study the dynamics of such a system in a ro-

tating frame defined by

Û(t) = e it(ωL2â†â+ωL2ĉ† ĉ+ωLb̂†b̂),

then we can get an effective Hamiltonian Ĥeff = ÛĤÛ† −
iÛ dU†/dt as follows:

Ĥeff = ∆aâ†â +∆bb̂†b̂+∆cĉ†ĉ+ J(â†b̂2 + b̂†2â)

+ g(ĉ†b̂2 + b̂†2ĉ)+Fa(â† + â)

+ Fb(b̂† + b̂)+Fc(ĉ† + ĉ), (2)

where ∆a = ωa − 2ωL, ∆b = ωb −ωL, and ∆c = ωc − 2ωL

represent the detunings of the modes a, b, and c, respec-
tively. Currently, some experimental implementations of sim-
ilar models have been discussed in detail.[22,44] The dynamics
of the density matrix ρ of the system is governed by

∂ ρ̂

∂ t
=−i[Ĥ, ρ̂]+κaℓ(â)ρ̂ +κbℓ(b̂)ρ̂ +κcℓ(ĉ)ρ̂, (3)

here the κa, κb, and κc represent the damping constants of cav-
ities 1, 2, and 3, respectively. The super-operator is defined by

ℓ(ô)ρ̂ = ôρ̂ ô†− 1
2

ô†ôρ̂− 1
2

ρ̂ ô†ô.

For convenience to calculate we set κa = κb = κc = κ . In this
paper, we will analyze the UPB in the low-frequency mode b,
and we use the steady-state second-order correlation function
to describe the statistical properties of photons,[45,46] which
can be calculated by solving the master equations numerically
as

g(2)(0) =
〈b̂†b̂†b̂ b̂〉
〈b̂†b̂〉2

. (4)

The g(2)(0)� 1 indicates that the UPB occurs in mode b.

3. Analytical and numerical results
3.1. Analytic calculation of the system

Next, we will analyze the system analytically, and accord-
ing to the system Hamiltonian, the wave function can be writ-
ten as

|ψ〉= C000|000〉+C100|100〉+C010|010〉+C001|001〉

+C020|020〉. (5)

This is a good approximation when we restrict the system con-
taining a single photon with high frequency.[43] Here |mnp〉
denotes the Fock-state basis of the system with the photon
numbers m, n, and p in modes a, b, and c, respectively. Con-
sider environmental influence we can treat the system by the
non-Hermitian Hamiltonian

H̃ = Ĥeff− i
κ

2
â†â− i

κ

2
b̂†b̂− i

κ

2
ĉ†ĉ. (6)
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The Ĥeff is given in Eq. (2). Substituting the wave func-
tion shown in Eq. (5) and non-Hermitian Hamiltonian into the
Schrödinger equation i∂t |ψ〉 = H̃|ψ〉, we can obtain the cou-
pled equations for the coefficients

i Ċ000 = FbC010 +FaC100 +FcC001,

i Ċ100 = FaC000 +

(
∆a−

iκ
2

)
C100 +

√
2JC020,

i Ċ010 = FbC000 +

(
∆b−

iκ
2

)
C010 +

√
2FbC020,

i Ċ001 = FcC000 +

(
∆c−

iκ
2

)
C001 +

√
2gC020,

i Ċ020 =
√

2FbC010 +
√

2JC100 +
√

2gC001

+2
(

∆a−
iκ
2

)
C020. (7)

Therefore, the steady-state coefficient equation can be ex-
pressed as

FbC010 +FaC100 +FcC001 = 0,

FaC000 +

(
∆a−

iκ
2

)
C100 +

√
2JC020 = 0,

FbC000 +

(
∆b−

iκ
2

)
C010 +

√
2FbC020 = 0,

FcC000 +

(
∆c−

iκ
2

)
C001 +

√
2gC020 = 0,

√
2FbC010 +

√
2JC100 +

√
2gC001

+ 2
(

∆a−
iκ
2

)
C020 = 0. (8)

To implementing UPB the weak driving strength must be sat-
isfied, namely Fa, Fb, Fc � κ , and the probability amplitude
should meet the condition of |C000| � |C010| � |C020|. So, we
can set |C020| = 0, |C000| = 1, and in order to calculate con-
veniently, we make the ∆a = ∆c = ∆ . According to the above
conditions we can get a solution for Eq. (8), that is,

(F2
b +Fcg+FaJ)+ i(F2

b ∆ +Fcg∆b +FaJ∆) = 0. (9)

In this paper, we only consider the case ∆ = ∆b = 0,[43] and
we can get a conditional equation

g =−
F2

b +FaJ
Fc

, (10)

which is the optimal conditions for UPB in mode b. When the
optimal conditions are satisfied, the photons cannot occupy the
state |020〉, which can be examined by numerical simulation.

3.2. The physical mechanism UPB implements in this sys-
tem

Now, let us discuss the physical mechanism by which this
system forms UPB. And the physics behind unconventional
photon blockade is the effect of quantum interference between

different paths. The energy-level structure and transition paths
are shown in Fig. 2. There are three paths for the system to
reach the two-photon state of mode b:

(i) |000〉 Fb−−−→|010〉 Fb−−−→|020〉.
(ii) |000〉 Fa−−−→|100〉 J−→|020〉.
(iii) |000〉 Fc−−−→|001〉 g−→|020〉.
When the optimal conditions for photon antibunching

are satisfied, the photons come from different pathways de-
structive interference and the photons cannot occupy the state
|020〉, that is, the UPB will occur.

F
a

F
b

F
b

F
c

g

J
  





Fig. 2. Energy-level diagram. The zero-, one-, and two-photon states (hor-
izontal short lines) and the transition paths leading to the quantum interfer-
ence responsible for the UPB (The arrows indicate the interference path).

3.3. Comparative analysis of numerical and analytical so-
lutions

In the following, we will study the UPB by the numer-
ical simulation, and compare the results with the analytical
solutions show in Eq. (10). Under a truncated Fock space we
can get the second-order correlation functions via solving the
master equation numerically. In the current system, the Hilbert
spaces are truncated to five dimensions for cavity modes a, b,
and c, respectively. For convenience, we rescale all parameters
in units of the dissipation rate κ in Eq. (10), and the normal-
ized optimal condition can be written as

g
κ
=− (Fb/κ)2 +FaJ/κ2

Fc/κ
. (11)

As is shown in Eq. (11), when the coefficient J/κ = 0, the
above analytic solution is the same with that given in Ref. [43].
Next, the current system will be numerically calculated to dis-
cuss the influence of each parameter on the UPB effect. The
results are shown in Fig. 3.

In Fig. 3(a), we show the logarithmic plot of g(2)(0) as
a function of Fb/κ and g/κ , the other parameters are Fa/κ =

0.01, Fc/κ = 0.01, and J/κ = 0.01. We find that there is a
parabolic dip corresponds to g(2)(0)� 1, and the white dot-
ted line represents the analytic condition from Eq. (11), which
agrees well with the numerical solution. According to exist-
ing parameters and the results shown in Fig. 2(a), when the
strengths of the bimodal driving are the same the UPB can
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also happen, which is completely different from a system with
a Kerr nonlinearity.[43] When Fa = Fb = Fc = F , the optimal
blocking condition will be simplified as

g/κ =−(F/κ + J/κ). (12)

In Fig. 3(b), we logarithmic plot g(2)(0) as a function of J/κ

and g/κ for Fa/κ = Fb/κ = Fc/κ = 0.01. The numerical re-
sults show that, the UPB can occur in this system, where the
valleys in g(2)(0) < 1 correspond to the strong photon anti-
bunching, the shape of which is similar to a slash. The analytic
solution is denoted by the white dotted line, which agrees well
with numerical simulations. According to the Hamiltonian and
analytic solutions of the system, it is not difficult to see that
the second-order nonlinear coefficients g and J are symmetric,
which is consistent with the numerical results shown in the
figure. In the following discussion, we will further analyze the
influence of this symmetric relation on the realization of UPB
effect in the system.

-0.02 0 0.02 -0.02 0 0.02

F
b
/κ J/κ

↩.  . ↩.  .

F
b
/κ F

c
/κ

(a) lng↼↽↼↽ (b) lng↼↽↼↽

(c) lng↼↽↼↽ (d) lng↼↽↼↽

↩
↩







↩

↩







.



↩.

g
/
κ

.

↩.



F
a
/
κ















.

.

J
/
κ

↩.

↩.



.

g
/
κ

Fig. 3. (a) Logarithmic plot g(2)(0) as a function of Fb/κ and g/κ , and we
set Fa/κ = 0.01, Fc/κ = 0.01, and J/κ = 0.01. (b) Logarithmic plot g(2)(0)
varying with J/κ and g/κ for Fa/κ = 0.01, Fb/κ = 0.01, and Fc/κ = 0.01.
(c) Logarithmic plot g(2)(0) as a function of Fb/κ and J/κ , and we set
Fc/κ = 0.01, Fa/κ = −0.01, and g/κ = 0.1. (d) Logarithmic plot g(2)(0)
as a function of Fc/κ and Fa/κ , and we set Fb/κ = 0.02, g/κ = 0.04, and
J/κ = 0.06. In panels (a)–(d), the dashed lines represent the analytical re-
sults.

To further analyze the influence of system parameters
on g(2)(0), in Fig. 3(c) we logarithmically plot of g(2)(0)
as a function of Fb/κ and J/κ , and we set Fc/κ = 0.01,
Fa/κ = −0.01, and g/κ = 0.1. Here, since the value of the
driver term coefficient Fa/κ in Figs. 3(a) and 3(c) is opposite
in sign, the shape of the photonic anticlustering region of the
system implementation is opposite, which is consistent with
the analytic condition in Eq. (10). It also verifies the symmet-
ric relation between two nonlinear coupling terms in the sys-
tem and the reliability of numerical simulation. In Fig. 3(c),
we set g = 0.1. By comparison with Fig. 3(a), we found
that greater nonlinearity could make Fb/κ have larger value
range and make the blockade window of the system larger. In

Fig. 3(d), we logarithmically plot g(2)(0) as a function of Fc/κ

and Fa/κ , and we set Fb/κ = 0.02, g/κ = 0.04, J/κ = 0.06,
and ∆a = ∆b = ∆c = 0. And the white dotted line represents
the analytical results. According to the results in the figure,
we find that the system can realize strong anticlustering under
different driving strength combinations, and the numerical so-
lution and analytical solution are in good agreement. At the
same time, it is not difficult to find that strong photonic anti-
clustering regions occur in regions with small absolute values
of Fa/κ and Fc/κ , which further verifies that the system must
satisfy weak-driving conditions to achieve photonic anticlus-
tering.

Next, the numerical and analytical solutions of the system
will be further compared and analyzed, and we will derive an
analytic calculation expression for g(2)(0), and then compare
it with the numerical simulations. In order to approximately
get the analytic solution of g(2)(0), we solve Eq. (8) under
the weak-driving condition and the vacuum state C000 approx-
imately having unit occupancy, i.e., C000 = 1. We can get a
new coefficient equation as

Fa +

(
∆a−

iκ
2

)
C100 +

√
2JC020 = 0,

Fb +

(
∆b−

iκ
2

)
C010 +

√
2FbC020 = 0,

Fc +

(
∆c−

iκ
2

)
C001 +

√
2gC020 = 0,

√
2FbC010 +

√
2JC100 +

√
2gC001

+ 2
(

∆a−
iκ
2

)
C020 = 0. (13)

For convenience, we set the ∆a = ∆c = ∆ , and then the solu-
tions of Eqs. (13) are given as follows:

C100 =
8iJ(F2

b +Fcgy)+2Fa(4g2 + xy)(−ik+2∆b)

xy(4g2 +4J2 + xy)
,

C010 =
−2iFb

y
,

C001 =
8iF2

b gx+(−ik+2∆b)[−4FagJ+Fc(4J2 + xy)]
xy(4y2 +4J2 + xy)

,

C020 =
2
√

2[F2
b x+ y(Fcg+FaJ)]

xy(4g2 +4J2 + xy)
, (14)

where the parameters x = k + i2∆ and y = k + i2∆b. The
g(2)(0) can be expressed as the probabilities of n-photon dis-
tribution function Pn as

g(2)(0) =
∑n n(n−1)Pn

(∑n nPn)2 , (15)

and under the weak pumping limit, g(2)(0) can be written as
follows:

g(2)(0)' 2|C020|2

|C010|4
. (16)
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According to Eqs. (14) and (16) we can obtain the

g(2)(0) =
(F2

b +Fcg+FaJ)2κ4

F4
b (4g2 +4J2 +κ2)

. (17)

In Fig. 4 we plot g(2)(0) versus various parameters, in which
the red dotted line indicates the numerical solution and the
blue solid line expresses the analytical solution.


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numerical numericalnumerical
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Fig. 4. We plot g(2)(0) as a function of Fb/κ , g/κ , and J/κ . In panel (a)
we set Fa/κ = 0.01, Fc/κ = 0.1, J/κ = 0.3, and g/κ = 0.3. In panel (b)
Fa/κ = 0.01, Fb/κ = 0.01, Fc/κ = −0.01, and g/κ = 0.01. In panel (c)
Fa/κ = 0.01, Fb/κ = 0.01, Fc/κ = 0.01, and J/κ = 0.01. In panels (a)–(c)
the dashed lines indicate the analytical results.

In Fig. 4(a), we plot g(2)(0) versus Fb/κ , here Fa/κ =

0.01, Fc/κ = 0.1, J/κ = 0.3, g/κ = 0.3. The precise nu-
merical solution is in good agreement with the analytical so-
lution, and the minimum value of g(2)(0) appears at posi-
tion Fb/κ = ±0.16. All the results agree well with that pre-
dicted results based on the optimal blockade condition shown
in Eq. (11). In Fig. 4(b), we plot g(2)(0) with the nonlinear
interaction strength g/κ , where Fa/κ = 0.01, Fb/κ = 0.01,
Fc/κ = 0.01, and J/κ = 0.01. The numerical solution agrees
well with the analytical solution. According to the optimal
analytic condition of Eq. (11) the optimum blockade position
should appear at g/κ = −0.02, which is in perfect agree-
ment with the graph. In order to analyze the symmetry of
the system, in Fig. 4(c), we plot the g(2)(0) versus the nonlin-
ear interaction strength J/κ , with Fa/κ = 0.01, Fb/κ = 0.01,
g/κ = 0.01, and Fc/κ =−0.01. Here, we set the driving term
coefficient Fc/κ = −0.01, which is the opposite of Fa/κ and
Fb/κ . The strong UPB effect still exists, and according to
the optimal analytic condition, the perfect blocking position
happens at J/κ = 0.02, which is in good agreement with an-
alytical conditions. Moreover, by comparing Fig. 4(b) with
Fig. 4(c), we can find that the expression of the curves are the
same, and the perfect blockade point has the same absolute
value, which further verifies the symmetric relationship be-
tween g and J in the system, and it agrees well with the results
shown in Fig. 3(b).

Next, we discuss the effect of dissipation rate κ and driv-
ing strength on UPB in the current system. Firstly, according
to the optimal condition for strong antibunching in Eq. (10),
the κ does not appear in the expression for the analytic condi-
tion, so, in theory, κ has no effect on the position of optimal

conditions. In Fig. 4(a) we plot g(2)(0) versus κ . In the black

solid line we set Fa/κ = Fb/κ = Fc/κ = 0.01, J/κ = 0.5, and

the value of g/κ is calculated by Eq. (10). As g/κ = −0.51,

strong UPB occurs in the black solid line, and the effect of

UPB does not change significantly when κ varies over a large

range, and the same thing happens in the blue dotted line and

red point line in Fig. 5(a). So, the UPB effect is insensitive

to κ in this system, and the results are consistent with that of

theoretical prediction. Secondly, in order to realize UPB theo-

retically, the condition of weak driving must be satisfied, so we

plot g(2)(0) versus the dissipation rate κ under different driv-

ing strengths. For convenience, we set the driving strengths

Fa = Fb = Fc = F in three lines, and in the blue dotted line

the parameter are F/κ = 0.1, J/κ = 0.5 and according to op-

timal blocking condition g/κ =−0.6, and in the red point line

F/κ = 1, J/κ = 0.5, and g/κ = −1.5. By comparing these

three curves we can find the UPB effect occurs in all three

curves, but the blocking effect decreased significantly with the

increase of F/κ , which agrees well with theoretical predic-

tion. In the previous researches, we studied the UPB effect at

zero temperature, and now we will investigate the UPB effect

at nonzero temperatures. In order to discuss effect of tempera-

ture on UPB, we need to redefine the density matrix ρ̂ for this

system as follows:

∂ ρ̂

∂ t
= −i[Ĥ,ρ]+

κa

2
(n̄th +1)(2âρ̂ â† + â†âρ̂ + ρ̂ â†â)

+
κb

2
(n̄th +1)(2b̂ρ̂ b̂† + b̂†b̂ρ̂ + ρ̂ b̂†b̂)

+
κc

2
(n̄th +1)(2ĉρ̂ ĉ† + ĉ†ĉρ̂ + ρ̂ ĉ†ĉ)

+
κa

2
n̄th(2â†

ρ̂ â+ ââ†
ρ̂ + ρ̂ ââ†)

+
κb

2
n̄th(2b̂†

ρ̂ b̂+ b̂b̂†
ρ̂ + ρ̂ b̂b̂†)

+
κc

2
n̄th(2ĉ†

ρ̂ ĉ+ ĉĉ†
ρ̂ + ρ̂ ĉĉ†). (18)

In Fig. 5(b), we logarithmically plot g(2)(0) as a function

of Fa/κ under different numbers of thermal photons n̄th, where

Fb/κ = 0.01, Fc/κ = 0.01, J/κ = 0.01, and g/κ = 0.01 are

the same in these three lines, and in the black solid line we

set n̄th = 0, in the blue dotted line n̄th = 0.05, in the red point

line n̄th = 0.1. The results show that the strongest UPB point

appears on Fa/κ = 1.3, just as predicted. Moreover, when n̄th

changes in a larger range, the UPB effect does not change sig-

nificantly, which indicates that this scheme is not sensitive to

the change of the reservoir temperature, that makes the system

easier to implement experimentally.
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F/κ=1

n
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(a)

(b)

n
th
=0.05

n
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=0.1

Fig. 5. (a) Under different driving strengths we plot g(2)(0) versus the dissi-
pation rate κ , and consider the optimal blocking condition in the black solid
line Fa/κ = Fb/κ = Fc/κ = 0.01, J/κ = 0.5, and g/κ =−0.51, in the blue
dotted line Fa/κ = Fb/κ = Fc/κ = 0.1, J/κ = 0.5, and g/κ =−0.6, and in
the red point line Fa/κ = Fb/κ = Fc/κ = 1, J/κ = 0.5, and g/κ = −1.5.
(b) Under different numbers of thermal photons n̄th logarithmically we plot
g(2)(0) versus the driving strength Fa/κ , with Fb/κ = 0.01, Fc/κ = 0.01,
J/κ = 0.01, and g/κ = 0.01, which are the same in these three lines, and in
the black solid line we set n̄th = 0, in the blue dotted line n̄th = 0.05, in the
red point line n̄th = 0.1. Panels (a) and (b) are numerical results.

In the following, we discuss the difference between
the current system and the two-mode second-order nonlinear
system[43] in realizing the UPB effect. In Fig. 6(a) we log-
arithmically plot g(2)(0) as a function of g/κ under different
J/κ , and in the black curve, we set the system parameters as
Fb/κ = 0.01, Fc/κ = −0.01, Fa/κ = 0.01, and J/κ = 0.01,
and in the red curve Fb/κ = 0.01, Fc/κ =−0.01, Fa/κ = 0.01,
and J/κ = 0. When the second-order nonlinear coefficient
J/κ = 0, the current system is the same as the two-mode
system,[43] and the blockaed conditions are the same. Accord-
ing to the results shown in Fig. 6(a), under the same weak
driving condition, the UPB effect of the double second-order
nonlinear system is more obvious, which may be mainly due to
the addition of a second-order nonlinear coupling term in the
current system. That forms a symmetric interference path and
makes the destructive quantum interference more obvious. To
further discuss the advantages of the current system in realiz-
ing CPB effect, in Fig. 6(b) we logarithmically plot g(2)(0) as
a function of g/κ under different J/κ , and in the black curve,
we set the system parameter as Fb/κ = 0.1, Fc/κ = −0.1,
Fa/κ = 0.1, and J/κ = 0.01, and in the red curve Fb/κ = 0.1,
Fc/κ =−0.1, Fa/κ = 0.1, and J/κ = 0. As shown in Fig. 6(b),
when the driving strength of the system increases, the effect of

the system to achieve UPB effect is significantly weakened.
However, consistent with the results in Fig. 6(a), the extreme
value of g(2)(0) of the double second-order nonlinear system
is smaller.

↩. ↩.  . .

g/κ

J/κ=0.01

J/κ=0.01

J/κ=0

J/κ=0

↩
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





ln
g
↼
↽ ↼

↽

↩

↩





ln
g
↼
↽ ↼

↽



↩. ↩.   

g/κ

(b)

(a)

Fig. 6. (a) Logarithmic plot of g(2)(0) versus g/κ , in the black curve we
set Fb/κ = 0.01, Fc/κ = −0.01, Fa/κ = 0.01, and J/κ = 0.01 and in the
red curve Fb/κ = 0.01, Fc/κ =−0.01, Fa/κ = 0.01, and J/κ = 0. (b) Log-
arithmic plot of g(2)(0) versus g/κ , in the black curve we set Fb/κ = 0.1,
Fc/κ =−0.1, Fa/κ = 0.1, and J/κ = 0.01 and in the red curve Fb/κ = 0.1,
Fc/κ = −0.1, Fa/κ = 0.1, and J/κ = 0. Both of panels (a) and (b) are
numerical results.

Finally, we discuss the difference between the current
system and another similar three-mode system described in
Ref. [47] in the realization of UPB effect where two high-
frequency modes are linearly coupled, and one of the high-
frequency modes is coupled with one low-frequency mode
by second-order nonlinear materials. In Fig. 7, we logarith-
mically plot g(2)(0) as a function of g/κ under similar sys-
tem parameters. The red dotted line represents the current
system, and the black solid line represents the system stud-
ied in Ref. [47]. In the red dotted line we set the high-
frequency mode driver Fa/κ = −0.01 and Fc/κ = 0.01, the
low-frequency mode driver Fb/κ = 0.1 and J/κ = 0.1. In
the black solid line we set the high-frequency mode driver
Fb/κ =−0.01, and the low-frequency mode driver Fc/κ = 0.1
and J/κ = 0.1. According to the results shown in Fig. 7,
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UPB occurs in both of the two systems, but the UPB effect
is stronger in the current system under a small second-order
nonlinear coefficient g.

↩. ↩.  . .

g/κ

↩

↩

↩

↩

↩



ln
g
↼
↽ ↼

↽

compared system

current system

Fig. 7. Under similar system parameters, we draw a logarithmic plot of
g(2)(0) versus g/κ , the red dotted line represents the current system, and
the black solid line represents the system studied in Ref. [47]. In the
red dotted line we set the high-frequency mode driver Fa/κ = −0.01 and
Fc/κ = 0.01, the low-frequency mode driver Fb/κ = 0.1, J/κ = 0.1, and
∆a = ∆b = ∆c = 0. In the black solid line we set the high-frequency
mode driver Fb/κ =−0.01, and the low-frequency mode driver Fc/κ = 0.1,
J/κ = 0.1, and ∆a = ∆b = ∆c = 0.

4. Conclusion
In this paper, we investigated the unconventional photon

blockade in a three-mode system with double second-order
nonlinear coupling terms. We obtained the strong photon anti-
bunching conditions for low-frequency mode both analytically
and numerically. According to comparisons of analytical sim-
ulation and numerical calculations, the two results are in good
agreement. Through the numerical analysis of the system, we
find that the weak driving strength is favorable for the sys-
tem to realize the UPB effect, and the system is insensitive
to the changes of attenuation rate and environmental tempera-
ture. By analyzing the symmetric relation of two second-order
nonlinear terms in the system, we find that this symmetric rela-
tion is more likely to produce destructive quantum interference
to realize UPB effect. And by comparing with the two-mode
system and another similar three-mode system, we obtain that
this double second-order nonlinear system can achieve UPB
more obviously under similar system parameters.
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