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Unconventional photon blockade (UPB) is an important quantum phenomenon that relies on the quantum interference
effect. Here, we propose coupling an optical parametric amplifier (OPA) to a Kerr nonlinear single-mode cavity in a
two-photon dissipation environment, enabling strong photon antibunching based on the UPB mechanism. The optimal
conditions for achieving UPB are first derived analytically. The results are subsequently compared with the second-order
correlation function derived from numerical simulations, and excellent agreement is observed. The findings show that
UPB is enhanced without significantly reducing the mean photon number. This further demonstrates that the width of the
UPB occurrence window increases with increasing OPA coefficient and driving laser intensity. Finally, theoretical analysis
reveals the physical mechanism of UPB, showing that the Kerr medium is not the dominant factor for UPB generation in this
system. Thus, our work offers valuable theoretical guidance for precisely controlling UPB and optimizing single-photon
source performance.

Keywords: unconventional photon blockade, two-photon dissipation, optical parametric amplifier
PACS: 03.67.–a, 42.50.–p, 42.50.Dv
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1. Introduction
The generation and manipulation of single-photon

sources[1–3] have significant applications in quantum
simulation,[4,5] quantum metrology,[6,7] and quantum infor-
mation and communication technologies.[8,9] Photon blockade
(PB),[10–13] an effective method for obtaining such sources,
has attracted extensive attention in recent decades. PB can
be realized through two distinct physical mechanisms. One
is conventional photon blockade (CPB),[14–17] arising from
the anharmonic eigenenergy of the system, which requires a
strong nonlinearity (atom-cavity coupling or a Kerr nonlin-
earity of the cavity). For CPB, the resonance excitation of a
single photon suppresses the simultaneous excitation of a sec-
ond photon. The single-photon source generated by CPB has
a large mean photon number, corresponding to high brightness
but poor purity. The other, unconventional photon blockade
(UPB),[18–22] by contrast, originates from destructive inter-
ference among multiple two-photon excitation channels. Al-
though it has relatively low requirements for nonlinearity, it
still needs at least one additional component, such as an aux-
iliary cavity, an atom or an auxiliary driving field, to construct
two or more excitation paths together with the original sys-
tem. For UPB, when the system parameters meet the optimal
conditions, it completely suppresses the two-photon excita-
tion. However, the brightness is limited by the design of the

auxiliary mode.
Therefore, it remains a challenge to enhance the purity of

single-photon sources while maintaining high brightness. Re-
cently, several articles have studied PB induced by two-photon
dissipation.[23–27] In particular, Ref. [23] showed that environ-
mentally induced PB (EPB) generated solely by two-photon
dissipation can achieve a large single-photon occupancy un-
der weak driving conditions, exhibiting higher brightness than
that of CPB. Feng et al.[24] extended EPB to cavity quantum
electrodynamics (QED) and demonstrated that even with weak
coupling, a strong antibunching effect can be generated when
the cavity resonates with the atom. Inspired by the above-
mentioned works, we explore UPB assisted by an optical para-
metric amplifier (OPA) in a two-photon dissipation environ-
ment. The theoretical and numerical results show that intro-
ducing the two-photon dissipation at resonance enhances UPB
and yields a larger average number of photons. In contrast
to the conventional UPB, the UPB in this work is enhanced
by combining it with two-photon dissipation, broadening the
occurrence window while maintaining high brightness. It is
worth noting that our proposal differs from Ref. [25] as fol-
lows: Firstly, our model incorporates both two-photon and
single-photon dissipative processes, the latter having been ne-
glected in previous studies. Secondly, we replace the two cou-
pled cavities of Ref. [26] with a single-mode cavity, introduc-
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ing an OPA to construct the interference pathway.
Our work is structured as follows. In Section 2, we

present the system model and introduce the master equation
that incorporates both two-photon and single-photon dissi-
pative processes. We also adopt an effective non-Hermitian
Hamiltonian to describe the single-photon loss. Within this
framework, we derive the optimal conditions for UPB by
solving the effective non-Hermitian dynamics, and obtain the
second-order correlation function and the mean photon num-
ber to characterize the photon statistics. In Section 3, we verify
the optimal conditions by numerical simulations and investi-
gate the effect of two-photon dissipation on UPB. In Section 4,
we further discuss the effects of other system parameters (driv-
ing strength Ω , the nonlinear gain G of the optical parametric
amplifier, and driving phase φ ) on UPB in detail. Finally, we
summarize our main findings and conclude in Section 5.

2. Theoretical model
We consider a quantum hybrid system, which consists of

a degenerate optical parametric amplifier (OPA) and a single-
mode cavity with a Kerr medium. We assume that the single-
mode cavity is driven by a laser field at frequency ωl with
strength Ω . In a frame rotating at the laser frequency, the
Hamiltonian of this system can be expressed as

H1 = ∆a†a+Ua†a†aa+ iG
(
a†2−a2)

+Ω

(
a† e iφ +ae−iφ

)
, (1)

where a+ (a) is the creation (annihilation) operator of the
single-mode cavity with the frequency ωa, ∆ = ωa−ωl is the
detuning of the single-mode cavity from the laser drive, G is
the nonlinear coefficient of the OPA, U is the Kerr nonlinearity
strength, and φ is the phase of the driving laser.

In addition to the cavity driving and OPA in the consid-
ered system, the optical dissipations (i.e., one- and two-photon
losses) are usually appreciable and cannot be ignored.[28,29]

Thus, we describe these dissipations in terms of the following
master equation for the density matrix ρ:

dρ̂

dt
= −i

[
Ĥ1, ρ̂

]
+κ

(
âρ̂ â†− 1

2
â†âρ̂− 1

2
ρ̂ â†â

)
+κ2

(
ââρ̂ â†â†− 1

2
â†â†ââρ̂− 1

2
ρ̂ â†â†ââ

)
, (2)

where the parameters κ and κ2 represent the one- and two-
photon dissipation rates, respectively.

Since we only consider the steady-state solution ρs, the
average photon number and the equal-time second-order cor-
relation function are defined as

〈n〉=
〈
a†a
〉
= Tr(ρsa†a), (3)

g(2)(0) =

〈
a†2a2

〉
〈a†a〉2

=
Tr
(
ρsa†2a2

)
[Tr(ρsa†a)]2

. (4)

Here, the value of g(2)(0) characterizes the probability of de-
tecting two photons at the same time. The condition g(2)(0)>
1 manifests as super-Poissonian statistics (photon bunching ef-
fect), while g(2)(0) < 1 corresponds to sub-Poissonian statis-
tics, referring to photon antibunching. When g(2)(0)→ 0, a
complete photon blockade (PB) occurs in the cavity, which
implies that two photons are never detected simultaneously.

In the following, we calculate g(2)(0) and 〈n〉 analytically,
and then derive the optimal conditions for UPB. Based on the
weak-driving assumption, i.e., Ω � κ , we truncate the sys-
tem to states with at most two photons. In the non-Hermitian
Hamiltonian approach, the steady-state density matrix is ap-
proximated by a pure state |ψ〉,

|ψ〉=C0 |0〉+C1 |1〉+C2 |2〉 , (5)

where |n〉 denotes the photon number Fock-state basis, and Cn

is the probability amplitude of the corresponding basis state
|n〉.

By employing the quantum-jump method of
Ref. [30] and phenomenologically incorporating two-photon
dissipation,[31–33] we obtain the effective non-Hermitian
Hamiltonian

H ′ = ∆a†a+Ua†a†aa+ iG
(
a†2−a2)

+Ω
(
a† e iφ +ae−iφ)− i

κ

2
a†a− i

κ2

2
a†a†aa. (6)

In fact, the quantum-jump term can be ignored under
weak driving, and the effective Hamiltonian can be derived
from the master equation (2).[25,34] To demonstrate that the
non-Hermitian Hamiltonian approach provides a valid approx-
imation to the two-photon dissipation master equation, we em-
ploy the non-Hermitian Hamiltonian to derive analytical solu-
tions for g(2)(0) and 〈n〉 under the optimal condition for UPB
in Section 3. These analytical results show excellent agree-
ment with the corresponding quantities obtained from the nu-
merical steady state of the full master equation (see Fig. 2).

Substituting the state (5) and the non-Hermitian Hamil-
tonian (6) into the Schrödinger equation i d|ψ〉

dt = H ′ |ψ〉, we
obtain a set of equations for the coefficients

iĊ0 = Ω e−iφC1− i
√

2GC2,

iĊ1 = Ω e iφC0 +
(

∆ − i
κ

2

)
C1 +

√
2Ω e−iφC2,

iĊ2 = i
√

2GC0 +
√

2Ω e iφC1

+ (2∆ − iκ− iκ2 +2U)C2. (7)

With the steady-state assumption, we obtain the coeffi-
cients by solving the following coupled equations:

0 = Ω e−iφC1− i
√

2GC2,

0 = Ω e iφC0 +
(

∆ − i
κ

2

)
C1 +

√
2Ω e−iφC2,

0 = i
√

2GC0 +
√

2Ω e iφC1
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+ (2∆ − iκ− iκ2 +2U)C2. (8)

Under the weak-driving condition with C0 � C1 � C2,
we assume C0 ≈ 1 for the convenience of calculation. By ne-
glecting the higher-order terms, we have the approximate ana-
lytical solutions for the amplitudes

C1 =−
2Ω e iφ

2∆ − iκ
, (9)

C2 =

√
2
(

2e2iφ Ω 2−2iG∆ −Gκ

)
(2∆ − iκ)(2U +2∆ − iκ− iκ2)

. (10)

Using the previous definitions and combining Eqs. (3)–
(5), g(2)(0) and 〈n〉 in the steady state are approximated as

g(2)(0) =
2 |C2|2(

|C1|2 +2 |C2|2
)2 ≈

2 |C2|2

|C1|4
, (11)

and

〈n〉= |C1|2 +2 |C2|2 ≈ |C1|2 . (12)

According to the expression for g(2)(0) above, if C2 = 0,
we have g(2)(0) = 0, that is,

2e2iφ
Ω

2−2iG∆ −Gκ = 0. (13)

UPB can be realized by setting the real and imaginary
parts of Eq. (13) equal to zero. The optimal conditions are
obtained as

G =
2Ω 2 cos2φ

κ
, ∆ =

1
2

κ tan2φ . (14)

Combining Eqs. (9)–(12), the steady-state solutions of the
correlation function and the mean photon number become

g(2)(0) =

(
4∆ 2 +κ2

)(
2Ω 2 e2iφ −2iG∆ −Gκ

)(
2Ω 2 e−2iφ +2iG∆ −Gκ

)
4Ω 4

[
4(U +∆)2 +(κ +κ2)

2
] , (15)

〈n〉= 4Ω 2

4∆ 2 +κ2 . (16)

We plot a full g(2)(0) map versus the parametric nonlin-
ear coefficient and the detuning in Fig. 1. We can observe a
deep blue region where g(2)(0)� 1, which implies that photon
blockade exists under appropriate parameter conditions. The
red dashed line in the figure represents the result of Eq. (14),
indicating the optimal condition for UPB. It can be seen that
the optimal condition corresponds to the deep blue regime in
which UPB is realized.

0.05

0.03

0.01

-0.01

-0.03

-0.05
-20 -10 10 200

2

1

-1

-2

-3

-4

-5

0

∆/κ

G
/
κ

log10[g↼↽(0)]

Gopt

Fig. 1. The correlation function g(2)(0) with the nonlinear coefficient
G/κ and ∆/κ , where Ω = 0.05κ,U = 0.5κ,φ/π = 0,κ2 = 0.

3. Effect of two-photon dissipation on UPB
In this section, the effect of two-photon dissipation on

UPB will be discussed. For convenience, we uniformly adopt

the single-photon decay rate κ as the reference unit. When the
system parameters are set as Ω = 0.05κ , U = 0.5κ , φ/π = 0,
we get one set of optimal parameters from Eq. (14) Gopt =

0.005κ , ∆opt = 0. In Fig. 2(a), we plot the second-order corre-
lation function g(2)(0) as a function of detuning ∆/κ with or
without two-photon dissipation. The circles and the solid lines
represent the numerical solutions based on Eqs. (1) and (2) and
the analytical solutions based on Eq. (15), respectively. We
find that, except for the minimal value of g(2)(0), a close match
is observed between the numerical and analytical results. This
difference is attributed to the truncation of the Hilbert space
to two-photon excitation during the analytical solution pro-
cess. In the resonant case (∆ = ωa−ωl = 0), the system will
generate perfect photon blockade. In addition, the value of
g(2)(0) is smaller in the presence of two-photon dissipation,
i.e., the photon blockade effect is enhanced. This indicates
that the single-photon source generated by UPB has higher pu-
rity. In addition, we note that when parameters deviate from
the optimal values, i.e., Eq. (14) is not satisfied, the destruc-
tive quantum interference breaks down. Their superposition
instead yields a substantial number of two-photon population,
corresponding to an enhanced two-photon probability |C2|2.
Since g(2)(0) ∝ |C2|2, this results in g(2)(0) > 1. Although
two-photon dissipation is present, it merely consumes already-
generated two-photon states without being able to restore the
disrupted quantum interference; consequently, g(2)(0) remains
greater than 1.

090308-3



Chin. Phys. B 35, 090308 (2026)

Figure 2(b) shows the effect of detuning on the mean pho-
ton number 〈n〉, and the result indicates that the peak of 〈n〉
corresponds to the valley of g(2)(0) at ∆ = 0. Furthermore,
we compare the mean photon number versus detuning with
and without two-photon dissipation. It is found that κ2 = 0
(solid line) and κ2 = 10κ (dashed line) coincide. According to

Eqs. (9) and (12), the mean photon number approximates the
one-photon probability |C1|2 under weak driving. We observe
that numerical and analytical results agree well, indicating that
the system retains sufficient brightness despite two-photon dis-
sipation. This work provides a reference for obtaining single-
photon sources with high purity and brightness at resonance.
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-
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-
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Fig. 2. (a) The correlation function g(2)(0) versus detuning ∆/κ under different two-photon decay rates κ2 with Gopt = 0.005κ , ∆opt = 0. The
solid curves correspond to the analytical solution from Eq. (15), while the circles describe the numerical result based on the master equation (2).
(b) The mean photon number 〈n〉 versus detuning ∆/κ . (c) The correlation function g(2)(0) (red curve) given in Eq. (15) and the two-photon
probability |C2|2 (black curve) given by Eq. (10) versus the two-photon decay rate. Other parameters are Ω = 0.05κ , U = 0.5κ , φ/π = 0.

Furthermore, to explore the effect of two-photon dissipa-
tion on UPB, we plot the two-photon probability |C2|2 and the
correlation function g(2)(0) as a function of the two-photon de-
cay rate κ2 in Fig. 2(c). Clearly, as the two-photon decay rate
increases, the two-photon probability |C2|2 drops significantly,
thereby enhancing the UPB effect (g(2)(0)→ 0), which can be
explained by the analytical solutions based on Eqs. (10), (11),
and (15). Therefore, two-photon dissipation is the key to re-
ducing the two-photon probability. From a physics perspec-
tive, once two photons appear within the cavity, they simulta-
neously leak out (see Fig. 3).

U

G

>

>

>

κ

κ

κ2

Ωeiφ

Ωeiφ

Fig. 3. Schematic diagram of system photon state transition pathways.

4. Effect of system parameters on UPB
From the optimal condition Eq. (14) in the previous text,

we find that, apart from the cavity-laser detuning, other param-
eters also affect the occurrence of UPB. We then examine the
effects of driving strength Ω , the OPA nonlinear coefficient G,
and driving phase φ on the photon blockade phenomenon.

We first examine the dependence of the second-order cor-
relation function on the OPA nonlinear coefficient G for var-
ious driving strengths. Figure 4 compares numerical results
with analytical results: the solid curves are analytical solu-
tions from Eq. (15), while circles correspond to numerical
solutions from Eq. (2). Here, we set ∆ = 0,κ2 = 10κ , and
the other parameters are the same as those in Fig. 2. When
Ω = 0.02κ,0.04κ , and 0.06κ , numerical and analytical re-
sults agree well except for the minima, for the same reason
as in Fig. 2(a). Moreover, a stronger driving strength broadens
the photon blockade window, thereby facilitating experimental
observation of UPB and its applications.

-0.010 0 0.010 0.020
10-10

10-7

10-4

10-1

g
(2

) ↼

↽

G/κ

 

Analytical
 
 
Numerical

Ω=0.02κ

Ω=0.04κ

Ω=0.06κ

Fig. 4. The correlation function g(2)(0) with the nonlinear coefficient G/κ

of the optical parametric amplifier under different driving strengths Ω/κ .

Then Fig. 5 plots the correlation function g(2)(0) versus
the driving strength Ω for different nonlinear coefficients G.
Similarly, the validity of the analytical approach is once again
confirmed by the numerical simulations, as shown by the solid
curves (analytical results) and the circles (numerical results).
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The parameters are the same as those in Fig. 3. When the OPA
nonlinear coefficient and driving strength satisfy the optimal
condition in Eq. (14), perfect UPB is achieved. Moreover,
the photon blockade window widens with increasing nonlin-
ear coefficient. Thus, the results shown in Figs. 4 and 5 both
indicate that choosing an appropriate driving strength and the
OPA nonlinear coefficient facilitates photon blockade within a
wider range.

g
(2

) ↼

↽

Ω/κ
0.01 0.02 0.03 0.04 0.05 0.06

G/.κ

G/.κ

 
 
Analytical
 
 
Numerical

G/.κ

10-10

10-7

10-4

10-1

Fig. 5. The correlation function g(2)(0) with the driving strength Ω/κ

under different nonlinear coefficients G/κ of the optical parametric am-
plifier.

To further investigate photon antibunching, we plot the
variation of g(2)(0) with the phase φ in Fig. 6. As shown, the
correlation function g(2)(0) exhibits periodic modulation by
the driving phase with a period of π , reaching its minimum at
φ = ±π/2, where the optimal condition Gopt = −0.005κ can
also be derived from Eq. (14). Under these conditions, a strong
UPB effect emerges in the system. We utilize the relationship
that the nonlinear coefficient is proportional to the cosine of
the driving phase, demonstrating that the optimal nonlinear co-
efficient for perfect UPB remains unchanged, but the optimal
driving phase varies.

φ/π
-π -π/2 0 π/2 π

Analytical
Numerical

g
(2
) ↼

↽

10-10

10-8

10-6

10-4

10-2

Fig. 6. The correlation function g(2)(0) versus driving phase with
Ω = 0.05κ; the parameters are the same as those in Fig. 4.

To explore the effect of Kerr nonlinearity on the photon
blockade, we plot the correlation function g(2)(0) versus de-
tuning for different Kerr nonlinearity strengths in Fig. 7. It is
found that the absence of Kerr nonlinearity (solid line) yields

behavior nearly identical to that with weak Kerr nonlinearity
(dashed line), while g(2)(0) decreases slightly with increas-
ing Kerr nonlinearity (dotted line). Notably, significant pho-
ton blockade persists regardless of whether Kerr nonlinearity
is strong, weak, or absent. The underlying physical mecha-
nism is illustrated in Fig. 3, which involves two paths reaching
the two-photon state: the direct transition |0〉 G→ |2〉 is cou-
pled by the optical parametric amplifier, while the indirect

transition |0〉 Ω e iφ

→ |1〉 Ω e iφ

→ |2〉 proceeds sequentially from the
ground state to the two-photon state via single-photon exci-
tation by the driving laser field. Under the optimal condition
of Eq. (14), destructive quantum interference between the two
transition pathways eliminates two-photon excitation, thereby
enabling strong photon blockade. The energy-level spacing
can be tuned by Kerr nonlinearity, yet the interference be-
tween the photon transition pathways remains insensitive to
it. This insensitivity ensures robust photon blockade across a
wide range of Kerr nonlinearity strengths.

In Ref. [23], the authors compared EPB and CPB, and
found that although EPB achieves a larger average photon
number 〈n〉, CPB yields a smaller g(2)(0) due to the strong
Kerr nonlinearity employed. By contrast, in our model, the
synergistic effect of the Kerr nonlinearity and two-photon dis-
sipation enables g(2)(0) ∼ 10−8 when the parameters satisfy
the optimal conditions, while maintaining a relatively high av-
erage photon number. Our scheme simultaneously improves
the purity and maintains the brightness of the single-photon
source. In Ref. [24], strong antibunching at resonance was
demonstrated in cavity QED under weak coupling conditions
through the introduction of two-photon dissipation; neverthe-
less, the mean photon number under weak driving remained
substantially lower than that achieved in our system. Refer-
ence [25] reported a large mean photon number in a two-cavity
coupled system based on two-photon dissipation; however, the
resulting g(2)(0) was relatively high, which degrades the purity
of the single-photon source.

∆/κ

↩ ↩ ↩    

 U/
 U/.κ
 U/κ

g
(2
) ↼


↽

10-9

10-6

10-3

100

Fig. 7. The correlation function g(2)(0) versus detuning ∆/κ under
different Kerr nonlinearity strengths with Gopt = 0.005κ , ∆opt = 0, the
parameters are the same as those in Fig. 4.
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Table 1. Comparison of this system with those in Refs. [23–25].

Mechanism g(2)(0) n Operating parameters
This system UPB + Kerr + two-photon dissipation 1.2×10−8 0.01 Ω = 0.05κ , U = 0.5κ , G = 0.005κ , κ2 = 10κ ,

[23] EPB/CPB 0.003/8×10−6 0.5/0.0016 Ω = 0.02κ2, U = 10κ2, ∆ = 0
[24] EPB 0.045 6.4×10−7 Ω = 0.01κ , κ2 = 10κ , ∆ = 0
[25] UPB + two-photon dissipation 0.38 0.54 Ω = 0.4κ2, ∆ = 0

Single-photon sources based on quantum dots (QDs) in
finely tuned microcavities such as micropillars[35] and open
cavities[36] have achieved remarkable performance: Ding et
al.[37] reported an overall system efficiency of 71.2%, a pho-
ton indistinguishability of 98.56%, and a multi-photon prob-
ability of 2.05%, achieved through optical microcavity op-
timization and pulse shaping techniques. These advances
have propelled QD sources from laboratory demonstrations
to practical applications, with key breakthroughs in electri-
cal pumping and on-chip integration. Nevertheless, such per-
formance relies critically on strong coupling, which poses
challenges for scalability. Here, we propose an alternative
scheme based on UPB combined with two-photon dissipation
that exhibits stable photon blockade without requiring strong
coupling or fine-tuned cavities. Our system offers abundant
tuning dimensions including the driving strength, two-photon
loss rate, and detuning, and the synergistic optimization of
these parameters enables significant enhancement of single-
photon source performance. Analytical calculations indicate
that our scheme can achieve a second-order correlation func-
tion g(2)(0) ∼ 10−8, representing exceptionally high single-
photon purity. While the current QD platform leads in abso-
lute efficiency and indistinguishability, our scheme provides
a complementary route particularly suited for superconduct-
ing quantum circuit implementations,[38,39] where two-photon
dissipation can be engineered using standard nonlinear circuit
elements, in contrast to optical platforms, where special non-
linear absorbing media are required.

5. Conclusion
In this work, we propose a scheme to realize UPB in a

Kerr nonlinear single-mode cavity by introducing an optical
parametric amplification (OPA) and two-photon dissipation.
Employing the non-Hermitian Hamiltonian formalism, we ob-
tain the optimal UPB conditions through analytical solution of
the Schrödinger equation and validate them through numerical
simulation of the master equation with two-photon dissipation.
Then we identify photon blockade through the second-order
correlation function g(2)(0) and quantify its strength via the
mean photon number 〈n〉. The analytical and numerical solu-
tions exhibit good overall agreement; the minor discrepancy
near the minima of g(2)(0) arises from the truncation of the
Hilbert space to two-photon states in analytical calculations.
Most importantly, we observe that the UPB effect can be en-

hanced while maintaining high mean photon number by in-
troducing two-photon dissipation. Furthermore, the influences
of driving strength, OPA gain, and driving phase on UPB are
investigated. Finally, we elucidate the physical mechanism re-
sponsible for UPB generation in this system, which explains
why the UPB effect can remain stable across a broad range of
Kerr nonlinearity strengths. Our proposal offers insights into
investigating the PB effect, and it may be applied to generate
high-quality single-photon sources.

Appendix A: The optimal UPB condition
When the probability amplitude of the two-photon state

C2 = 0, the optimal condition for UPB in this work is given by

2e2iφ
Ω

2−2iG∆ −Gκ = 0, (A1)

we use Euler’s formula

e2iφ = cos2φ + i sin2φ , (A2)

and set the real and imaginary parts of Eq. (13) equal to zero{
2Ω 2 cos2φ −Gκ = 0,
2Ω 2 sin2φ −2∆G = 0.

(A3)

Solving the above equations with Mathematica yields the op-
timal conditions for Eq. (14) in the paper.
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