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Photon blockade enhancement is an exciting and promising subject that has been well studied
for photons in cavities. However, whether photon blockade can be enhanced in the output fields
remains largely unexplored. We show that photon blockade can be greatly enhanced in the mixing
output field of a nonlinear cavity and an auxiliary (linear) cavity, where no direct coupling between
the nonlinear and auxiliary cavities is needed. We uncover a biquadratic scaling relation between
the second-order correlation of the photons in the output field and intracavity nonlinear interaction
strength, in contrast to a quadratic scaling relation for the photons in a nonlinear cavity. We identify
that this scaling enhancement of photon blockade in the output field is induced by the destructive
interference between two of the paths for two photons passing through the two cavities. We then
extend the theory to the experimentally feasible Jaynes-Cummings model consisting of a two-level
system strongly coupled to one of the two uncoupled cavities, and also predict a biquadratic scaling
law in the mixing output field. Our proposed scheme is universal and can be extended to enhance
blockade in other bosonic systems.

Introduction.—Photon blockade, preventing the reso-
nant injection/emission of more than one photon, is a
pure quantum effect for single-photon generation with
wide application in a myriad of quantum information
protocols and technologies. Since its first proposal in an
optical cavity containing strong Kerr nonlinearities [1],
diverse efforts have been made to observe photon block-
ade experimentally and many novel mechanisms are pro-
posed to enhance the effect. Strong coupling between
light and matter at the single-photon level enabled the
observation of photon blockade in experiments, including
single atoms strongly coupled to an optical resonator [2–
4], a quantum dot strongly coupled to a photonic crystal
resonator [5, 6], and a superconducting qubit strongly
coupled to a transmission line resonator [7, 8]. Differ-
ent from the photon blockade induced by photon-photon
repulsion based on strong nonlinearity, there is another
mechanism with weak nonlinearity and the blockade is
achieved by quantum interference [9–16], which has been
observed for both optical [17] and microwave [18] pho-
tons. Besides, photon blockade is also predicted by non-
linear driving [19, 20] and nonlinear loss [21–24]. More-
over, photon blockade enhancement is proposed based on
multimode-resonant interaction [25, 26], non-Hermitian
interaction [27–30], dynamical excitation [31, 32], and
coupled-resonator chain [33–35].

We note that most of the previous works focused on
the photon blockade in the cavities, based on the com-
mon assumption that the photon statistics of the output
field is the same as the photons in the cavities. However,
this common assumption is not always true, such as we
can observe photon antibunching for the reflected light
but bunching for transmitted light [4, 36, 37]. Photon
statistics for the mixing of two output channels has been

investigated in Ref. [38], and tunable photon statistics
have been observed in the mixing field of a two-photon
state and a coherent field [39–41]. Nevertheless, whether
photon blockade can be enhanced in the mixing fields out-
put from two cavities hasn’t been studied thoroughly.
In this Letter, we show that photon blockade can be

greatly enhanced in the mixing fields output from a non-
linear cavity and an auxiliary linear cavity by quantum
interference. Different from the previous works on pho-
ton blockade in weakly nonlinear photonic molecules [9–
16], here the photon blockade is greatly enhanced in the
output fields, and there is no direct coupling between
the two cavities. We analytically identify that there is a
biquadratic scaling relation between the second-order cor-
relation of the photons in the output field and the in-
tracavity nonlinear interaction strength, in contrast to a
quadratic scaling law for the photons in a nonlinear cav-
ity. Our scheme is universal and can be extended to other
platforms. As an example, we consider an experimentally
feasible Jaynes-Cummings (JC) model for two (uncou-
pled) cavities with a two-level system (TLS) coupled to
one of them, and demonstrate a biquadratic scaling rela-
tion between the second-order correlation of the photons
in the output field and TLS-cavity interaction strength.
Model.—Without loss of generality, we first consider

the photon blockade in the mixing fields output from a
cavity containing χ(3) nonlinear medium and an auxiliary
(linear) cavity [Fig. 1(a)]. The total Hamiltonian of the
system in the frame rotating at the probe laser frequency
ωp can be written as (ℏ = 1),

H = ∆1a
†
1a1 + Ua†1a

†
1a1a1 + iε

(
a†1 − a1

)
+∆2a

†
2a2 + iε

(
a†2 − a2

)
, (1)
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FIG. 1. (Color online) (a) A Mach–Zehnder interferometer
with two cavities (a1 and a2) in the paths. A laser is divided
into two beams by a 50/50 beam splitter (BS), and they are

injected into a cavity containing χ(3) nonlinear medium and
an auxiliary (linear) cavity, respectively. The output fields
from these two cavities mix by another BS. A phase shifter
(PS) is placed in one path to induce tunable phase difference
ϕ between the two paths. The second-order correlation of the
output field is measured by a Hanbury-Brown-Twiss (HB-T)
set-up. (b) and (c) Second-order correlations of the photons

in the two cavities [g
(2)
1 (0) and g

(2)
2 (0)] and the mixing output

field [g
(2)
out(0)] are plotted as functions of the detuning ∆1/κ.

The parameters are ϕ = π, U = 20κ, and δ = 2U .

where ai and a†i are the annihilation and creation op-
erators of the ith cavity with frequency ωi (i = 1, 2),
∆i = ωi − ωp is the laser detuning from the cavity
resonance, δ = ω2 − ω1 is the detuning between the
two cavities, U is the nonlinear interaction strength,
and ε is the pumping strength on each cavity. Accord-
ing to the input-output relation [42], the mixing fields
aout output from the two cavities can be described by
aout = (

√
κ1a1 + eiϕ

√
κ2a2)/

√
2 − avac, where κi is the

one-sided decay rate of the ith cavity, ϕ is the relative
phase between the two output fields (tunable by using
the phase shifter), and avac is the input vacuum field
from the right-hand side of the cavities.

Photon statistics in the output field can be described
by the equal-time second-order correlation function

g
(2)
out (0) =

〈
a†outa

†
outaoutaout

〉
〈
a†outaout

〉2

=

2∑
j,k,l,m=1

einϕ
√
κjκkκlκm

〈
a†ja

†
kalam

〉
N2

out

, (2)

where n = l + m − j − k and Nout = κ1⟨a†1a1⟩ +

κ2⟨a†2a2⟩ + 2
√
κ1κ2Re(e

iϕ⟨a†1a2⟩). Different from the
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FIG. 2. (Color online) (a) The second-order correlation

log10[g
(2)
out(0)] for different phase ϕ/π and detuning δ/κ. The

second-order correlations log10[g
(2)
out(0)] and log10[g

(2)
1 (0)] (b)

versus phase ϕ/π with δ = 2U and (c) versus detuning δ/κ
with ϕ = π. (d) The mean photon number log10(n1) and
log10(n2) versus detuning δ/κ with ϕ = π. The other param-
eters are ∆1 = 0 and U = 20κ.

second-order correlation function in the cavities g
(2)
i (0) =

⟨a†ia
†
iaiai⟩/⟨a

†
iai⟩2 (i = 1, 2), g

(2)
out(0) also depends

on the cross-correlation between the two cavities (i.e.,

⟨a†2a2a
†
1a1⟩, ⟨a†1a

†
1a2a2⟩, ⟨a†1a

†
1a1a2⟩, and ⟨a†2a

†
1a2a2⟩),

and there are phase factors einϕ in front of the terms,
which can be negative and induce the enhancement of
photon blockade in the output field, without changing
the photon statistics in the cavities.

The dynamics of the system are governed by
the master equation [43] dρ/dt = −i [H, ρ] +∑

i=1,2 κi

(
2aiρa

†
i − a†iaiρ− ρa†iai

)
, where ρ is the den-

sity matrix of the system. Without loss of generality, we
set κ1 = κ2 = κ and rescale other parameters by this
quantity, such as ε = κ/10 for weak pumping.

Photon Blockade Enhancement.—To demonstrate the
photon blockade enhancement more clearly, the second-
order correlation functions for photons in the two cav-

ities g
(2)
i (0) and in the output field g

(2)
out(0) are shown

in Fig. 1(b) and 1(c) with the same ordinate scale. As
expected, the photon statistics in the two uncoupled
cavities are independent of each other: strong photon

blockade g
(2)
1 (0) ≈ 2.54 × 10−3 in the cavity a1 for

strong enharmonicity (U = 20κ), and no photon blockade

g
(2)
2 (0) = 1 in the cavity a2 without nonlinearity. Sur-
prisingly, a much stronger photon blockade is obtained in

the mixing output field aout for [g
(2)
out(0)/g

(2)
1 (0)] ∼ 10−4

at resonant frequency (∆1 = 0).

Figure 2(a) is a color plot of log10[g
(2)
out(0)] as a func-
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tion of the phase ϕ/π and detuning δ/κ, for ∆1 = 0 and

U = 20κ. The minimum of log10[g
(2)
out(0)] is reached for

ϕ ≈ π and δ ≈ 2U (or ϕ ≈ 0 and δ ≈ −2U). Two
cuts taken from the color plot for δ = 2U and ϕ = π
are shown in Figs. 2(b) and 2(c), respectively. The pho-

ton blockade is enhanced, i.e. g
(2)
out(0) < g

(2)
1 (0), in the

regime of 0.66π < ϕ < 1.33π, and the minimal value

of g
(2)
out(0) is about 5.4 orders smaller than g

(2)
1 (0) at

ϕ ≈ 0.996π [Fig. 2(b)]. Moreover, g
(2)
out(0) also strongly

depends on the detuning δ/κ between the two cavities,

and it is about 3.8 orders smaller than g
(2)
1 (0) at δ ≈ 2U

[Fig. 2(c)]. These results suggested that quantum inter-
ference might be responsible for the great enhancement
of photon blockade in the output field.

In addition, the mean photon numbers in the cavities
(ni = ⟨a†iai⟩) are plotted as functions of the detuning
δ/κ in Fig. 2(d). Under the optimal condition δ ≈ 2U ,
the single photon generation in the auxiliary cavity a2 is
suppressed seriously (n2/n1 ≈ 10−3.2) for large detuning
δ ≫ κ. Hence, almost all of the single photons in the
output field is emitted from the cavity a1. However, the
auxiliary cavity a2 provides another path for two pho-
tons passing through the whole system, which is the key
ingredient for the enhancement of photon blockade in the
output field as discussed bellow. By the way, the mean
photon number in the auxiliary cavity a2 is almost the
same as the one in cavity a1 (n1 ≈ n2) under the resonant
condition δ = 0, and they cancel each other at ϕ = π for
destructive interference, which induces a strong bunching

effect [g
(2)
out(0) ≫ 1] [14, 40] in the output field [Fig. 2(c)].

Biquadratic scaling.—In order to understand the origin
of the giant enhancement of photon blockade in the out-
put field, we derive the expressions of the second-order

correlations [g
(2)
out(0) and g

(2)
1 (0)] analytically [44]. Here,

including the effect of optical decay, an effective Hamil-
tonian Heff = H − iκ(a†1a1 + a†2a2) is introduced accord-
ing to the quantum-trajectory method [45]. Under weak
driving condition (ε ≪ κ), the wave function on a Fock-
state basis can be truncated to the two-photon manifold
as: |ψ⟩ =

∑2−n1

n2=0

∑2
n1=0 Cn1n2

|n1, n2⟩. Here, |n1, n2⟩
represents the Fock state of n1 photons in cavity a1 and
n2 photons in cavity a2, with the probability amplitude
Cn1n2

. The expression of Cn1n2
can be obtained by solv-

ing the Shrödinger equation d |ψ⟩ /dt = −iHeff |ψ⟩ in the
steady states.

Under the conditions for photon blockade enhancement
(ϕ = π, ∆1 = 0, and δ = 2U ≫ κ), the second-order
correlation function can be written as

g
(2)
out (0) ≈

2κ2

N2
out

{∣∣∣C20 −
√
2C11

∣∣∣2 + |C02|2

−2Re
[(√

2C∗
11 − C∗

20

)
C02

]}
, (3)

where Nout ≈ κ[|C10|2+|C01|2−2Re (C01C
∗
10). The prob-

ability amplitudes for two-photon states in the steady

slope = −2

slope = −4

FIG. 3. (Color online) The second-order correlations

log10[g
(2)
out(0)] and log10[g

(2)
1 (0)] versus the nonlinear interac-

tion strength log10(U/κ) with ∆1 = 0, ϕ = π, and δ = 2U .

state are approximately given by

C20 ≈ −i
U − iκ

ε2√
2κ
, C02 ≈ −

√
2

2U − iκ

ε2

4U
,

C11 ≈ −i
U − iκ

(
ε2

2κ
− iε2

4U

)
(4)

with |C20| ≈
√
2|C11| ≫ |C02|. The first and last terms

inside the curly brace of Eq. (3) are canceled out by the
destructive interference between C20 and C11. Then the
second-order correlation function in the output field is
approximately given by

g
(2)
out (0) ≈

1

16

( κ
U

)4

. (5)

The second-order correlation of the photons in the output
field depends on the strength of the nonlinear interaction
with a biquadratic scaling law, which is different from the
second-order correlation of photons in the cavity a1, i.e.,

g
(2)
1 (0) ≈ (κ/U)2, with a quadratic scaling law.

Both log10[g
(2)
out(0)] and log10[g

(2)
1 (0)], obtained by solv-

ing the master equation numerically, are plotted as func-
tions of log10(U/κ) in Fig. 3. In the strong nonlin-

ear regime U/κ ≫ 1, the slope of log10[g
(2)
out(0)] versus

log10(U/κ) is −4, which is much larger than the slope of

−2 for log10[g
(2)
1 (0)] versus log10(U/κ). The numerical

results agree well with the analytical expressions in the
strong nonlinear regime (black dashed lines in Fig. 3).
Thus, the scheme we proposed can not only greatly en-
hance photon blockade by several orders, but also change
the scaling exponent of the second-order correlation on
the nonlinear interaction strength from −2 to −4.
JC model.—The scheme for photon blockade enhance-

ment in output field is universal, which can be extended
to other optical platforms with anharmonic energy lev-
els, such as the JC model [46]. The strong coupling be-
tween a single cavity and a TLS has been realized decades
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ago [47–50], and photon blockade was demonstrated in a
large number of experiments based on JC model [2–8].
Here, we demonstrate a scaling enhancement of photon
blockade in the mixing field output from two (uncoupled)
cavities with a TLS strongly coupled to one of them.

The scheme can be extended to the JC model just by
replacing the χ(3) nonlinear medium [Fig. 1(a)] by a TLS
[Fig. 4(a)], and the system is described by

HJC = ∆1a
†
1a1 +∆aσ+σ− + g

(
a†1σ− + σ+a1

)
+∆2a

†
2a2 + iε

(
a†1 + a†2 −H.c.

)
, (6)

where σ+ and σ− are the raising and lowering operators
of the TLS with transition frequency ωa, ∆a = ωa−ωp is
the laser detuning from the TLS, and g is the TLS-cavity
coupling strength. We assume that the TLS is resonant
with the cavity (∆a = ∆1 = ∆), and the decay rate of
the TLS is κa = 2κ.
In order to confirm the applicability of our scheme in

JC model, we perform a fully numerical simulation of the
second-order correlation in the output field based on the

master equation. log10[g
(2)
out(0)] is plotted as a function

of ϕ/π and ∆2/κ in Fig. 4(b), for g = 20κ and ∆ = −g.
The minimum of log10[g

(2)
out(0)] appears around ϕ = π

and ∆2 ≈ −13.3κ ≈ −2g/3. From the cuts of the color

scale plot shown in Figs. 4(c) and 4(d), g
(2)
out(0) is about

4.3 orders smaller than g
(2)
1 (0) at ϕ = 0.99π with ∆2 =

−2g/3 [Fig. 4(c)], and about 3 orders smaller than g
(2)
1 (0)

at ∆2 ≈ −13.38κ with ϕ = π [Fig. 4(d)].
In order to understand the enhancement of pho-

ton blockade in the output field [44], we derive the

expression of g
(2)
out(0) by using the effective Hamilto-

nian HJC,eff = HJC − iκ(a†1a1 + a†2a2 + σ+σ−) and

wave function |φ⟩ =
∑2−n1

n2=0

∑2
n1=0 Cgn1n2 |g, n1, n2⟩ +∑1−n1

n2=0

∑1
n1=0 Cen1n2

|e, n1, n2⟩. Here, |g, n1, n2⟩
(|e, n1, n2⟩) denotes the Fock state of n1 photons in
cavity a1, n2 photons in cavity a2, and the TLS in the
ground (excited) state, with the probability amplitude
Cgn1n2

(Cen1n2
). The optimal condition ∆2 = −2g/3

for photon blockade in the output field is obtained by
setting Cg02 ≈

√
2Cg11, and they are canceled out by

the destructive interference in the output field at phase
difference ϕ = π. Thus the second-order correlation
function in the output field becomes [44]

g
(2)
out (0) ≈ 16

(
κ

g

)4

. (7)

We also have the second-order correlation in cavity a1 as

g
(2)
1 (0) ≈ 36(κ/g)2 for single-mode JC model, and they
[dash lines in Fig. 4(e)] agree well with numerical results
in the strong coupling regime. Similar to the case for
the cavity containing χ(3) nonlinear medium, the scheme
with JC model can also enhance photon blockade in the
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FIG. 4. (Color online) Photon blockade enhancement in the
mixing output field of two cavities with a TLS in one of them.
(a) Sketch of the proposed scheme with a TLS (excited state
|e⟩ and ground state |g⟩) in cavity a1. (b) The second-order

correlation log10[g
(2)
out(0)] for different phase ϕ/π and detun-

ing ∆2/κ. The second-order correlations log10[g
(2)
out(0)] and

log10[g
(2)
1 (0)] (c) versus phase ϕ/π with ∆2 = −2g/3 and (d)

versus detuning ∆2/κ with ϕ = π. (e) The second-order corre-

lations log10[g
(2)
out(0)] and log10[g

(2)
1 (0)] versus the interaction

strength log10(g/κ) with ϕ = π, ∆1 = −g and ∆2 = −2g/3.
The other parameters are g = 20κ and κa = 2κ.

output field by several orders, and change the scaling
exponent of the second-order correlation on the strength
of the TLS-cavity interaction from −2 to −4.

Conclusions.—In conclusion, we have proposed a
scheme to achieve scaling enhancement of photon block-
ade in the mixing field output from a nonlinear cavity
(in the strong nonlinear regime) and an auxiliary (linear)
cavity. We identify that the probability for two photons
in the output field can be significantly inhibited by the
quantum interference between two of the paths for two
photons passing through the whole system, leading to
a biquadratic scaling relation between the second-order
correlation of the photons in the output field and in-
tracavity nonlinear interaction strength, in contrast to a
quadratic scaling relation for the photons in a nonlinear
cavity. The scheme for photon blockade enhancement is
not only achievable in the cavity containing χ(3) nonlin-
earity [51] and TLS [52, 53] discussed in this Letter, but
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also applicable in cavities with χ(2) nonlinearity [54, 55]
and optomechanical interactions [56–62]. Furthermore,
our scheme can be directly extended to enhance phonon
blockade [63–66], magnon blockade [67–71], and polari-
ton blockade [72–76].

This work is supported by the National Natu-
ral Science Foundation of China (NSFC) (Grants
No. 12064010 and No. 12247105), the science and tech-
nology innovation Program of Hunan Province (Grant
No. 2022RC1203), and Hunan provincial major sci-tech
program (Grant No. 2023ZJ1010).
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