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Abstract

By combining analytical solutions and numerical simulations, we investigate the control
mechanism of photon blockade effects in a hybrid quantum system consisting of a
Kerr-medium single-mode cavity coupled with an optical parametric amplifier (OPA). To
study photon blockade in the system, the dynamics are described by a master equation derived
from the effective Hamiltonian, which considers single-mode cavity decay. In order to obtain
analytical solutions under optimal photon blockade conditions, the quantum state of the
system is expanded to the two-photon level based on the Fock state, and the steady-state
probability amplitudes are derived by solving the Schrédinger equation, thereby yielding
analytical expressions for the optimal photon blockade regime. The results demonstrate that
photon blockade can be achieved in the system at appropriate parameters. Comparative
analysis shows excellent agreement between the analytical results and numerical simulations
of the equal-time second-order correlation function, validating both the correctness of the
analytical solutions and the effectiveness of photon blockade in the system. The numerical
results show that the average photon number significantly increases under resonant conditions,
providing theoretical support for optimizing single-photon source brightness, which is
essential for achieving high-brightness single-photon sources. Furthermore, variations in the
driving phase can cause the optimal photon blockade region to shift in the two-dimensional
parameter space of driving strength and OPA nonlinear coefficient, and even reverse the
opening direction of the parabolic-shaped optimal blockade region. Both numerical and
theoretical results confirm the regulatory effect of the driving phase on photon blockade.
Additionally, the influence of Kerr nonlinearity is examined. The results show that photon
blockade persists robustly over a broad range of Kerr nonlinear strengths, exhibiting universal
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characteristics. Physical mechanism analysis indicates that the photon blockade effect
originates from destructive quantum interference between two photon transition pathways in
the system under specific parameters, effectively suppressing two-photon excitation.
Although Kerr nonlinearity modulates the energy levels of the system, it does not affect the
guantum interference pathways, thus keeping the photon blocking effect stable over a wide
parameter range.
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1. Introduction

At present, quantum information technology is in the ascendant. As the core device of
guantum information technology, the performance of single photon light source directly
determines the feasibility of frontier applications such as quantum computing, quantum
communication and quantum precision measurement. Among many single-photon generation
mechanisms, single-photon sources based on photon blockade effect™? have become a hot
research topic because of their significant advantages such as high purity, high repetition rate
and integration. In 2005, Birnbaum et al realized the photon blockade effect experimentally
for the first timel® by using a single-atom strong coupling optical cavity system, which laid
the foundation for the development of single-photon source. In 2018, Snijders et al first
observed the unconventional photon blockade effect experimentally by constructing a
dual-mode optical cavity and using the asymmetric coupling between the orthogonal
polarization mode and the quantum dot, and the single photon emission rate was one order of
magnitude higher than that of the traditional scheme. At the same time, Vaneph et al designed
a double-coupled superconducting cavity structure® to achieve photon blockade effect in the
microwave band by controlling the nonlinearity of the cavity mode. In 2025, Ding et al
developed a single-photon source based on a quantum dot embedded in a tunable
microcavity!®. By optimizing the design of the optical microcavity and pulse shaping
technology, the overall system efficiency of the single-photon source reached 71.2%, the
photon indistinguishability was as high as 98.56%, and the multi-photon error rate was as low
as 2.05%, showing extremely high single-photon purity.

Photon blockade is a non-classical effect in quantum optics, which means that under certain
conditions, the existence of a single photon will inhibit the transmission or generation of
subsequent photons, resulting in the output light field showing sub-Poissonian statistics and



antibunching characteristics. This effect can be quantitatively characterized by the
second-order correlation function. When the value of the second-order correlation function is
less than 1, the existence of photon blockade in the system can be confirmed. Photon
blockade can be divided into two types according to its physical mechanism: conventional
photon blockade (CPB)"*@and unconventional photon blockade (UPB)¥* . CPB
originates from the anharmonic splitting of energy levels caused by strong nonlinear
interaction, which makes the frequency mismatch between single-photon resonant excitation
and multi-photon transition, thus realizing single-photon selective excitation. UPB is a
nonlinear quantum optical effect based on quantum interference cancellation of multi-photon
transition paths. Its physical essence is that different quantum paths in the system satisfy
interference cancellation under specific parameters, selectively suppressing the population of
two-photon states while maintaining single-photon emission. Unlike CPB, UPB can be
implemented under weakly nonlinear conditions.

In recent years, nonlinear optical cavity system provides an ideal research platform for the
realization of controllable photon blockade effect. Many scholars have made extensive
research on single-mode optical cavity, double-mode optical cavity, multiple optical cavities,
the interaction between optical cavity and atom, and photon blockade in nonreciprocal optical
system, and have made many progresses in the field of photon blockade. For a single-mode
optical cavity system, the photon blockade effect can be generated by introducing physical
mechanisms such as Kerr nonlinear™* or optical parametric amplification (OPA) %, In
addition, by introducing the frequency degree of freedom of photons as a new control
dimension, the researchers proposed a novel photon blockade mechanism based on the
frequency response characteristics of nonlinear optical cavities: the efficient photon blockade
effect is realized by using the non-uniform quantum response of the cavity to driving fields
with different frequencies™. The study of photon blockade in a two-mode cavity system is
mainly focused on the interaction between the two cavity modes and how to achieve photon
blockade through this interaction*®?”. For example, in a two-mode cavity optomechanical
system, strong photon antibunching can be achieved by adjusting the coupling strength
between the two cavity modes and the driving condition. In addition, it is found that the
two-mode cavity system can achieve unconventional photon blockade through quantum
interference between different paths. This mechanism overcomes the limitation of
conventional photon blockade, which typically requires large nonlinear strength?-?2. The
interaction between multiple optical cavities provides more possibilities to realize the
complex photon blockade effect. By coupling multiple cavities together, a system with a
specific energy level structure can be formed, thus realizing photon blockade®?. In the
cavity-atom coupling system, the coupling between the atom and the cavity mode can
produce nonlinear effects, thus realizing photon blockade. The photon blockade effect can be
effectively enhanced by adjusting the coupling strength between the atom and the cavity



mode!®?% and the energy level structure of the atom™”). In addition, it is shown that a tunable
unconventional photon blockade can be achieved by introducing a phase-controllable driving
field into the single-atom-cavity system®%l The latest theoretical research is further
extended to the nonreciprocal system®®®=28 which introduces controllable nonreciprocity into
the multipath quantum system to achieve one-way blockade of photon transmission and
selective manipulation of quantum states. The results theoretically predict that a significant
nonreciprocal photon blockade phenomenon®®® can be observed in non-Hermitian cavities,
and demonstrate the possibility of realizing robust photon blockade based on topological
protection mechanismt“®“*. At present, the theoretical research frontier of photon blockade is
developing in the directions of multi-physical field cooperative control, non-Hermitian
guantum optical effect and non-reciprocal quantum optics, which expands the theoretical
research scope and application boundary of photon blockade.

In this paper, the quantum system composed of a Kerr-medium single-mode cavity and an
optical parametric amplifier (OPA) is considered. The control mechanism of the photon
blockade effect by the nonlinear coefficient of the OPA, the strength of the driving force, the
phase of the driving force and the strength of the Kerr nonlinearity is studied by combining
numerical analytical solution with numerical simulation. The results show that both the
analytical and numerical results confirm that photon blockade can exist in the system under
appropriate parameters, and the average photon number increases significantly when the
system is in resonance, and the phase of the driving force has a significant regulatory effect
on the photon blockade effect in the system. Furthermore, in a wide range of the Kerr
nonlinearity strength, the system always exhibits a significant photon blockade effect,
showing a typical universal photon blockade feature. Finally, the energy level structure and
photon transition path are systematically analyzed to reveal the physical mechanism of the
photon blockade effect.

2. Physical model

The system consists of a single-mode cavity and an optical parametric amplifier (OPA), with
a Kerr medium present inside the cavity. Due to the existence of Kerr nonlinearity and OPA

nonlinearity in the system, the Hamiltonian of the system is%443,

Hg =w,i'a+Ud'a'aa +iG (a'a' — aa), (1)

where w, is the eigenfrequency of the single-mode cavity, at and a are the photon creation

and annihilation operators of the single-mode cavity, respectively, U is the Kerr nonlinearity
strength; G is the optical parametric amplifier nonlinearity coefficient. The external driving
force on the cavity is of the form



f}d = F (&iei“ﬁe_iwdt + &e_i¢eiwdt) , (2)

where F is the strength of the driving force, ¢ is the phase of the driving force, and w4 is the
frequency of the driving forces.

In order to study the evolution of the system, a rotating frame with respect to the frequency of
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the control field is adopted. Defining a rotating operator R = exp (iwgqtata), the effective
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form of the total Hamiltonian H = Hg + Hy4 can be expressed as

Hy = Ad'a + Ua'a'aa + 16 (&'a" - aa)
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where 4 = w, — wy is the detuning of the eigenfrequency of the single-mode cavity from the
frequency of the driving force.

To investigate photon blockade in a single-mode cavity, the dynamics of the system under
photon decay can be described by the photon blockade master equation, which takes the
following form.

9p

o = [I?rcff, ,.a] + g(mf pa—atap — pata), (4)

where p is the quantum state and « is the photon decay rate of the single-mode cavity.

In theoretical studies, researchers usually use the equal-time second-order correlation
function g(®)(0) to describe the steady-state statistical characteristics of photons in the system,
and the equal-time second-order correlation function g®(0) is defined as follows:
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here, Tr( ) denotes taking the trace of the matrix, and p; is the steady state of the system.
When the equal-time second-order correlation function of the system satisfies g (0) < 1,
the photon number distribution of the system is in a sub-Poissonian state, indicating that



photon blockade occurs in the system.

In the study of single-photon sources, brightness is a key performance metric, defined as the
average photon number of the system:

N = (a'a) = Tr (p,a'a) . (6)

The average photon number directly reflects the efficiency of a single photon source to emit
available single photons per unit time, and is an important parameter to measure the
practicability of a single photon source.

For a system with a known Hamiltonian, the equal-time second-order correlation
function g(®(0) and the average photon number N can be obtained from the master equation
by numerical calculation or theoretical derivation, and then the effects of different parameters
on the photon blockade effect of the system can be studied.

3. Analytic result

The wave function of the system is expanded by using the Fork basis state, truncated to at
most two photon states, then the wave function |y) of the system can be expressed as

|¥) = Cy [0) + C1 [1) + G5 [2), (7)

where |} is the quantum state of the photon; C,, C; and C, are the probability amplitudes of
the quantum states |0), |1) and |2), respectively.

Considering the dissipation and attenuation of the system, the non-Hermitian
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Hamiltonian H,,,, of the system can be expressed as

Hy = Ad'a+ Ud'a'aa +iG (a'a" — aa)
At i - — LI
+ F (aTe@ + ae l‘b) — 1§aTa.
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Substituting the wave function |y) of the system and the non-Hermitian Hamiltonian H,,,, of

the system into the Schralinger equation i%= nonl), from the equality of the

coefficients for the same quantum state, we obtain:



) .
;200 _ Fe 0, —iy/2GC,,
ot
00 K —ig
IE—FB C[)‘F(A—IE)Cl‘F\/iFe Cg, (9)
i% = iv2GCy + V2Fe’Cy + (24 — ik + 2U)Cs.

For the steady state, the partial derivative of the probability amplitude of the quantum state
with respect to time is 0, and we get:

0 = Fe™C, — iy/2GC,,
0 = FelCy + (A - 15) C, + VBFe 0y, (10)
0 = iv2GCy + V2Fe’Cy + (24 — ir + 2U)Cs.

According to the characteristics of photon distribution, the probability amplitude of its
guantum state satisfies C, > C; > C,, and considering the condition that the external driving
is weak, the first formula in the equations (10) can be regarded as approximately valid. For
the convenience of calculation, let C, be a constant, and assume that C, = 1, then there is

_ 2C,F[(24 — ir + 2U)e? — 2ie7G]
"TOU4R? (24 )24 ik + 20)
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(11)
Cy =

For the photon blockade of a single-mode cavity, one has C, = 0, i.e.
2 ¥ 1 .
2F<e'? — Gk — 214G = 0.

Using Euler's formula e'® = cos 6 + isin 8, it is rewritten as

2F%(cos24 + isin2¢) — Gk — 2i4G = 0,

To make this equation equal to zero, both the real part and the imaginary part are zero, that is,

2 _
{2F cos2¢ — Gk = 0, (12)

2F%sin2¢ — 2AG = 0.



Thus, the optimal condition for photon blockade of the system is

~ 2F? (cos 2¢ + sin 2¢)

G :
K+ 2A

or,

 2F?*(—cos 2¢ + sin2¢)
B —Kk+ 2A '

G (13)

4. Comparison and discussion between numerical and analytical results

In order to investigate the photon blockade of the system, the numerical results of the
equal-time second-order correlation function g (0) in the system are studied by numerical
simulation. In the numerical calculation procedure, the effective Hamiltonian derived from Eq.
(3) is employed to numerically solve for the steady-state solution of the master equation given
by Eq. (4). Based on the obtained steady-state density matrix, the equal-time second-order
correlation function is evaluated according to Eqg. (5), and the mean photon number is
computed via Eq. (6). All numerical simulations presented in this work are performed using
the open-source computational package Quantum Optics Toolbox for MATLABM I For
convenience, the cavity decay rate k is adopted as the reference unit to normalize all other
physical quantities.

4.1 Comparison between numerical results of equal-time second-order correlation function
and analytical results of photon-blockade optimum condition

The numerical results of the equal-time second-order correlation function and the analytical
results of the optimum condition of photon blockade are shown in Fig. 1. The logarithmic
value of the isochronous second-order correlation function g(®(0) is given Fig. 1(a) as a
function of the driving strength F/x and the nonlinear coefficient of the optical parametric
amplifier G/k. The other parameters used in the numerical calculation are set to ¢ =t/
12 and U/k = 0.5. By analyzing Fig. 1(a), it can be observed that there is a region
of g (0) < 1 (i.e., Ig [g®(0)] < 0) in a specific parameter interval, which clearly indicates
that the system is in a photon blockade state“®. The white dashed line in Fig. 1(a) is drawn
based on equation (12), which represents the theoretical analytical solution of the optimal
condition of photon blockade. A comparison reveals that, the white dashed line is consistent
with the distribution of the darkest region of the corresponding color mapping in the
numerical calculation, which indicates that the theoretical analytical solution of the optimal



condition of photon blockade is highly consistent with the minimum distribution in the
numerical calculation. In Fig. 1(b), it shows the variation of the logarithmic value of the
equal-time second-order correlation function g(®(0) with respect to the optical parametric
amplifier nonlinear coefficient G /x and the driving force phase ¢. The other parameters used
in the numerical calculation are set to F/k = 0.1and U/x = 0.5. A prominent left-right
oscillating dark band region can be observed from the Fig. 1(b), which corresponds to the
region where the equal-time second-order correlation function satisfies the g (0) < 1. This
non-classical feature clearly indicates that the system is in the photon blockade state. The
white dashed line here is also given by equation (13), and it is also seen that the white dashed
line is consistent with the distribution of the dark region, which shows that the theoretical
value of the optimal condition of photon blockade is in good agreement with the numerical
result.
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Figure 1. Logarithmic value of the equal-time second-order correlation function g (0)
versus different physical parameters are presented: (a) Logarithmic value of g(®(0) as a
function of the driving strength F/k and the optical parametric amplifier nonlinear
coefficient G/x of the optical parametric amplifier, where ¢ = /12 and U/x = 0.5; (b)
logarithmic value of g (0) as a function of the optical parametric amplifier nonlinear
coefficient G/x and the driving phase ¢, where F/x = 0.1 and U/x = 0.5. In both figures,
the white dashed lines, derived from Eqg. (13), indicate the analytical solutions corresponding
to the optimal conditions for photon blockade.

4.2 Numerical results of the mean photon number in a photon-blockade system

As the core parameter to characterize the performance of a single photon source, the average
photon number directly determines the effective single photon flux that the source can
provide per unit time, and making it a key metric to evaluate the practicability of a single
photon source. To investigate the physical factors influencing the brightness of the
single-photon source in this system, we employed numerical simulations to systematically
study the regulation of the average photon number by varying physical parameters.



Specifically, the synergetic effects of the system detuning 4, the driving force strength F and
phase ¢, the optical parametric amplifier nonlinear coefficient G, and the Kerr nonlinearity
strength U on the average photon number are analyzed.

The Fig. 2 shows the logarithmic of the average photon number of the systemlg (N) as a
function of different parameters. The Fig. 2(a) shows the variation of the lg (N) with the
detuning 4/x under different driving strength F/x. The results show that for all driving
strengths, the average photon number exhibits a significant peak at the detuning of zero, that
is, A/x = 0, and the peak intensity increases monotonically with the increase of the driving
strength F /k. This result reveals that the system can achieve the optimal photon generation
efficiency when the driving force frequency matches the eigenfrequency of the system, that is,
the system is in resonance. Fig. 2(b) shows the variation of g (N) with the phase ¢ of the
driving force under different optical parametric amplifier nonlinear coefficient G /x. It can be
found that the average photon number is periodically modulated with the driving force phase,
with a maximum at ¢ = +m/2 and a modulation period of m. The peak intensity of the mean
photon number is positively correlated with the optical parametric amplifier nonlinear
coefficient G /x, and the modulation amplitude increases with the increase of the G /k. When
the optical parametric amplifier nonlinear coefficient G/k is fixed, the fluctuation range of
the average photon number of the system is relatively limited, which indicates that there is a
certain saturation effect on the regulation of the photon number distribution by the driving
force phase. In Fig. 2(c), the relationship between Ig (N) and detuning 4/x is studied under
different optical parametric amplifier nonlinear coefficient G /k. It can be concluded from Fig.
2(c) that the average photon number curve exhibits a single-peak characteristic, and the peak
position shows an obvious nonlinear dependence: when the optical parametric amplifier
nonlinear coefficient is small, such as G/x = 0.05, the peak position corresponds to the
detuning 4/x = 0, while with the increase of the optical parametric amplifier nonlinear
coefficient, the peak position shifts to the negative detuning direction. The influence of Kerr
nonlinearity strength U /x on the average photon number of the system is studied, as shown in
Fig. 2(d). The results show that the peak value of the average photon number is always stable
at A/x = 0. It can also be found that the four curves are almost coincident when the Kerr
nonlinearity strength U/x is different. This result shows that the influence of Kerr
nonlinearity on the average photon number of the system is relatively small, and also
confirms that the average photon number of the system has robust stability when the system is
on resonant conditions. The above numerical results can provide a theoretical reference for
the performance optimization of single photon source, and the analysis of related parameters
may be of reference value for the selection of experimental conditions.
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Figure 2. Logarithmic value of the average photon number N versus different parameters:
(@) lg (N) as a function of detuning 4/k at different driving strengths F/x; (b) phase
dependence of Ig(N) under varying of the optical parametric amplifier nonlinear
coefficients G/k; (c¢) detuning dependence of lg (N) for different optical parametric
amplifier nonlinear coefficients G/Gkk; (d) 1g (N) versus detuning A/x at distinct Kerr
nonlinearity strengths U/x.

4.3 Effect of driving force phase on photon blockade in the system

In this section, we study the modulation mechanism of the photon blockade effect by
adjusting the driving force phase ¢ under the resonance condition, that is, 4/x = 0. The Fig.
3 shows the contour plots of the logarithmic value of the equal-time second-order correlation
function g(®(0) as a function of the driving force strength F/x and the optical parametric
amplifier nonlinear coefficient G /x, where different subplots correspond to different driving
force phase settings, and in all plots, the Kerr nonlinearity strength is setto U/x = 0.5. It can
be seen from the Fig. 3 that photon blockade can exist in the system in each case, and the
theoretical value of the optimal condition of photon blockade is in good agreement with the
numerical results.
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Figure 3. Logarithmic value of g®(0) as a function of the driving strength F/x and the
nonlinear coefficient G/Gkk of the optical parametric amplifier under different driving
phases ¢: (a) ¢ =m/12; (b) ¢ =m/6; (¢) ¢ =m/4; (d) ¢ =m/3; (e) ¢ =57m/12; (f)
¢ = m/2. In all panels, the white dashed lines, derived from Eq. (13), represent the analytical
solutions for the optimal photon blockade conditions. The Kerr nonlinearity strength was
consistently setto U/k = 0.5 in the numerical simulations.

It is worth noting that the change of the driving force phase will significantly affect the range
of parameter space where the photon blockade effect appears. The contour plots of the
logarithm of the equal-time second-order correlation function g(®(0) as a function of the
driving force strength E,/F,kk and the optical parametric amplifier nonlinear coefficient G/
Gkk are shown in the Fig. 3(a) —(f), with different driving force phase ¢ = m/12, /6,
/4, m/3, 5m/12 and /2, respectively. It can be seen from Fig. 3 that the phase of the
driving force changes from ¢ = /12 to ¢ = m/4, and the corresponding subfigures is from
Fig. 3(a) to(c). The optimal photon blockade region shifts significantly in the F-G parameter
plane, and evolves from a parabolic region with an upward opening to a horizontally
symmetrical zonal distribution. As the phase of the driving force increases to ¢ = /3, as
shown in Fig. 3(d), the direction of the parabolic opening reverses, and the optimal photon
blocking region changes to a parabolic region with a downward opening. Furthermore, when
the driving force phase is increased to ¢ = 51/12 and 1/2, the optimal photon blocking region

still opens downward, and the difference between them is that the range of the photon



blocking region is reduced, as shown in Fig. 3(e) and Fig. 3(f). The optimal condition for
photon blockade given by Eq. (13) is given by the white dashed line in the figure. It can be
observed that the theoretical values of the optimal condition agree well with the results
obtained from numerical simulations. These results, from both numerical simulation and
theoretical analysis, confirm the control effect of the driving force phase on the photon
blockade effect. This driving force phase-dependent photon blockade control mechanism
provides a new manipulation dimension for programmable quantum devices, such as dynamic
single photon sources, which can significantly improve the flexibility and integration of
quantum information processing by realizing the topological reconstruction of parameter

space through phase regulation®**7#4),

4.4 Effect of Kerr nonlinearity on photon blockade in the system

In order to investigate the influence of Kerr nonlinearity on the photon blockade in the system,
the distribution characteristics of the equal-time second-order correlation function with
different Kerr nonlinearity strengths are calculated by numerical simulation. The Fig.
4(a) —(d) shows the distribution of the logarithmic value of the equal-time second-order
correlation function Ig [g(®(0)] in the parameter space composed of the driving force
strength F /x and the optical parametric amplifier nonlinear coefficient G /x when the Kerr
nonlinearity strength U/x setat 0.1, 1.0, 2.0 and 5.0, respectively, and the color depth of the
contour line represents the value of the g [g®(0)]. By comparing the numerical simulation
results from Fig. 4(a) to (d), it can be found that there is a significant photon blockade effect
in the system in a wide parameter range of the Kerr nonlinearity strength U/x from 0.1 to 5.0.
It is worth noting that the position and shape of the optimal photon blockade region show
good stability. This numerical result is in good agreement with the analytical result of the
optimal photon blockade conditions in Eq. (13).
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Figure 4. Logarithmic value of g®(0) as a function of the driving strength F/x and
the nonlinear coefficient G/x of the optical parametric amplifier under different Kerr
nonlinearity strength U/k: (a) U/x = 0.1; (b) U/k = 1.0; (c) U/k = 2.0; (d) U/x = 5.0.
In all panels, the white dashed lines, derived from Eq. (13), represent the analytical

solutions for the optimal photon blockade conditions.

It is worth mentioning that the universal photon blockade proposed by Zhou et al.”¥ recently
breaks through the classification limitation of the traditional photon blockade and realizes the
photon blockade effect independent of the nonlinear strength. Through the above theoretical
analysis and numerical simulation, it can be found that in the system designed in this study,
the Kerr nonlinearity has little effect on the optimal photon blockade region of the system.
This characteristic enables the system to achieve efficient photon blockade in a wide range of
nonlinear parameters, thus showing a typical universal photon blockade feature.

5. Physical mechanism of photon blockade in the system

In this section, the physical mechanism of photon blockade in the system consisting of a
single mode cavity and an optical parametric amplifier is discussed. When the external

driving is not considered, the intrinsic Hamiltonian of the system is H, = wgata +

Uataaa , and the energy level of the system can be expressed as E,, = nw, + n(n — 1)U.
The energy levels of the system and the transition paths of photons between different energy
levels are given Fig. 5. The Fig. 5(a) shows the energy level diagram of the system. The Fig.
5(b) shows the possible transition paths of the photon state of the system. From the Fig. 5(b),
it can be found that there are two paths for the system to reach the two-photon state. 1) Direct
path: under the action of the optical parametric amplifier, the ground state is directly



transitioned to the two-photon state, and the path is|0) 5 |2). 2) Indirect path: under the

action of external driving force, it first transitions from the ground state to the single-photon
state, and then continues to transition from the single-photon state to the two-photon state

Fel® Fel®
under the action of external driving force |0) 5 [1) 5 |2). When the parameters in the

system satisfy the optimal photon blockade condition given by Eq. (13), the photons from two
different transition paths will produce a completely destructive interference effect, which
significantly reduces the probability of two-photon excitation, thus showing a strong photon
antibunching characteristic in the experiment and achieving efficient photon blockade.
Although the Kerr nonlinearity can significantly change the energy level structure of the
system and lead to the nonlinear broadening of the energy level spacing, it does not directly
affect the interference characteristics of the photon transition path. This important feature
enables the system to maintain a stable photon blockade effect over a wide range of Kerr
nonlinearity strength.
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Figure 5. Schematic diagram of the system energy-level and the transition paths between
different photon states: (a) Energy level diagram; (b) photon state transition pathways.

In summary, the physical mechanism underlying the photon blockade effect in the system
arises from the synergistic interaction between the nonlinear effects of the optical parametric
amplifier and the external driving field through quantum interference. This cooperation
effectively suppresses the population of the two-photon excitation state, thereby achieving
significant photon antibunching, i.e., photon blockade. The essence of this photon blockade
phenomenon originates from the selective suppression of multiphoton transitions by
destructive interference between quantum paths under the condition of system parameter
optimization.

6. Conclusion

By combining analytical solution with numerical simulation, the control mechanism of
photon blockade effect in a hybrid quantum system composed of a Kerr-medium single-mode
cavity and an optical parametric amplifier (OPA) is studied, which is influenced by the
nonlinear coefficient of OPA, the driving force strength, the driving force phase and the Kerr



nonlinearity strength.

In order to study the photon blockade of the system, a master equation describing the dynamic
process of the system is established based on the effective Hamiltonian of the system with the
consideration of the decay of the single mode cavity. In order to obtain the analytical solution
of the optimal condition of photon blockade, the quantum state of the system is expanded into
a two-photon state by using the Fork ground state, and the analytical expression of the
probability amplitude of the quantum state of the system in the steady state is derived by
solving the Schrélinger equation of the system, and then the analytical result of the optimal
condition of photon blockade is obtained. The numerical results of the equal-time
second-order correlation function in the system are calculated by numerical simulation and
compared with the analytical results of the optimal condition of photon blockade. The results
show that the photon blockade can exist in the system under the condition of appropriate
parameters, and the analytical results of the optimal condition of photon blockade are highly
consistent with the numerical results, which not only verifies the correctness of the analytical
results, but also confirms the effectiveness of the photon blockade condition in the system.
The numerical simulation results show that the average photon number can be observed to
increase significantly under the resonance condition, which provides a potential theoretical
support for optimizing the brightness parameters of single photon sources. Then, the
modulation effect of the phase of the driving force on the photon blockade in the system is
studied, and it is found that the change of the phase of the driving force will significantly
affect the parameter space range where the photon blockade effect occurs, and the optimal
photon blockade region will be significantly shifted in the plane of the nonlinear coefficient
F and the optical parametric amplifier nonlinear coefficient G. Furthermore, the orientation of
the parabolic opening in the optimal photon blockade region undergoes a reversal: starting as
an upward-opening parabola, transitioning through a horizontal band-like intermediate state,
and ultimately evolving into a downward-opening parabolic structure. These results are
consistent with the analytical results of the optimal condition of photon blockade, and both
the numerical and theoretical results confirm the control effect of the driving force phase on
the photon blockade effect. The influence of Kerr nonlinearity on the photon blockade in the
system is further discussed, and the results show that there is a significant photon blockade
effect in the system in a wide parameter range of the Kerr nonlinearity, showing a typical
universal photon blockade feature.

Finally, the physical mechanism of the photon blockade phenomenon in the system is
discussed. According to the energy level of the system and the related interaction, it is known
that there are two photon transition paths to reach the two-photon state in the system. Under
the condition of appropriate parameters, the photons of the two different transition paths in
the system produce completely destructive quantum interference effect, which leads to the



probability of the two-photon state close to zero and effectively suppresses the two-photon
excitation, that is, the photon blockade phenomenon occurs. The existence of Kerr
nonlinearity only changes the energy level structure of the system, but does not directly affect
the photon transition path, which makes the system have photon blockade phenomenon in a
wide range of Kerr nonlinearity strength.
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