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Abstract
Indistinguishability of single photons from independent sources is critically important for scalable
quantum technologies. We provide a comprehensive comparison of single-photon
indistinguishability of different kinds of cavity quantum electrodynamics (CQEDs) systems by
numerically simulating Hong–Ou–Mandel two-photon interference. We find that the CQED
system using natural atoms exhibits superiority in indistinguishability, benefiting from the
inherently identical features. Moreover, a Λ−type three-level atom shows essential robustness
against variation of various system parameters because it exploits the two ground states with
considerably smaller decay rates for single-photon generation. Furthermore, a machine
learning-based framework is proposed to significantly and robustly improve single-photon
indistinguishability for two non-identical CQED systems. This work may pave the way for
designing and engineering reliable and scalable photon-based quantum technologies.

1. Introduction

Single-photon source serves as a fundamental cornerstone in numerous quantum technologies, including
optical quantum computing [1–4], boson sampling [5], quantum cryptography protocols [6–9], and
quantum communication applications [10–12]. The development and performance of photon-based
quantum information technology depend on single-photon sources with high-quality attributes, including a
high emission efficiency, a perfect single-photon purity, and photon indistinguishability [13–16].

Extensive efforts have been made to generate single photons within various systems, such as single
trapped atoms [17, 18], ions [19, 20], single molecules [21, 22], nonlinear wave mixing [23, 24], and cavity
quantum electrodynamics (CQED) systems [25–27]. Among these systems, CQED systems using atomic
system have achieved significant success in generating single photons [26, 28–32]. By coupling an atom
system to an optical cavity, the CQED system can deterministically generate single photons and greatly
enhance single-photon emission efficiency and single-photon purity [33–36]. This approach can be realized
with natural or artificial atom system. Here ‘natural atom’ refers to neutral atoms or ions that occur in nature
and inherently possess identical physical properties (e.g. energy levels). And by ‘artificial atom’ we mean
engineered quantum emitters such as semiconductor quantum dots and color centers in solids. Compared
with natural atoms, the inherent randomness in the self-assembled growth process of artificial atoms causes
fluctuations in the CQED system’s properties such as resonance frequency and cavity-atom coupling
strength. This fabrication imperfection results in degradation of single-photon indistinguishability and
limits the scalability of quantum information technologies based on deterministic single-photon
generation [37, 38]. Therefore, the production of identical artificial atoms is highly desirable, but
challenging. A recent solution enhancing indistinguishability of photons is to find similar artificial atoms
from a large number of atoms [39]. Thus, it is crucially important to understand the influence of the CQED
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system structures and parameters on the indistinguishability of single photons in the current intense
competition among single-photon sources.

For solid-state single-photon sources, it is challenging to flexibly adjust system parameters once they are
fabricated. Therefore, finding the optimal system parameters is of great importance, but it has been less
explored so far. Furthermore, a flexible approach for optimizing photon properties is highly valuable, but
still poses a challenge. In particular, the CQED system using three-level atoms can tailor the temporal shape
of the emitted single-photon wavefunction. By appropriately controlling the driving field, a single photon
with a corresponding wavefunction is emitted from the system via stimulated Raman adiabatic passage [14,
25, 26]. This feature enables the optimization of single-photon indistinguishability by adjusting the driving
field without the need to re-manufacture the CQED system. Machine learning (ML), which has become a
powerful tool for designing, optimizing, and controlling quantum systems [40–47], offers a general and
flexible approach to tackling this challenging task.

In this work, we simulate Hong–Ou–Mandel (HOM) interference between single photons emitted from
CQED systems to investigate the impact of cavity and atom parameters on single-photon
indistinguishability. Our results indicate the single-photon indistinguishability superiority of the CQED
system using natural atoms. We also demonstrate that a CQED system using three-level atoms exhibits
greater robustness to atom decay and shows near-perfect single-photon indistinguishability across a wider
range of system parameters compared to a CQED system with two-level atoms. Moreover, we propose a ML
framework to optimize the single-photon indistinguishability for CQED system with a three-level atom by
finding the optimal driving field. We also validate the effectiveness of this framework in CQED systems
experiencing parameter fluctuations. Our work provides insights into the performance and potential
applications of CQED-based single-photon sources, and opens up a new route toward engineering flexible
and reliable quantum networks in an ‘intelligent’ way.

This paper is organized as follows: in section 2, we first present the theoretical models of single-photon
emission schemes in the CQED system using two-level and Λ-type three-level atoms, and the simulation
method of HOM two-photon interference. In section 3, we demonstrate our ML framework for enhancing
the photon indistinguishability of CQED-based single-photon sources. In section 4, we provide a
comprehensive analysis of the influence of various system parameters on single-photon properties within
two-level and Λ-type CQED systems. In section 5, we demonstrate the improvement in single-photon
indistinguishability achieved using our ML framework. Finally, we conclude with a discussion in section 6.

2. CQED-based single-photon source

Among CQED systems, atoms (both artificial and natural) with two-level and three-level structures are
widely utilized to generate single photons through coupling with optical cavities. Below, we first introduce a
single-photon generation scheme in a two-level CQED system. Next, we consider a more complex case in
which the atom has a Λ-type three-level structure in the system, namely Λ-type CQED system. After that, we
elaborate on the assessment method of single-photon indistinguishability by HOM interference.

2.1. Two-level CQED system
The schematic of the two-level CQED system is depicted in figure 1(a). An atom is trapped in a single-mode
optical cavity with frequency ωc. The atom has a ground state |g⟩ and an excited state |e⟩ with atomic
resonance frequencies ωg and ωe, respectively. The states |0⟩ and |1⟩ denote a cavity field with zero and one
photon, respectively. Under the rotating frame transformation, the Hamiltonian of the system can be
expressed as,

H= h̄∆câ
+â+ h̄g

(
â+σ+σ+â

)
, (1)

where â+, â, σ+, σ represent the creation and annihilation operators of cavity modes and atomic excitation,
respectively.∆c defined by∆c = ωe−ωg−ωc is the frequency detuning between the atom and the cavity.

The dynamics of the system is determined by the Lindblad master equation, which can be written as,

ρ̇(t) =− i

h̄
[H,ρ] +

1

2

∑
n

[
2Ĉnρ(t) Ĉ

+
n − ρ(t) Ĉ+

n Ĉn− Ĉ+
n Ĉnρ(t)

]
, (2)

where Cn = {
√
κâ,
√
γσ} are the collapse operators. Here κ is the decay rate via the optical cavity and γ is

the collapse rate corresponding to spontaneous emission of the atom. In the Hamiltonian described by
equation (1), we do not explicitly include a time-dependent driving field term. This is because we assume
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Figure 1. Single-photon generation schemes in (a) two-level CQED system and (b) Λ-type CQED system. (c) Schematic of the
HOM interference. The emissions from two independent single-photon sources are interfered on two detectors by a beamsplitter.

that the atom is initially prepared in the excited state |e⟩ through an ultrafast excitation process (e.g. a short
π-pulse). This pulse is considered to be much shorter than the timescale of the cavity dynamics, and thus its
detailed temporal shape does not significantly affect the photon emission process. A photon then gets
spontaneously emitted into the cavity, and then transmit out through the cavity decay channel. Thus the
output field operator can be defined as âout =

√
κâ and the emitted photon wavefunction is

ϕout(t) = ⟨â†out(t)âout(t)⟩.

2.2.Λ-type CQED system
The two-level CQED system has the simplest atom structure. To advance the comprehensive study of
CQED-based single-photon sources, we extend our investigation to the Λ-type CQED system, in which the
atom has a Λ-type three-level structure. The schematic of single-photon generation in a Λ-type CQED
system is depicted in figure 1(b). The atom has two long-lived ground states, denoted as |u⟩ and |g⟩ and an
excited state |e⟩. The cavity mode is near resonant with the atomic transition between states |e⟩ and |g⟩, but
far off resonance from the transition between |u⟩ and |g⟩. Thus, the product states |e,0⟩ and |g,1⟩ are coupled
by the cavity mode with a coupling strength of g. Here, the coupling strength g is considered constant.

To generate a single photon, the atom is exposed to a time-dependent classic laser field Ωd(t) (referred to
as the driving field) with frequency ωd. The driving field is near resonant with the atomic transition between
the states |u⟩ and |e⟩, thereby coupling the product states |u,0⟩ and |e,0⟩. Driven by this field, the system
transitions from the initial state |u,0⟩ to the excited state |e,0⟩. Then, the quantum excitation is transferred
to the cavity mode |g,1⟩ through the atom-cavity coupling. At last, the photon is emitted into the output
channel through cavity decay, generating a single photon with a temporal wavefunction ϕout(t) and leaving
the system in the state |g,0⟩.
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For convenience, we use subscripts {1,2,3} to relate parameters and variables to the basis
{|u,0⟩, |e,0⟩, |g,1⟩}. The original Hamiltonian of the combined CQED system can then be expressed as
follows,

H= h̄ωcâ
+â+ h̄

3∑
i=1

ωiσii

+ h̄Ωd (t)
(
e−iωdtσ21 + eiωdtσ12

)
+ h̄g

(
â+σ32 + âσ23

)
, (3)

where ωc and ωd are the frequencies of the cavity mode and driving field, respectively. The atomic resonance
frequencies of the three states {|u,0⟩, |e,0⟩, |g,1⟩} are denoted as ωi, where i = 1,2,3. Under the rotating
frame transformation with the rotation operator U= exp i(ω2−ω3) â+â+ i

∑3
i=1ωiσii, the Hamiltonian

can be rewritten as,

H= h̄∆câ
+â+ h̄Ωd

(
e−i∆dtσ21 + ei∆dtσ12

)
+ h̄g

(
â+σ32 + âσ23

)
, (4)

where∆c is the detuning between the |e,0⟩ ↔ |g,1⟩ transition and the coupling cavity, and∆d represents
the detuning between the |u,0⟩ ↔ |e,0⟩ transition and the driving field, as illustrated in figure 1(b).

The process of single-photon generation is also determined by the Lindblad master equation, as
described in equation (2). The collapse operators in the Λ-type CQED system are given by Cn =
{
√
κâ,
√
γ12σ12,

√
γ32σ32}. Here, κ is the decay rate of the optical cavity decay channel, γ12 is the decay rate

corresponding to the spontaneous emission from the atomic excited state |e⟩ to the ground state |u⟩, and γ32

represents the decay rate of the spontaneous emission from the excited state |e⟩ to the state |g⟩ outside the
cavity mode. Therefore, by defining γ as the decay rate corresponding to the spontaneous emission from the
atomic excited state, we can write γ = γ12 + γ32. In the following investigation, we assume that atom decay
rates satisfy fixed proportional relationships, where γ12 =

5
9γ and γ32 =

4
9γ. We choose this ratio as a

representative case to ensure that both decay channels from the excited state to the ground states are present
and comparable, while still maintaining asymmetry. In the Λ-type CQED system, a single photon is emitted
through the cavity decay channel, similar to the process in the two-level CQED system. Thus, the definition
of the output field operator âout and the single-photon wavefunction ϕout(t) are the same as in section 2.1.

2.3. HOM two-photon interference
HOM two-photon interference is one of the most widely used standard tools to investigate the
indistinguishability between photons. In a HOM interferometer, two independent photon sources are
interfered on two detectors by using a single 50− 50 beamsplitter. The interference visibility reaches unity
when the photon inputs are perfectly identical, and decreases as the inconsistency in photon properties
increases. Thus, the indistinguishability of two CQED-based single-photon sources can be investigated by
simulating the HOM interference visibility. As shown in figure 1(c), two CQED systems (denoted by

notations (A) and (B)) are periodically driven by the driving fields Ω(A)
d (t) and Ω

(B)
d (t), and their outputs

â(A)out (t),â
(B)
out (t), incident into the HOM interferometer. In the case of the two-level CQED system, it is

assumed that the excitation pulse is short enough for its temporal shape to be irrelevant. Therefore, we set
the initial state of the two-level CQED system as the excited state in the following simulation for convenience.

In the numerical simulation, the visibility of the HOM interference, denoted as V, is defined by

V= 1− g(2)HOM[0]/limτ→Tg
(2)
HOM[τ ]. Here, g

(2)
HOM[τ ] represents the normalized correlation of two independent

single-photon sources with a delay time of τ . It can be obtained by calculating the following equation [48],

g(2)HOM [τ ] =
1

2

(
1−Re

ˆ T

0

ˆ T

0
dtdt ′

[
G(1)
(A) (t, t

′)
]∗ [

G(1)
(B) (t− τ, t ′)

])
, (5)

where T is the duration time of the complete single-photon generation process.

G(1)
(A)(t, t

′) = ⟨â(A)†out (t)â(A)out (t
′)⟩ and G(1)

(B)(t, t
′) = ⟨â(B)†out (t)â

(B)
out (t

′)⟩ represent the first-order coherences of the
single-photon sources. The numerically simulated g(2)HOM[τ ] for nearly perfect identical single photons
emitted from two-level and Λ-type CQED systems are depicted in figure 2(a). We also present typical
wavefunctions of single photons generated by two types of CQED systems in figure 2(b), where we apply a
Gaussian-type driving field to the λ-type CQED system.

The expression in equation (5) can be interpreted as quantifying the overlap of the single-photon
wavefunctions ϕout from the sources. For a Λ-type CQED system, the emitted single-photon wavefunction is
determined by the driving field when the other system parameters are fixed. From equation (5) we can see
that as the overlap of the two single-photon wavefunctions increases, the value of the zero-delay normalized
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Figure 2. (a) Simulated HOM correlation g
(2)
HOM is plotted against the delay time τ for perfectly identical single photons emitted

from two-level (blue) and Λ-type (red) CQED systems. (b) Typical single-photon wavefunctions generated by a two-level (blue)
and a Λ-type (red) CQED system.

correlation g(2)HOM[0] decreases, leading to an increase in the interference visibility V. Thus, we can improve
the indistinguishability of photons by adjusting the driving fields to increase the overlap between
single-photon wavefunctions for Λ-type CQED-based single-photon sources.

3. ML framework

As we mentioned in section 2.3, the photon indistinguishability can be enhanced by increasing the overlap
between single-photon wavefunctions. To accomplish this, we have developed a ML framework that can find
the driving fields required to generate identical single-photon wavefunctions in non-identical Λ-type CQED
systems. The operational mechanism of our ML framework is illustrated in figure 3(a): given a single-photon

source A which emits single photons with wavefunctions ϕ(A)
out (t), our ML framework is used to determine the

optimal driving field for another source B to generate single photons with wavefunctions that are nearly
identical, thus improving the indistinguishability of photons of the two sources.

In our framework, we utilize a reinforcement learning (RL) strategy to optimize the driving field. RL is an
interdisciplinary field that combines ML and optimal control. It has recently been utilized to discover
optimal strategies for various quantum technologies, including quantum error correction [49], quantum
control [42, 50] and quantum transport [51]. Generally, a RL algorithm consists of three main parts: action
policy, reward signal and value function. In RL, an intelligent agent learns to take actions in a dynamic system
and updates its action policy according to a reward signal, ultimately maximizing the value function [52].
Here, the action policy can be understood as a sequence of actions over discrete steps. The reward signal
represents the benefit or loss from an action at a given time, and the value function provides an overall
evaluation of the action sequence.

In the RL training process of our framework, the action policy represents the value of the driving field at
a specific time, while the reward signal corresponds to the error between the emitted and the target
single-photon wavefunction in each time segment. Here, we use the HOM interference visibility V between
single photons emitted from systems A and B as the value function to assess the quality of the driving field.

The detailed training process in our ML framework is shown in figure 3(b). We use a discrete set of
real-valued amplitudes {Ii} as the algorithm input, which defines the driving field at a sequence of time
points {ti}. These values serve as control parameters to generate the continuous driving field Ωd(t) through
linear interpolation, as expressed in the following equation

Ωd(t) = Ii +
Ii+1− Ii

∆t
(t− ti), t ∈ [ti, ti+1) , (6)

where∆t= ti− ti−1(i ∈ {1,2, . . .,N}) is the time interval of the ith time segment. With this discretized and
non-parametric representation, the driving field Ωd(t) can take arbitrary temporal shape, this allows our RL
strategy to explore broad class of possible pulse shapes. An alternative approach is representing the driving
field with parametric functions such as Gaussian function, which may reduce the search space or improve
convergence in certain regimes, leading to a promising direction for future optimization studies. With Ωd(t)
we can obtain the emitted single-photon wavefunction ϕout(t) through numerical simulation of the CQED
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Figure 3. (a) ML framework working mechanism. With ML algorithm, the optimal driving field of one single-photon source is
determined, which maximizes the overlap between the emitted single photon wavefunctions. This enhances the
indistinguishability of photons from two single-photon sources. (b) Detailed schematic of our ML algorithm. The input dataset
(driving field) iteratively adjusts itself based on feedback from the error set, which is calculated from the output and target
datasets. Here, different colors represent various stages in our algorithm.

system. Next, we convert ϕout(t) into a discrete output dataset {Oi} using the following equation,

Oi =
1

∆t

ˆ ti+1

ti

ϕout (t)dt , (7)

With equations (6) and (7), We establish a mapping from the input dataset to the output dataset. We
then calculate the error set {ei} from the target dataset {Ti} and the output dataset {Oi} using the formula
ei = Ti−Oi. The error set is fed back to adjust the input dataset according to the following feedback rule,

Ii← Ii + ηei , (8)

where η ∈ (0,1] is the learning rate. In practical implementations, Ωd(t) can be adjusted by tuning the power
of the classical driving laser field applied to the atom. Therefore, the driving field Ωd(t) in our simulation can
be experimentally realized by modulating the laser power as a function of time, using techniques such as
acousto-optic modulators or electro-optic modulators controlled by an arbitrary waveform generator.

For each training step, the training process continues until the error is negligible, or the number of
iterations exceeds a preset value to avoid an endless loop, or the value function V decreases during training.
Finally, once the training for all steps is completed, the optimized driving field is obtained. Then, by applying
this driving field to the Λ-type CQED system, we can generate a single photon with desired wavefunction. By
setting the target single-photon wavefunction to be the same with the reference CQED system (system A),
and applying the optimized driving field to system B, the emitted single-photon wavefunction of system B
then matches that of system A as closely as possible. The overlap between these two wavefunctions directly
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increases the first-order coherence functions G(1)
A (t, t ′) and G(1)

B (t, t ′), which leads to decrease in g(2)HOM[0]

according to equation (5). Since the HOM visibility V is defined by V= 1− g(2)HOM[0]/limτ→Tg
(2)
HOM[τ ], V

then increases, which means the indistinguishability of photons from two single-photon sources is enhanced.
By applying the above process to multiple pairs of single-photon sources, our framework can be easily
extended to the case of a single-photon source network.

4. Characterization of photon indistinguishability

For both two-level and Λ-type CQED systems, the emitted single-photon properties are mainly affected by
four system parameters:∆c, κ, g and γ. It is crucial to understand the influence of these parameters on the
indistinguishability of photons. To do so, we calculate the HOM interference visibility versus various system
parameters for both two-level and Λ-type CQED systems. In the following simulation, we use relative
(dimensionless) values for all system parameters in order to present general results that are not tied to a
specific physical implementation. The parameter ranges are chosen as from 0 to 5 (in dimensionless units)
for all system parameters in order to comprehensively explore the behavior of the system under a wide span
of conditions. While some values exceed typical experimental ranges, the goal is to reveal general trends and
robustness in photon indistinguishability.

We first investigate HOM interference visibility V between identical CQED systems. In figure 4, we show
the dependence of V on {∆c,κ,g} in the absence and presence of γ which represents the decay associated
with the spontaneous emission from the excited state, here we take γ= 1 for the latter case. When we
perform the sweep of different system parameters, the other parameter takes constant values:∆c = 0, g= 1
and κ= 1. In the case of the Λ-type CQED system, we apply a driving field with a Gaussian-type form
Ωd(t) = 6exp−( t−15

5 )2 and consider its frequency detuning to be zero (∆d = 0).
As can be seen from figure 4(a), in the absence of atomic spontaneous emission decay (γ= 0), the

dependence of V on different system parameters in the two-level CQED system is similar to that in the
Λ-type CQED system. For both types of CQED systems, the value of visibility V decreases rapidly with the
detuning∆c, as shown in figures 4(a1), (a2), (a4) and (a5). This indicates that the indistinguishability of
single photons generated by the CQED system is highly sensitive to the cavity-atom detuning even when
there is no atomic spontaneous emission decay. The CQED system using artificial atoms suffers from the
inherent randomness in the self-assembled growth process. This process results in a unique structure for
each artificial atom. This nonidentical atoms exhibit resonance frequency fluctuations in artificial atoms and
subsequently lead to degradation on indistinguishability of the emitted single-photons according to our
simulations. As an alternative, the CQED system using natural atoms can ensure identical resonance
frequency because all atoms intrinsically have the same properties, thus showcasing the superiority of
indistinguishability over the CQED system using artificial atoms.

Moreover, we find that the detuning range enabling high HOM interference visibility increases with κ,
while increasing g has no significant effect on this range. This suggests that the degradation of photon
indistinguishability caused by detuning can be mitigated by increasing the cavity decay rate κ. Under
resonance conditions, the HOM interference visibility sharply approaches unity as both the parameters g and
κ increase, as shown in figures 4(a3) and (a6). Compared to the Λ-type CQED system, the parameter region
of {g,κ} where the two-level CQED system can achieve high values of V is larger. This indicates that two-level
CQED-based single-photon sources with identical properties have less requirements on cavity properties to
achieve high single-photon indistinguishability in the absence of atomic spontaneous emission decay.

On the other hand, in the presence of atomic spontaneous emission decay (γ= 1), HOM interference
visibility between two-level CQED systems is significantly reduced over a wide range of system parameter
(figures 4(b1)–(b3)), while Λ-type CQED systems maintain relatively high HOM interference visibility
(figures 4(b4)–(b6)). From the contours of V = 0.5 and V = 0.9 in figure 4(b6) we can observe that when g is
fixed, the HOM interference visibility initially increases and then decreases as κ increases. This indicates the
existence of an optimal combination of g and κ that leads to maximum single-photon indistinguishability.
The optimal combination of g and κ is represented by a solid line in figure 4(b6). Since the dynamic control
of cavity decay and cavity-atom coupling strength in CQED systems remains a significant challenge, finding
the optimal combination of {g,κ} can provide valuable guidance for engineering reliable CQED-based
single-photon sources.

In realistic applications, it is challenging to ensure that multiple CQED systems are exactly identical.
Hence, it is practically significant and necessary to investigate the indistinguishability of photons between
CQED-based single-photon sources with non-identical system parameters. To achieve this, we fix one CQED
system in HOM interference as the reference system and then simulate the interference visibility dependence
on the parameters of the other CQED system (referred to the interfered system). We choose the following
parameters for the reference two-level and Λ-type CQED systems: {κ= 1,g= 1,∆c = 0}.
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Figure 4. HOM interference visibility V dependence on various system parameters for identical CQED-based single-photon
sources in the (a) absence and (b) presence of atomic spontaneous emission decay γ. Dashed lines with labels represent contours
indicating corresponding V values, and the solid line in (b6) represents the parameter combinations corresponding to the
maximum interference visibility.

Numerically simulated HOM interference visibility without atomic spontaneous emission decay is
presented in figure 5(a), from which we can see that V reaches unity when the interfered system parameters
are the same as the reference system. This also shows the superiority of natural atoms because they can
maintain the identical atomic property. However, there are significant differences in the dependence of V
between two-level and Λ-type CQED systems. For the two-level CQED system, the value of V decreases
rapidly as the difference in g between the interfered and reference systems increases, while maintaining a high
value of V for κ with a larger difference, as shown in figures 5(a1) and (a2). On the other hand, the Λ-type
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Figure 5. HOM interference visibility V dependence on various system parameters for different CQED-based single-photon
sources in the (a) absence and (b) presence of atomic spontaneous emission decay γ. Dashed lines with labels indicate contours
representing corresponding V values, and solid lines represent the parameter combinations corresponding to the maximum
interference visibility.

CQED system shows better robustness to differences in g and κ (figures 5(a4) and (a5)). This can be clearly
seen from the dependence of V on g and κ under resonance conditions, under which the two-level CQED
system can only achieve high HOM interference visibility with system parameters close to the reference
system, while a Λ-type CQED system can maintain high visibility under parameter conditions that are
significantly different from the reference system (figures 5(a3) and (a6)).

In the presence of atomic spontaneous emission decay (γ= 1), V of both types of CQED systems
decreases throughout the entire parameter space. However, the reduction of V in the Λ-type CQED system is

9
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Figure 6. Enhancing single-photon indistinguishability with our ML framework. (a) Interference visibility dependence on various
CQED system parameters before and after applying ML optimization. (b) The wavefunctions of the emitted single-photon
triggered by driving field with and without ML optimization, comparing to that from the reference system.

relatively smaller than in the two-level CQED system, as shown in figure 5(b). Furthermore, the patterns of
V ’s dependence on various parameters are similar to those in the absence of atomic spontaneous emission
decay. We demonstrate that the curves for the {g,κ} combination corresponding to optimal V values with
the resonance condition exhibit similar trends in both cases, with and without considering atomic
spontaneous emission decay. This suggests that atomic spontaneous emission decay has minimal impact on
the optimal combination of system parameters. Therefore, when two CQED-based single photon sources are
non-identical, the system with the optimal parameter combination demonstrates greater resilience to atomic
spontaneous emission decay.

5. ML-enhanced single-photon sources

To demonstrate the effectiveness of our ML framework in realistic situations, we evaluate its performance in
the Λ-type CQED system with atomic spontaneous emission decay rate of γ= 1. We fix one CQED system in
the HOM interference scheme unchanged as the reference system and utilize our ML framework to optimize
the driving field of the other CQED system with different system parameters. Here, we choose the reference
system parameters from the previously mentioned optimal combination: {κ= 1.25,g= 5,∆c = 0,∆d = 0}.
The driving field for the reference system is the same as in section 4.

Among all parameters of the CQED system, the strength of atom-cavity coupling and cavity decay are
particularly difficult to accurately regulate. Therefore, we apply our ML algorithm to the Λ-type CQED
system with varying values of g and κ to determine the optimal driving field that maximizes the HOM
interference visibility, thereby enhancing single-photon indistinguishability. The ranges of variation for g and
κ are g ∈ (0,5] and κ ∈ (0,5], respectively.

The HOM interference visibility with and without ML optimization are shown in figure 6(a). By
comparing figures 6(a1) and (a2), we can see that our ML optimization has nearly doubled the parameter
area for {g,κ} with high V values. In order to intuitively demonstrate the effectiveness of our ML framework
for optimization, we present detailed optimization results for a specific CQED system with parameters
{g= 4,κ= 4.5} in figure 6(b). Obviously, the emitted single-photon wavefunction without ML
optimization is far different from the wavefunction generated by the reference system. In contrast, the
ML-optimized driving field triggers the single-photon wavefunction, which nearly completely overlaps with
the wavefunction emitted from the reference system. The {g,κ} coordinates corresponding to this CQED
system are also indicated by a black solid star in figures 6(a1) and (a2), we can observe that our ML
framework substantially enhances the value of V from approximately 0.5 to over 0.9.

10
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The aforementioned results indicate that our ML optimization framework can effectively enhance the
indistinguishability of single photons generated by CQED systems across a wide range of parameters. In
addition, the optimization proposal obtained using our framework can be implemented by adjusting the
driving fields without making any changes to the existing CQED systems. This demonstrates the high
flexibility and versatility of our ML framework in real-world applications.

6. Conclusions

In conclusion, we have investigated the influence of different CQED system parameters on the
indistinguishability of single photons by simulating HOM interference between two independent
CQED-based single-photon sources. We have shown that CQED systems using natural atoms offer a
fundamental advantage in terms of intrinsic atomic uniformity, which helps reduce inhomogeneity
compared to artificial emitters. However, we also acknowledge that realizing high indistinguishability in
practice requires careful engineering of the cavity properties and precise control of the atom–cavity coupling.
We have also shown that, for a Λ-type CQED system, the appropriate selection of detuning, cavity decay, and
atom-cavity coupling strength can improve photon indistinguishability and enhance robustness against
variations in system parameters and imperfections in system fabrication. Furthermore, we have proposed a
ML framework for identifying the optimal driving field to optimize the photon indistinguishability of a
CQED system. With ML-optimized driving fields, non-identical CQED systems can also generate nearly
identical single photons without altering system parameters. Our work opens up a new avenue for
engineering scalable and reliable single-photon sources, which may facilitate the implementation of scalable
photon-based quantum technologies.
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