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 A B S T R A C T

We propose a scheme for achieving spatially dependent spontaneous emission by using vortex light beams 
(OAM) in a five level atomic configuration. It consists of an upper excited level and four lower metastable 
levels. The excited level is simultaneously coupled to two ground levels by a coherent probe field and a 
vortex field, respectively. In addition, a microwave field couples two of the ground levels. The excited state 
is assumed to be coupled by the vacuum modes in the free space and eventually decays to a fifth metastable 
level. It is found that by manipulating key parameters such as the strength of the Laguerre–Gauss beams, 
the Rabi frequency and detuning of an external microwave field, and the initial state of the atoms, we can 
achieve highly tunable spontaneous emission spectra. A wide variety of spatiospectral behavior, including 
two-dimensional spectral-peak narrowing, spectral-peak enhancement and spontaneous emission quenching is 
obtained.
1. Introduction

In recent years there has been a growing interest in the generation, 
detection, propagation, and interaction of structured beams with matter 
due to their potential applications in particle manipulation [1,2], op-
tical communication [3], and quantum information processing [4–6]. 
In most of the techniques the key feature is to use Laguerre–Gaussian 
(LG) modes of light which contain a helical phase term 𝑒𝑖𝑙𝜙, where 
𝑙 is the topological charge (TC), and can carry orbital angular mo-
mentum (OAM) of 𝑙ℏ per photon [7,8]. An important goal has been 
focused on obtaining structured light at a wavelength for which it is 
not possible to do it directly with standard optics (e.g., far-infrared 
or ultraviolet). In this regard the generation of coherent radiation 
via nonlinear optical media has been theoretically and experimentally 
proved using nonlinear four wave mixing process (FWM) in multi-level 
atomic media [9]. In such multilevel systems, laser-induced quantum 
coherence (QC) of atomic states can lead to quantum interference 
between the different excitation pathways which dramatically modifies 
the linear and nonlinear optical properties of the atomic medium, re-
sulting in electromagnetically induced transparency (EIT). EIT-related 
processes provide a powerful and effective mechanism to control and 
manipulate the absorption and dispersion properties of light [10–13]. 
For these reasons, EIT systems have been recently proposed as good 
candidates to transfer and manipulate the vortex phase and intensity of 
the generated field of OAM via FWM processes. Different scenarios have 
been performed primarily in 𝛬 three-level atoms with the control field 
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carrying the OAM, tripod atoms [14,15] or double schemes [16–20]. 
For instance, the transfer of OAM between light beams based on FWM 
has been reported in atomic vapors and the storage of OAM has 
been demonstrated [21]. The helical phase twist of a generated FWM 
field is coherently engineered (enhanced or suppressed as desired) 
via the field-detuning modulation in vortex FWM processes [18,22,
23]. The extension of these works to semiconductor quantum wells 
(SQWs) and quantum dots (QDs) is now gaining relevance due to its 
controllable properties such as electric dipole moments, intersubband 
energies and electron function symmetries, [24–26] which make these 
systems preferable to gaseous media for practical applications. For 
example, Wang et al. proposed some schemes to generate and control 
the spatially dependent FWM in semiconductor quantum wells [27–29], 
effectively modulating the helical phase of the output FWM field via 
multiphoton quantum interference. Besides, Hamedi et al. presented 
some schemes to realize the exchange and transfer of optical vortices in 
atomic systems [30–32]. Chao et al. [33] proposed a theoretical scheme 
to manipulate the helical phase via ultraslow FWM in a six-level atomic 
system driven by a field with OAM and making use of two EIT control 
fields. Zhang et al. [20] proposed an efficient scheme to manipulate 
the perfect optical vortex (POV) beam in a cold atomic ensemble 
with a five-level configuration where the OAM can be completely 
transferred from a POV control beam to the generated mixing field 
via inelastic FWM process. Optical vortex of a control field can also be 
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transferred to a generated probe beam via Raman processes [34] and in 
other more sophisticated systems such as molecular magnets [35] and 
graphene [36].

In addition to the coherent generation of structured light, the in-
coherent properties of atoms can be correspondingly modulated via 
the light fields as well. For example, the spontaneous emission, due to 
the atomic interaction with environmental modes, can be controlled or 
even canceled due to laser field induced quantum interferences [37,38]. 
The physical essentials of atomic coherence effects can be attributed to 
laser induced dressed states as well as quantum interference resulting 
from different transitions pathways. Several theoretical proposals of 
atomic systems have appeared where coupling to one or more coherent 
fields allow the management of the features of the fluorescence spec-
trum [39], spontaneously generated coherence [40], cancellation of 
spontaneous emission by quantum interference [40–44] and by placing 
atoms into different reservoirs, such as in optical cavities [45], pho-
tonic crystals [46] and in proximity to plasmonic nanostructures [47], 
which have different densities of modes interacting with the atoms. 
Therefore the possibility of shaping the spontaneous emission spectrum 
via control fields opens a new avenue for achieving spatio-spectral 
control over spontaneous emission and the generation of structured 
light via spontaneous emission in sharp contrast to the FWM techniques 
described above.

It should be noted that the generation of structured light via spon-
taneous emission have been analyzed very recently using 𝑀-type [48] 
and 𝑉 -type atoms [49]. In both atomic systems two nearly degenerate 
upper states decay to a common metastable state given place to vacuum 
induced coherence (VIC) which appears as a crucial ingredient to 
obtain spatially structured light. However, it is well known that the 
existence of this quantum interference requires that two close-lying 
levels be nearly degenerate and that the atomic dipole moments be 
nonorthogonal when the atom is placed in free space. Unfortunately, 
finding an experimentally feasible atomic system with VIC is challeng-
ing, therefore limiting their applications for common quantum systems 
such as atoms and molecules [38].

In order to circumvent this problem, here we present an alternative 
for the generation of spatially dependent spontaneously emission by 
using vortex light beams (OAM) interacting with a five-level atomic 
configuration where a control microwave field modulates the spon-
taneous emission from an excited state to a metastable state. The 
presence of the control and microwave fields dressed the atom, leading 
to three close-lying dressed states. Thus, before atoms spontaneously 
decay to the metastable level, they can go through three different 
pathways and the observed singular spontaneous emission spectra can 
be viewed as results of multiple VIC in the dressed-state picture [50]. 
The main advantage is that VIC is produced between dressed states not 
real states. Related work to the present study has been performed by 
Abbas et al. [51] who quite recently studied the generated spatially 
structured spontaneously emission in an atomic four-level configuration 
comprising two lower states, as well as two upper states interacting 
with three fields and creating a closed-loop atomic configuration. The 
generated spatially structured spontaneously emission does not rely on 
the quantum interference of spontaneous emission. In this context our 
scheme represents a similar approach to obtain structured spontaneous 
emission without the presence of vacuum induced coherence. It is 
worth noting that our system shows some advantages, as it does not 
impose any conditions on the detunings of the different fields. On the 
contrary, Abbas’s system has the interesting property of being able to 
control the spontaneous emission via the relative phase of the fields. 
In any case, both systems could be more suitable from an experimental 
point of view than previously proposed schemes.

The paper is organized as follows: Section 2 establishes a model 
to describe the five-level atom interacting with probe, and coupling 
fields. From that we derive an effective Hamiltonian which allows us to 
obtain the dynamical equations of the matrix density elements of the 
atomic system. In Section 3, we explore the generation of structured 
2 
light via spontaneous emission process and discuss the effects of the 
intensity and detuning of the control fields on the spatial modula-
tion of spontaneous emission. Finally, Section 4 summarizes our main 
conclusions.

2. Theoretical model and equations

We consider a medium of five-level atoms consisting of three lower 
levels |0⟩, |1⟩, and |2⟩, an excited state |3⟩, and a metastable level |𝑒⟩
as shown in Fig.  1(a). An equivalent dressed system is displayed in Fig. 
1(b).

This atomic system can be obtained by using the hyperfine states 
of 87𝑅𝑏 [52]. The atom is interacting with a probe field with carrier 
frequency 𝜔𝑝 and Rabi frequency 𝛺𝑝 which couples the transition |0⟩ →
|3⟩. The transition |2⟩ → |3⟩, is driven by a cw control field with 
carrier frequency 𝜔𝑐 and Rabi frequency 𝛺𝑐 . In addition the transition 
|1⟩ → |2⟩ is driven by a microwave field with frequency 𝜔𝑚 and Rabi 
frequency 𝛺𝑚. The upper level |𝑒⟩ decays to the metastable state |𝑒⟩ via 
interactions with the vacuum field modes in the free space. The OAM 
field 𝛺𝑐 is assumed to be in the form of a vortex Laguerre–Gaussian 
(LG) field 

𝛺𝑐 (𝑟, 𝜑) = 𝛺𝑐0
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Here 𝛺𝑐0 is the initial Rabi frequency of the LG field, 𝑟 is the radial 
coordinate, 𝑤0 is the beam waist, and 𝐿|𝑙|

𝑝  is the Laguerre polynomial.
The resonant frequencies between the different levels are 𝜔𝑖𝑗 =

𝜔𝑖−𝜔𝑗 , |𝑗⟩ (𝑗 = 0−3). Therefore, under the electric-dipole and rotating-
wave approximations, the interaction Hamiltonian for the five-level 
system can be described by
𝐻 = ℏ

[

𝛥𝑝𝜎33 + (𝛥𝑝 − 𝛥𝑐 )𝜎22 + (𝛥𝑝 − 𝛥𝑐 − 𝛥𝑚)𝜎11 + (𝛥𝑝 − 𝛿𝑘)𝜎𝑒𝑒
]

+ℏ
(

𝛺𝑝𝜎30 +𝛺𝑐𝜎32 +𝛺𝑚𝜎21 +𝐻.𝑐.
)

+ℏ
∑

𝑘𝜆
𝑔𝑘𝜆𝑏𝑘𝜆𝑒

𝑖(𝛥𝑝−𝛿𝑘)𝑡𝜎3𝑒 + ℏ
∑

𝑘𝜆
𝑔∗𝑘𝜆𝑏

+
𝑘𝜆𝑒

−𝑖(𝛥𝑝−𝛿𝑘)𝑡𝜎𝑒3 , (2)

where H.c. is the abbreviation for the Hermitian conjugate. Here, 𝜎𝑚𝑛 =
|𝑚⟩⟨𝑛| are the usual Pauli matrices, 𝑏𝑘𝜆 and 𝑏+𝑘𝜆 correspond to the 
creation and annihilation operators of reservoir modes with angular 
frequency 𝜔𝑘𝜆 with polarization 𝑒𝑘𝜆 (𝜆 = 1, 2). The parameter 𝑔𝑘𝜆
is the coupling constant of the atomic transition |3⟩ → |𝑒⟩ with the 
electromagnetic vacuum mode and is given by 

𝑔𝑘 =
√

𝜔𝑘𝜆
2ℏ𝜖0𝑉

(𝜇3𝑒 ⋅ 𝑒𝑘𝜆) , (3)

In this context, 𝑒𝑘𝜆 denotes the electrically polarized vector cor-
responding to the released photon with frequency 𝜔𝑘𝜆, 𝜇3𝑒 is the 
transition dipole moment associated with the transition |3⟩ → |𝑒⟩, 
and 𝑉  accounts for the quantified volume. The Rabi frequencies of 
corresponding fields are defined in terms of the dipole moment 𝜇𝑖𝑗
between the atomic levels |𝑖⟩ and |𝑗⟩ and the amplitude of the electric 
field applied to this transition 𝐸𝑗 (𝑗 = 𝑝, 𝑐, 𝑚) as 𝛺𝑝 = 𝜇03 ⋅ 𝐸⃗𝑝∕(2ℏ), 
𝛺𝑐 = 𝜇23 ⋅ 𝐸⃗𝑐∕(2ℏ), and 𝛺𝑚 = 𝜇12 ⋅ 𝐸⃗𝑚∕(2ℏ). The detunings appearing in 
Eq. (2) are defined as 𝛥𝑝 = 𝜔30 −𝜔𝑝, 𝛥𝑚 = 𝜔21 −𝜔𝑚, 𝛥𝑐 = 𝜔32 −𝜔𝑐 , and 
𝛿𝑘 = 𝜔3𝑒 − 𝜔𝑘.

Since we assume that state |𝑒⟩ is a metastable state, the system can 
remain in this state for a relatively long time before decaying to a lower 
energy state. Thus the dynamics of this system can be described by the 
probability amplitude equations through deploying the state vector as 

|𝛹 (𝑟)⟩ = 𝑎0(𝑡)|0⟩|0𝑘⟩+𝑎1(𝑡)|1⟩|0𝑘⟩+𝑎2(𝑡)|2⟩|0𝑘⟩+𝑎3(𝑡)|3⟩|0𝑘⟩+
∑

𝑘
𝑎𝑘(𝑡)|𝑒⟩|1𝑘⟩ ,

(4)

where the probability amplitude 𝑎𝑗 (𝑡) (𝑗 = 03) represents the temporary 
weight of each case without the photon emitted into the 𝑘th vacuum 
mode, i.e., labeled by |0 ⟩, while 𝑎 (𝑡) represents the probability of 
𝑘 𝑘
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Fig. 1. Schematic diagram (a) of the five-level atomic system. Transitions |0⟩ → |3⟩ and |2⟩ → |3⟩ are coupled by a probe field 𝛺𝑝 and a control field 𝛺𝑐 , respectively. This control 
field is a vortex Laguerre–Gaussian (LG) field. In addition, a rf-driving field 𝛺𝑚 couples the magnetically dipole allowed transition |1⟩ → |2⟩. Atom-field picture (b) of the same 
system in the dressed basis of the control and microwave fields 𝛺𝑐 and 𝛺𝑚, showing the interfering three decay channels to |𝑒⟩ state. A derivation of the equations of motion in 
the dressed-states basis is explained in the Appendix.
the atom on the metastable state |𝑒⟩ with one photon emitted in the 
𝑘th vacuum mode. Here, we would like to point out that we have not 
considered relaxation from excited states |3⟩ to the ground states |0⟩
and |2⟩. The incorporation of decay channels from the excited states to 
the ground state introduces decoherence, diminishing coherence among 
|0⟩, |2⟩ and |3⟩, which may diminish interference effects in the emission 
spectrum. However, the results are expected to be physically the same.

Making use of Schrödinger equation in the interaction picture, the 
coupled equations of motion for the probability amplitudes 𝑎𝑗 (𝑡) can be 
readily obtained as:
𝜕𝑎0(𝑡)
𝜕𝑡

= −𝑖𝛺∗
𝑝𝑎3(𝑡),

𝜕𝑎1(𝑡)
𝜕𝑡

= −𝑖
(

𝛥𝑝 − 𝛥𝑐 − 𝛥𝑚
)

𝑎1(𝑡) − 𝑖𝛺∗
𝑚𝑎2(𝑡),

𝜕𝑎2(𝑡)
𝜕𝑡

= −𝑖
(

𝛥𝑝 − 𝛥𝑐
)

𝑎2(𝑡) − 𝑖𝛺∗
𝑐 𝑎3(𝑡) − 𝑖𝛺𝑚𝑎1(𝑡) ,

𝜕𝑎3(𝑡)
𝜕𝑡

= −
[

𝛤∕2 + 𝑖𝛥𝑝
]

𝑎3(𝑡) − 𝑖𝛺𝑝𝑎0(𝑡) − 𝑖𝛺𝑐𝑎2(𝑡) ,

𝜕𝑎𝑘(𝑡)
𝜕𝑡

= −𝑖
(

𝛥𝑝 − 𝛿𝑘
)

𝑎𝑘(𝑡) − 𝑖𝑔∗𝑘𝑎3(𝑡) , (5)

where 𝛤  is the spontaneous decay rate from level |3⟩ to the metastable 
state |𝑒⟩.

By applying Laplace transformations 𝑎̂𝑗 (𝑠) = ∫ 𝑎𝑗 (𝑡)𝑒−𝑠𝑡𝑑𝑡, (𝑗 = 0−3), 
to Eq. (5), we obtain

𝑠𝑎̂0(𝑠) − 𝑎0(0) = −𝑖𝛺∗
𝑝 𝑎̂3(𝑠),

𝑠𝑎̂1(𝑠) − 𝑎1(0) = −𝑖
(

𝛥𝑝 − 𝛥𝑐 − 𝛥𝑚
)

𝑎̂1(𝑠) − 𝑖𝛺∗
𝑚𝑎̂2(𝑡),

𝑠𝑎̂2(𝑠) − 𝑎2(0) = −𝑖
(

𝛥𝑝 − 𝛥𝑐
)

𝑎̂2(𝑠) − 𝑖𝛺∗
𝑐 𝑎̂3(𝑡) − 𝑖𝛺𝑚𝑎̂1(𝑠) ,

𝑠𝑎̂3(𝑠) − 𝑎3(0) = −
[

𝛤∕2 + 𝑖𝛥𝑝
]

𝑎̂3(𝑠) − 𝑖𝛺𝑝𝑎0(𝑠) − 𝑖𝑠𝛺𝑐 𝑎̂2(𝑠) ,

𝑠𝑎̂𝑘(𝑠) − 𝑎𝑘(0) = −𝑖
(

𝛥𝑝 − 𝛿𝑘
)

𝑎̂𝑘(𝑠) − 𝑖𝑔∗𝑘 𝑎̂3(𝑠) . (6)

Eqs. (6) can be solved in terms of initial conditions 𝑎𝑗 (0), (𝑗 = 0−3). 
The solution of amplitude 𝑎̂3(𝑠) can be found as 

𝑎̂3(𝑠) =
𝑓0(𝑠)𝑎0(0) + 𝑓1(𝑠)𝑎1(0) + 𝑓2(𝑠)𝑎2(0) + 𝑓3(𝑠)𝑎3(0)

𝑓 (𝑠)
. (7)

Here,

𝑓0(𝑠) = −𝑖𝛺𝑝
[

(𝑠 + 𝑖𝑤1)(𝑠 + 𝑖𝑤2) + |𝛺𝑚|
2] ,

𝑓1(𝑠) = −𝑠𝛺𝑐𝛺𝑚,

𝑓2(𝑠) = −𝑖𝑠(𝑠 + 𝑖𝑤1)𝛺𝑐 ,

𝑓3(𝑠) = 𝑠
[

(𝑠 + 𝑖𝑤1)(𝑠 + 𝑖𝑤2) + |𝛺𝑚|
2] ,

𝑓 (𝑠) = 𝑠(𝑠 + 𝑖𝑤3)
[

(𝑠 + 𝑖𝑤1)(𝑠 + 𝑖𝑤2) + |𝛺𝑚|
2]

+
[

(𝑠 + 𝑖𝑤1)(𝑠 + 𝑖𝑤2) + |𝛺𝑚|
2]
|𝛺𝑝|

2 + 𝑠(𝑠 + 𝑖𝑤1)|𝛺𝑐 |
2 , (8)

where we have introduced the definitions 𝑤1 = 𝛥𝑝−𝛥𝑐−𝛥𝑚, 𝑤2 = 𝛥𝑝−𝛥𝑐 , 
𝑤 = 𝛥 − 𝑖 𝛤 , and 𝑤 = 𝛥 − 𝛿 .
3 𝑝 2 4 𝑝 𝑘

3 
As a result, the atom can oscillate between its ground state |0⟩
and the excited state |3⟩ in short-time evolution; however, it would 
eventually decay to the metastable state |𝑒⟩ due to the spontaneous 
emission in the long-time limit, i.e., 𝑎0(𝑡 → ∞) = 𝑎1(𝑡 → ∞) = 𝑎3(𝑡 →
∞) = 𝑎3(𝑡 → ∞) = 0. Hence, the spontaneous emission spectrum in the 
long-time limit [53] is 

𝑆(𝛿𝑘) =
𝛤
2𝜋

|𝑎𝑘(𝑡→ ∞)|2 . (9)

According to Eq.  (6), we have 𝑎̂𝑘(𝑠) =
−𝑖𝑔∗𝑘 𝑎̂3(𝑠)
𝑠+𝑖𝑤4 . Then, by using the 

inverse Laplace transformation and the final-value theorem [53] we 
finally obtain the spontaneous emission spectrum as

𝑆(𝛿𝑘) = 𝛤
2𝜋

|𝑎𝑘(𝑡→ ∞)|2 = 𝛤
2𝜋

|𝑎̂3(𝑠 = −𝑖𝑤4)|
2

= |

𝑓0(𝛿𝑘)𝑎0(0) + 𝑓1(𝛿𝑘)𝑎1(0) + 𝑓2(𝛿𝑘)𝑎2(0) + 𝑓3(𝛿𝑘)𝑎3(0)
𝑓 (𝛿𝑘)

|

2
, (10)

where

𝑓0(𝛿𝑘) = 𝑖𝛺𝑝
[

(𝑤4 −𝑤1)(𝑤4 −𝑤2) − |𝛺𝑚|
2] ,

𝑓1(𝛿𝑘) = 𝑖𝑤4𝛺𝑐𝛺𝑚,

𝑓2(𝛿𝑘) = 𝑖𝑤4(𝑤4 −𝑤1)𝛺𝑐 ,

𝑓3(𝛿𝑘) = 𝑖𝑤4
[

(𝑤4 −𝑤1)(𝑤4 −𝑤2) − |𝛺𝑚|
2] ,

𝑓 (𝛿𝑘) = 𝑤4(𝑤4 −𝑤3)
[

(𝑤4 −𝑤1)(𝑤4 −𝑤2) − |𝛺𝑚|
2]

−
[

(𝑤4 −𝑤1)(𝑤4 −𝑤2) − |𝛺𝑚|
2]
|𝛺𝑝|

2 −𝑤4(𝑤4 −𝑤1)|𝛺𝑐 |
2 .(11)

Eq. (10) gives the spontaneously emitted field at an arbitrary fre-
quency. It can be seen that the spontaneous output field can inherit the 
characteristics of the control fields, i.e. it can be modulated via the Rabi 
frequency, detunings and the charge number of the OAM vortex beams. 
In the following we will analyze the influence of these parameters 
on the generation of structured light by the control of spontaneous 
emission.

3. Numerical results and discussion

For illustration of the numerical results, we choose a realistic system 
consisting in 87𝑅𝑏 [52,54]. The simplified level configuration is shown 
in Fig.  1. The different atomic levels considered are the following: |0⟩ =
|5𝑆1∕2, 𝐹 = 1, 𝑚𝐹 = 1⟩, |1⟩ = |5𝑆1∕2, 𝐹 = 1, 𝑚𝐹 = 0⟩, |2⟩ = |5𝑆1∕2, 𝐹 =
2, 𝑚𝐹 = 0⟩, |3⟩ = |5𝑃3∕2, 𝐹 = 2, 𝑚𝐹 = 1⟩, and |𝑒⟩ = |5𝑆1∕2, 𝐹 = 2, 𝑚𝐹 = 2⟩. 
The microwave field couples the dipole transition between |1⟩ and |2⟩
with a splitting frequency 𝜔21 = 6.84 GHz. The transition from the 
excited state |3⟩ to the metastable level |𝑒⟩ can be coupled by the 
vacuum modes in free space.

Before proceeding with the generation of structured light, we briefly 
focus on the influence of the different external parameters on the emis-
sion spectrum. In order to better discriminate the effect of each of these 
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Fig. 2. Spontaneous emission spectrum versus the detuning 𝛿𝑘 of radiated light for (a) different initial superposition states; (b) different constant values of 𝛺𝑐 ; (c) effect of 
microwave Rabi frequency 𝛺𝑚, and (d) effect of microwave detuning 𝛥𝑚. The remaining parameters are as follows 𝛺𝑝 = 0.4𝛤 , 𝛺𝑐 = 2𝛤 , 𝛥𝑝 = 𝛥𝑐 = 0.
parameters, here we will restrict to a fixed, i.e. spatially homogeneous, 
field 𝛺𝑐 . Therefore, no spatial dependence of the spontaneous emission 
spectrum is considered so far. First we analyze in Fig.  2 the role of 
the initial probability amplitudes on the spontaneous spectra 𝑆(𝛿𝑘). 
Fig.  2(a) displays the spontaneous emission spectrum versus detuning 
by initially preparing the atom on its ground state, i.e., 𝑎0(0) = 1, 
𝑎1(0) = 𝑎2(0) = 𝑎3(0) = 0 and while 𝛥𝑝 = 0.2𝛤 , 𝛥𝑐 = 𝛥𝑚 = 0. From 
Fig.  2(a), one can clearly note that the spontaneous emission mainly 
occurs at one side band (dotted line).

For the case that the atom is in a superposition state, namely, 𝑎0(0) =
𝑎1(0) = 1∕

√

2 and 𝑎2(0) = 𝑎3(0) = 0 (dashed line) the spectrum shows a 
well developed Mollow triplet with a very high and ultranarrow central 
peak at 𝛿𝑘 = 𝛥𝑝 (solid line). Finally, if the atom is initially prepared in 
the excited state, i.e., 𝑎3(0) = 1 and 𝑎0(0) = 𝑎1(0) = 𝑎2(0) = 0 (dotted 
line), quenching of the spontaneous emission is observed.

Now we analyze the effects of external parameters such as the Rabi 
frequency of the control field, 𝛺𝑐 , and the Rabi frequency and detuning 
of the microwave field. For simplicity we assume that the atom is 
initially in the ground state (𝑎0 = 1) and the probe, coupling and mi-
crowave fields are respectively tuned to the corresponding transitions, 
i.e. 𝛥𝑝 = 𝛥𝑐 = 𝛥𝑚 = 0. The solid line of Fig.  2(b) shows that in absence of 
control field (𝛺𝑐 = 0), the spectrum develops a peak structure. However 
when 𝛺𝑐 = 0.5𝛤  two ultranarrow lines appears on both sides of zero 
detuning of 𝛿𝑘. In addition, there are two points where spontaneous 
emission is quenched. The position of these points can be controlled 
with the Rabi frequency of the control field.

Next, we focus on the variation of emission spectrum when the 
microwave field, 𝛺𝑚 is changed. Fig.  2(c) shows that a similar behavior 
as in the previous case appears. For 𝛺𝑚 = 0, the emission spectrum ex-
hibits a symmetrical double-peak structure (solid line), while a splitting 
occurs when 𝛺𝑚 = 0.1𝛤 , given place to a four-peak structure. A further 
increase of the Rabi frequency to 𝛺𝑚 = 0.5𝛤  simply broadens the 
spectrum. As can be seen, the change of the microwave field intensity 
4 
affects appreciably both the width and the height of the spectral lines. 
Finally in Fig.  2(d) we plot the spontaneous emission spectrum 𝑆(𝛿𝑘)
versus the detuning 𝛿𝑘 by modulating the detuning 𝛥𝑚 of the external 
microwave field under the same initial conditions as above. It is clearly 
shown that, when the external coherent microwave field is tuned to 
level |2⟩(𝑖.𝑒., 𝛥𝑚 = 0) (solid line), a symmetric spectrum appears. 
Interestingly, for a small frequency detuning of the external coherent 
microwave field, i.e., 𝛥𝑚 = 0.5𝛤  (dashed line), one side ultranarrow 
peak is quenched while an ultranarrow side line is enhanced.

The physical reason for the variation of the spectral-lines num-
ber shown in Fig.  2 can be qualitatively understood by invoking the 
dressed-state basis generated by the control and microwave field. In 
our numerical calculation (see Appendix), we find the three eigenvalues 
as 𝜆𝑏, 𝜆+, and 𝜆− which depend on Rabi frequencies and detuning 
of the driven fields. As shown in Fig.  1 the bare state |3⟩ is split in 
three dressed-state sublevels |±⟩ and |𝑏⟩. The spontaneous emission 
occurs from these sublevels to the metastable level |𝑒⟩. From the dy-
namical equations of these sublevels (see Appendix) it can be seen that 
there exists quantum interference between three different spontaneous 
emission pathways |+⟩ → |𝑒⟩, |𝑏⟩ → |𝑒⟩, and |−⟩ → |𝑒⟩, so we can 
conclude that the spontaneous emission spectrum should be gener-
ally composed of three peaks. These multiple competitive transition 
pathways result in spectral-line narrowing, spectra-line enhancement, 
spectral-line suppression, and quenching in the spontaneous emission 
spectra.

In conclusion, these results clearly show that, by properly adjusting 
the initial probability amplitudes, the detuning, and the Rabi fre-
quency of the control and/or the microwave field, we can modulate 
the spontaneous emission spectrum, allowing spectral-line narrowing, 
spectral-line enhancement, and spectral-line suppression. These facts 
can allow spatiospectral control of spontaneous emission when OAM 
fields 𝛺𝑐 drive the atom. In the following section we will analyze this 
question.



M.A. Antón and E. Cabrera-Granado Optics Communications 591 (2025) 132128 
Fig. 3. Spatial modulation of the spontaneous emission 𝑆(𝛿𝑘) for initial condition 𝑎0(0) = 1, 𝑎1(0) = 0, 𝑎2(0) = 0, 𝑎3(0) = 0, and different Rabi frequencies of the microwave field 
𝛺𝑚:(a) 𝛺𝑚 = 0, (b) 𝛺𝑚 = 0.5𝛤 , (c) 𝛺𝑚 = 𝛤 , and (d) 𝛺𝑚 = 5𝛤 . Other parameters are 𝛿𝑘 = 0.04𝛤 , 𝛺𝑝 = 0.4𝛤 , 𝛺𝑐 = 𝛤 , 𝛺𝑚 = 0.2𝛤 ; 𝛥𝑝 = 2𝛤 , 𝛥𝑐 = 0, and 𝛥𝑚 = 0 and topological charge 
l = 4.
3.1. One LG-mode control beam

Let us now examine the spatially dependence of the spontaneous 
emission spectrum when a spatially structured control field 𝛺𝑐 given 
in Eq. (1) is injected. Eq. (10) and Fig.  2(a) show that the spontaneous 
emission spectrum is very sensitive to the initial conditions of the 
atomic state. In the following we will analyze the key role of the 
microwave field to spatially modulate the spontaneous emission in two 
scenarios: In the first, the atom is initially prepared in the ground state 
|0⟩. Then we will consider the case of an initial superposition between 
|0⟩ and |1⟩ states.

Fig.  3 displays several examples of the spatial dependence of the 
emitted light for different values of the microwave control field 𝛺𝑚
and for a LG-mode beam with 𝑝 = 1 and 𝑙 = 4 as the control field. We 
can see that the intensity profiles develop a regular doughnut shape 
which is consistent with the typical feature of a standard LG beam, 
and most importantly, the influence of 𝛺𝑚 is negligible, only causing 
slight changes in emission intensity. No effects of the OAM phase are 
observed. Thus the spontaneous spectrum depends only the intensity 
distribution of the applied fields.

Now we consider the second scenario in which the atoms are 
initially on a superposition state, i.e., 𝑎0(0) = 1∕

√

2, 𝑎1(0) = 1∕
√

2, 
𝑎2(0) = 𝑎3(0) = 0. Besides, we consider a LG beam with 𝑝 = 1
and 𝑙 = 4, while we set 𝛿𝑘 = 0.3𝛤 . We can see that the change 
on the initial probability amplitudes dramatically modifies the spatial 
distribution on the spontaneous spectrum and more remarkably, the 
spatial pattern of emission can be modulated by the Rabi frequency 
of the microwave field, as evidenced in Fig.  4(a)–(d). Fig.  4(a) shows 
a doughnut-shape of the spontaneous emission profile for 𝛺𝑚 = 0, 
with near-zero intensity at the center. However, with the presence of 
the microwave field some features of the OAM control field emerges. 
Thus, for 𝛺𝑚 = 0.001𝛾, we can see in Fig.  4(b), the appearance of four 
enhanced regions within the rings. When 𝛺𝑚 = 0.01𝛤  (see Fig.  4(c)) the 
4-fold symmetry in the spatial spectrum is evident, where four dark-red 
structures denote positions of spontaneous emission enhancement or 
2D spectral peaks, while the blue areas correspond to regions causing 
quenching or reduction in spontaneous emission in the 2D azimuthal 
plane. If the intensity of the microwave field is further increased to 
5 
𝛺𝑚 = 5𝛤 , a petal-like structure arises with well defined spatial regions 
of enhanced or quenched spontaneous emission.

The behavior displayed in Figs.  3 and 4 can be better understood by 
a closer inspection of Eqs. (10) and (11). In effect, by incorporating in 
those equations the initial conditions 𝑎2(0) = 𝑎3(0) = 0, i.e., no initial 
populations in levels |2⟩ and |3⟩, the spontaneous emission spectrum 
can be expressed as 

𝑆(𝛿𝑘) =
1
2
|

|

|

|

𝑓0(𝑠)𝑎0(0) + 𝑓1(𝑠)𝑎1(0)
𝑓 (𝑠)

|

|

|

|

2
. (12)

For the case of initial condition 𝑎0(0) = 1 (atom initially in the 
ground state) considered in Fig.  3, and taking into account the par-
ticular values 𝛥𝑐 = 𝛥𝑚 = 0, Eq. (12) can be approximated by 

𝑆(𝛿𝑘) ≃
1
2
|𝛺𝑝|

2
|

|

|

|

|

|

(𝛿2𝑘 − |𝛺𝑚|
2)

(𝛿2𝑘 − |𝛺𝑚|
2)(𝛿2𝑘 − |𝛺𝑝|

2 − 𝛿2𝑘|𝛺𝑐 |
2)

|

|

|

|

|

|

2

. (13)

We can find from Eq. (13) that the spontaneous emission spectrum 
only depends significantly on the intensity distribution of the applied 
driving fields. In this case, we have only a spatial distribution of the 
spontaneous emission spectrum without any dependence on 𝛺𝑐 phase. 
In addition, the role of 𝛺𝑚 is restricted to a smooth change on the 
intensity spatial profile of 𝑆(𝛿𝑘).

However, in the case in which the system is initially in the super-
position state 𝑎0(0) = 1∕

√

2, 𝑎1(0) = 1∕
√

2, 𝑎2(0) = 𝑎3(0) = 0, as in Fig. 
4, the term 𝑓1(𝛿𝑘)𝑎1(0) = 𝑖𝜔4𝛺𝑐𝛺𝑚𝑎1(0) with 𝜔4 = 𝛥𝑝 − 𝑖𝛤∕2 carries 
information of the control field-phase on the spatial structure of the 
spontaneous emission spectrum . In this case, Eq. (12) can be roughly 
approximated as 

𝑆(𝛿𝑘) =
1
4

|

|

|

|

|

|

𝛺𝑝(𝛿2𝑘 − |𝛺𝑚|
2) + (𝛥𝑝 − 𝛿𝑘)𝛺𝑐𝛺𝑚

(𝛿2𝑘 − |𝛺𝑚|
2)(𝛿2𝑘 − |𝛺𝑝|

2 − 𝛿2𝑘|𝛺𝑐 |
2)

|

|

|

|

|

|

2

, (14)

It must be noted that 𝑓 (𝛿𝑘) also contains a contribution of the control 
field, but through its intensity |𝛺𝑐 |

2. By developing the numerator of 
the Eq. (14) it can be seen that an interference term emerges that is 
proportional to the product 𝛺𝑝(𝛺𝑐 + 𝛺∗

𝑐 )𝛺𝑚 ∼ 𝛺𝑝𝛺𝑚𝛺𝑐0 cos(𝑙𝜙). This 
term is crucial for the generation of structured light and clearly shows 
the coupling between the microwave field and the OAM field. In fact 
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Fig. 4. Spatial modulation of the spontaneous emission 𝑆(𝛿𝑘) for initial condition 𝑎0(0) = 1∕
√

(2), 𝑎1(0) = 1∕
√

(2), 𝑎2(0) = 0, 𝑎3(0) = 0, and different values of the Rabi frequency 
of the microwave field: (a) 𝛺𝑚 = 0, (b) 𝛺𝑚 = 0.001𝛤 , (c) 𝛺𝑚 = 0.01𝛤 , and (d) 𝛺𝑚 = 5𝛤 . Other parameters 𝛿𝑘 = 0.3𝛤 , 𝛺𝑝 = 0.4𝛤 , 𝛺𝑐 = 𝛤 , 𝛥𝑝 = 2𝛤 and 𝛥𝑐 = 𝛥𝑚 = 0.
if the microwave field 𝛺𝑚 is canceled, the phase dependence of the 
emission spectrum disappears.

Therefore, the topological charge of the OAM can be used to spa-
tially modulate the spontaneous emission spectrum. Fig.  5 displays 
the spatial patterns of the spontaneous emission keeping the same 
configuration as in Fig.  4, but changing the topological charge of the 
OAM, with specific cases illustrated as (a) 𝑙 = 1, (b) 𝑙 = 2, (c) 
𝑙 = 3, and (d) 𝑙 = 4, and 𝑝 = 1 for all cases. We can see that 
the change on the initial probability amplitudes dramatically modifies 
the spatial distribution on the spontaneous spectrum. As evidenced 
in Fig.  5(a)–(d), different OAM values lead to distinct patterns in the 
position-dependent spontaneous emission profiles. The red bright area 
within each petal represents maximum values of spontaneous emission, 
i.e., the atom is emitting light with high probability in those regions. 
On the other hand, blue regions in the depicted patterns correspond to 
quenching of spontaneous emission, indicating that little light is being 
emitted in those areas. Moreover, from Fig.  5, one can also observe that 
the high-probability emission ring presents an 𝑙-fold symmetry. This 
symmetry arises due to the spatial distribution of spatially engineered 
quenched and enhanced spontaneous emission regions in the medium 
as a result of quantum interference in spontaneous emission.

Clearly, we can conclude that some characteristics of the incident 
vortex beam can be transferred to the generated spontaneous emission.

Although some related schemes were recently proposed to inves-
tigate the generation of optical vortices through spontaneous emission 
spectra using M-type atom [48] or V-type atom [49], the current system 
offers some more control possibilities. Comparing with those schemes, 
the major feature of our proposal is that not vacuum induced coherence 
is necessary to obtain interferences in spontaneous emission spectra.

A variety of spontaneous emission patterns can also be obtained by 
changing the detuning of the microwave field, some of them can be 
seen in Fig.  6 where we have depicted spatial profile of the spontaneous 
emission spectrum 𝑆(𝛿𝑘) by modulating the detuning 𝛥𝑚 of the external 
microwave field, in this case, for 𝛿𝑘 = 0. It is clearly shown that again 
the spatial features of the OAM field are transferred to the emission 
spectrum.

Here, it should be emphasized that the obtained results provide a 
clue for engineering the spatial emission profile via changing the Rabi 
6 
frequency and detuning of the microwave field and the topological 
charge of the vortex beam. Thus, in our scheme we take advantage of 
the additional degrees of freedom provided by the Rabi frequency and 
detuning of the microwave field.

3.2. Two LG-mode control beams

In this section, we turn to the scenario in which both of the 
probe and control fields are LG-mode beams. We will show that emer-
gent patterns of the spontaneous emission spectrum can be observed 
through tuning the value of topological charges 𝑙1 and 𝑙2 of 𝛺𝑝 and 𝛺𝑐 , 
respectively.

Let us first consider the case of symmetric helicity drivings (i.e., 𝑙1 =
𝑙2) and we assume that 𝛥𝑐 = 𝛥𝑚 = 0. As previously stated, the atom is 
initially at the superposition state 𝑎1(0) = 1∕

√

2, 𝑎2(0) = 1∕
√

2, 𝑎3(0) =
0. Fig.  7 shows the spatially distributed portions of the spontaneous 
emission spectrum 𝑆(𝛿𝑘) at various OAM values.

The profile of spontaneous emission reveals a regular doughnut-
shape emission ring as in the case of one-OAM field, with an increasing 
radius with the OAM number.

This behavior can be analyzed again from Eq.  (10). For the con-
sidered case in Fig.  7, 𝛥𝑐 = 𝛥𝑚 = 0, so we have 𝑤1 = 𝑤2 = 𝛥𝑝, 
𝑤3 = 𝛥𝑝 − 𝑖𝛤∕2 and 𝑤4 = 𝛥𝑝 − 𝛿𝑘. With these parameters, Eq. (10) 
becomes

𝑆(𝛿𝑘) =
1
2

|

|

|

|

|

𝐴𝛺𝑝 + 𝐵𝛺𝑐

𝑓 (𝛿𝑘)

|

|

|

|

|

2

= 1
2

|

|

|

|

|

𝐴2
|𝛺𝑝(𝑙1)|

2 + 𝐵2
|𝛺𝑐 (𝑙2)|

2 + 2𝐴𝐵|𝛺𝑝(𝑙1)||𝛺𝑐 (𝑙2)| cos
[

(𝑙1 − 𝑙2)𝛷
]

𝑓 (𝛿𝑘)

|

|

|

|

|

2

, (15)

where 𝐴 = 𝛿2𝑘 − |𝛺𝑚|
2, and 𝐵 = (𝛥𝑝 − 𝛿𝑘)|𝛺𝑚|. We can see that 

in the case of equal topological charges 𝑙1 = 𝑙2, the interference 
term cos [(𝑙1 − 𝑙2)𝛷

] is not modulated, which leads to a non-modulated 
spontaneous emission profile.

Next, we will explore cases beyond symmetric helicity (i.e., 𝑙1 ≠
𝑙2). We first consider the case of 𝑙2 < 𝑙1. As shown in Fig.  8 the 
spontaneous emission spectrum changes dramatically in comparison 
with the symmetric-helicity case discussed above. As can be seen, a 
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Fig. 5. Spatial modulation of the spontaneous emission 𝑆(𝛿𝑘) for initial condition 𝑎0(0) = 1∕
√

(2), 𝑎1(0) = 1∕
√

(2), 𝑎2(0) = 0, 𝑎3(0) = 0, for (a) 𝑙 = 1, (b) 𝑙 = 2, (c) 𝑙 = 3, and (d) 
𝑙 = 4. Other parameters are 𝛿𝑘 = 0.04𝛤 , 𝛺𝑝 = 0.4𝛤 , 𝛺𝑐 = 𝛤 , 𝛺𝑚 = 0.2𝛤 ; 𝛥𝑝 = 2𝛤 , 𝛥𝑐 = 0, and 𝛥𝑚 = 0.

Fig. 6. Spatial modulation of the spontaneous emission 𝑆(𝛿𝑘) for initial condition 𝑎0(0) = 1∕
√

(2), 𝑎1(0) = 1∕
√

(2), 𝑎2(0) = 0, 𝑎3(0) = 0, 𝛿𝑘 = 0, and l = 4 for different values of the 
detuning of the microwave field: (a) 𝛥𝑚 = 0, (b) 𝛥𝑚 = 5𝛤 , (c) 𝛥𝑚 = 10𝛤 , and (d) 𝛥𝑚 = 15𝛤 . Other parameters are 𝛺𝑝 = 0.4𝛤 , 𝛺𝑐 = 𝛤 , 𝛺𝑚 = 0.5𝛤 , 𝛥𝑝 = 2𝛤 and 𝛥𝑐 = 0.

Fig. 7. Spatial modulation of the spontaneous emission 𝑆(𝛿𝑘) for initial condition 𝑎0(0) = 1∕
√

(2), 𝑎1(0) = 1∕
√

(2), 𝑎2(0) = 0, 𝑎3(0) = 0, 𝛿𝑘 = 0.3𝛤 , wherein each control beams are 
implemented as vortex lights modulation with 𝑙1 = 𝑙2: (a) 𝑙1 = 𝑙2 = 1, (b) 𝑙1 = 𝑙2 = 3 and (c) 𝑙1 = 𝑙2 = 5. Other parameters are 𝛺𝑝 = 𝛺𝑐 = 𝛤 , 𝛺𝑚 = 0.5𝛤 , 𝛥𝑝 = 2𝛤 and 𝛥𝑝 = 𝛥𝑐 = 0.
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Fig. 8. Spatial modulation of the spontaneous emission 𝑆(𝛿𝑘) for initial condition 𝑎0(0) = 1∕
√

(2), 𝑎1(0) = 1∕
√

(2), 𝑎2(0) = 0, 𝑎3(0) = 0, 𝛿𝑘 = 0.3𝛤 , wherein each control beams are 
implemented as vortex lights modulation with 𝑙2 < 𝑙1: (a) 𝑙1 = 3, 𝑙2 = 1, (b) 𝑙1 = 4, 𝑙2 = 1, (c) 𝑙1 = 5, 𝑙2 = 1 and (d) 𝑙1 = 6, 𝑙2 = 1. Other parameters are 𝛺𝑝 = 𝛺𝑐 = 𝛤 , 𝛺𝑚 = 0.5𝛤 , 
𝛥𝑝 = 2𝛤 and 𝛥𝑚 = 𝛥𝑐 = 0.
Fig. 9. Spatial spontaneous emission profile 𝑆(𝛿𝑘) for initial condition 𝑎0(0) = 1∕
√

(2), 𝑎1(0) = 1∕
√

(2), 𝑎2(0) = 0, 𝑎3(0) = 0, 𝛿𝑘 = 0.3𝛤 , and wherein each control beams are 
implemented as vortex lights modulation: (a) 𝑙1 = 1, 𝑙2 = −1, (b) 𝑙1 = 3, 𝑙2 = −3, (c) 𝑙1 = 4, 𝑙2 = −4, (d) 𝑙1 = −1, 𝑙2 = 1, (e) 𝑙1 = −3, 𝑙2 = 3, and (f) 𝑙4 = −4, 𝑙2 = 4. Other parameters are 
𝛺 = 𝛺 = 𝛤 , 𝛺 = 0.5𝛤 , 𝛥 = 2𝛤 and 𝛥 = 𝛥 = 0.
𝑝 𝑐 𝑚 𝑝 𝑚 𝑐
|𝑙1 − 𝑙2| fold rotational symmetry is found, showing |𝑙1 − 𝑙2| maxima as 
Eq. (15) predicts.

We now investigate the scenario in which the beams exhibit oppo-
site vorticities, i.e., 𝑙1 = −𝑙2 = 𝑙. It is worth noting that in this situation, 
the patterns of emission spectra depend on the sign of 𝑙1−𝑙2 = 2𝑙, i.e., on 
the sign of 𝑙. For 𝑙 > 0, the behavior can be explained from Eq. (15). In 
this case, this equation reduces to 

𝑆(𝛿𝑘) =
1
2

|

|

|

|

|

|

𝐴2
|𝛺𝑝(𝑙)|

2 + 𝐵2
|𝛺𝑐 (−𝑙)|

2 + 2𝐴𝐵|𝛺𝑝(𝑙)||𝛺𝑐 (−𝑙)| cos(2𝑙𝛷)
𝑓 (𝛿𝑘)

|

|

|

|

|

|

2

.

(16)

It can be seen from Eq. (16) that, although the interference term is 
independent of the sign of 𝑙, the intensity terms satisfy 𝐴2

|𝛺 (𝑙)|2 +
𝑝
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𝐵2
|𝛺𝑐 (−𝑙)|

2 ≠ 𝐴2
|𝛺𝑝(−𝑙)|

2 + 𝐵2
|𝛺𝑐 (+𝑙)|

2, since 𝐴 ≠ 𝐵. In addition, the 
term cos(2𝑙𝛷) introduces a 2𝑙-fold symmetry, resulting in a sinusoidal 
modulation of spontaneous emission patterns as shown in Figs.  9(a-f), 
but the width and the intensity differ when we change 𝑙 by −𝑙.

Finally, we analyze the effect of the microwave field for this case 
of two LG-mode control fields. Similarly to the case of one LG-mode 
control field, the spontaneous emission profile can be controlled by 
changing the Rabi frequency of the microwave field. Figs.  10(a)–(d) 
display the effect of increasing 𝛺𝑚 for 𝑙1 = 3 𝑦 𝑙2 = −3.

In absence of microwave field, (𝛺𝑚 = 0), Fig.  10(a) displays a 
narrow double-ring structure while the overall intensity of the emit-
ted light is very low. If the microwave field is set to a small value 
(𝛺𝑚 = 0.05𝛤 ), each ring breaks into 2𝑙 singularities, and the maximum 
intensity rises to five times higher values. A moderate increase of 
the Rabi frequency, 𝛺 = 0.5𝛤 , produces an enhancement of the 
𝑚
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Fig. 10. Spatial modulation of the spontaneous emission 𝑆(𝛿𝑘) for initial condition 𝑎0(0) = 1∕
√

(2), 𝑎1(0) = 1∕
√

(2), 𝑎2(0) = 0, 𝑎3(0) = 0, for different values of the Rabi frequency 
of the microwave field in the case of two OAM field with 𝑙1 = −𝑙2 = 3: (a) 𝛺𝑚 = 0, (b) 𝛺𝑚 = 0.05𝛤 , (c) 𝛺𝑚 = 0.5𝛤 , and (d) 𝛺𝑚 = 𝛤 . Other parameters are 𝛺𝑝 = 𝛺𝑐 = 𝛤 , 𝛥𝑝 = 2𝛤 , 
𝛥𝑚 = 𝛥𝑐 = 0 and 𝛿𝑘 = 0.3𝛤 .
spontaneous emission in the whole plane, but does not affect the overall 
pattern. Only the amplitude of the singularities is changed, as seen 
by comparing Figs.  10(b) and 10(c). However, a further increase of 
the Rabi frequency to 𝛺𝑚 = 𝛤  dramatically changes the spontaneous 
emission spatial distribution. A single ring star structure appears and 
a quenching of spontaneous emission takes place in the rest of the 
transverse plane.

The above obtained results point out that the proposed atomic 
scheme offers a wide range of tunability, i.e., one can manipulate the 
generated structured light fields by tuning the initial state of the atom, 
the topological charge of the control beams and the frequency and 
detuning of the auxiliary microwave field.

4. Summary

In summary, we have analyzed the generation of structured light 
via spontaneous emission in a five-level atomic system. Our approach 
shows that spatially dependent spontaneous emission spectra may be 
controlled by manipulating key parameters of the system: the strength 
of LG beams, the Rabi frequency and detuning of an external mi-
crowave field, and the initial state of the atoms. Moreover, we analyze 
the cases of one and two LG-mode beams interacting with the atom. 
It is found that due to these driving fields interference and their 
space-dependent intensity distribution, a variety of patterns in the 
spontaneous emission can arise, very different of original OAM driving 
fields. Specifically it is shown that structured spontaneous emission 
spectra may be generated through changing the values of the charge 
number 𝑙𝑗 of the external incident fields. This enables quenching and 
enhancement of spontaneous emission in specific different azimuthal 
regions. The number of enhanced emission peaks in the emission 
patterns can also be controlled by changing the topological charge of 
the OAM beams.

Moreover, since no stringent conditions are required in our scheme 
to obtain vacuum induces coherences, the numerical results for atomic 
spontaneous emission may be observable in feasible experiments by 
9 
using the 87𝑅𝑏 atom in 𝑀𝑂𝑇 , where the atomic temperature can 
be decreased to several tens of 𝜇𝐾 so that the Doppler broadening 
effect can be effectively eliminated. These investigations may find 
applications in the research related to structured light, for example, to 
store quantum information.
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Appendix. Calculation of the dressed states of the atomic system

Some of results obtained numerically in the preceding section can 
be interpreted in the atom-field dressed representation. It is well known 
that the positions, widths and heights of resonance fluorescence peaks 
can be understood through energies, electronic dipole moments and 
steady-state populations of the dressed states.

The dressed states produced by the driving control field 𝛺𝑐 and 
the microwave field 𝛺 , which couple the transitions |1⟩, |2⟩, and |3⟩, 
𝑚
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are obtained by finding the eigenvectors of the coherent part of the 
interaction Hamiltonian, Eq. (2), i.e., we must solve 
𝐻𝑐 |𝜓𝑖⟩ = 𝜆𝑖|𝜓𝑖⟩ , (17)

where 𝐻𝑐 is given by the coherent part of the Hamiltonian
𝐻𝑐 = ℏ

[

𝛥𝑝𝜎33 + (𝛥𝑝 − 𝛥𝑐 )𝜎22 + (𝛥𝑝 − 𝛥𝑐 − 𝛥𝑚)𝜎11 + (𝛥𝑝 − 𝛿𝑘)𝜎𝑒𝑒
]

+ℏ
(

𝛺𝑐𝜎32 +𝛺𝑚𝜎21 +𝐻.𝑐.
)

, (18)

The eigenvalues 𝜆𝑖 satisfy the equation
(

𝛥𝑝 − 𝛥𝑐 − 𝛥𝑚 − 𝜆
)

(𝛥𝑝 − 𝜆)
(

𝛥𝑝 − 𝛥𝑐 − 𝜆𝑖
)

− |𝛺𝑐 |
2 (𝛥𝑝 − 𝛿𝑘 − 𝜆𝑖

)

− |𝛺𝑚|
2(𝛥𝑝 − 𝜆𝑖) = 0 (19)

In order to obtain the dressed states under arbitrary parametric con-
ditions, we have to resort to numerical methods due to the complexity 
of the Eq. (19). However, under special circumstances we can look for 
the analytical solutions. The simplest situation is 𝛥𝑝 = 𝛿𝑘 = 0. In this 
case, Eq. (19) reads
𝜆𝑏 = 0

; 𝜆± =
𝛥𝑚 ±

√

𝛥2𝑚 + 4(𝛺2
𝑐 +𝛺2

𝑚)

2
. (20)

The corresponding eigenstates are given by 
|𝜓𝑖⟩ = 𝐶𝑖1|1⟩ + 𝐶𝑖2|2⟩ + 𝐶𝑖3|3⟩ (𝑖 = +, 𝑏,−) . (21)

where the coefficients 𝐶𝑖𝑗 (𝑗 = 1, 2, 3) are

𝐶𝑖1 =
𝛺∗
𝑚

√

|𝛺𝑚|
2 + |𝛺𝑐 |

2 + 𝜆2𝑖

,

𝐶𝑖2 =
𝜆𝑖

√

|𝛺𝑚|
2 + |𝛺𝑐 |

2 + 𝜆2𝑖

,

𝐶𝑖3 =
𝛺𝑐

√

|𝛺𝑚|
2 + |𝛺𝑐 |

2 + 𝜆2𝑖

, (22)

It can clearly be seen that the dressed states form a ladder of triplets 
as shown in Fig.  1(b) with probability amplitudes depending on the 
Rabi frequencies of the control field 𝛺𝑐 and the microwave field 𝛺𝑚. In 
addition, a lengthy but straightforward calculation allows us to express 
the equation of temporal evolution of the amplitudes appearing in 
Eqs. (5) in the dressed state representation as
𝜕𝑎0(𝑡)
𝜕𝑡

= −𝑖𝛺𝑝+𝑎+(𝑡) − 𝑖𝛺𝑝𝑏𝑎𝑏(𝑡) − 𝑖𝛺𝑝−𝑎−(𝑡),

𝜕𝑎+(𝑡)
𝜕𝑡

= −
[

𝛤+∕2 + 𝑖(𝛥𝑝 + 𝜆+)
]

𝑎+(𝑡) − 𝑖𝛺∗
𝑝+𝑎0(𝑡) −

√

𝛤+𝛤−

2
𝑎−(𝑡) −

√

𝛤+𝛤𝑏
2

𝑎𝑏(𝑡),

𝜕𝑎𝑏(𝑡)
𝜕𝑡

= −
[

𝛤𝑏∕2 + 𝑖𝛥𝑝
]

𝑎𝑏(𝑡) − 𝑖𝛺∗
𝑝𝑏𝑎0(𝑡) −

√

𝛤𝑏𝛤+

2
𝑎+(𝑡) −

√

𝛤𝑏𝛤−

2
𝑎−(𝑡) ,

𝜕𝑎−(𝑡)
𝜕𝑡

= −
[

𝛤−∕2 + 𝑖(𝛥𝑝 + 𝜆−)
]

𝑎−(𝑡) − 𝑖𝛺∗
𝑝−𝑎0(𝑡) −

√

𝛤−𝛤+

2
𝑎+(𝑡) −

√

𝛤−𝛤𝑏
2

𝑎𝑏(𝑡) ,

𝜕𝑎𝑘(𝑡)
𝜕𝑡

= −𝑖
(

𝛥𝑝 − 𝛿𝑘
)

𝑎𝑘(𝑡) − 𝑖𝑔∗𝑘+𝑎+(𝑡) − 𝑖𝑔
∗
𝑘𝑏𝑎𝑏(𝑡) − 𝑖𝑔

∗
𝑘−𝑎−(𝑡) , (23)

where the effective Rabi frequency are
𝛺𝑝+ = 𝛺𝑝𝛺𝑐∕

√

|𝛺𝑚|
2 + |𝛺𝑐 |

2 + 𝜆2+, 𝛺𝑝𝑏 = 𝛺𝑝𝛺𝑚∕
√

|𝛺𝑚|
2 + |𝛺𝑐 |

2 and 
𝛺𝑝− = 𝛺𝑝𝛺𝑐∕

√

|𝛺𝑚|
2 + |𝛺𝑐 |

2 + 𝜆2−. On the other hand the decay rates 
from the dressed atomic levels to the metastable level are given by

𝛤+ =
|𝛺𝑐 |

2𝛤

|𝛺𝑚|
2 + |𝛺𝑐 |

2 + 𝜆2+
,

𝛤𝑏 =
|𝛺𝑚|

2𝛤

|𝛺𝑚|
2 + |𝛺𝑐 |

2
,

𝛤− =
|𝛺𝑐 |

2𝛤

|𝛺𝑚|
2 + |𝛺𝑐 |

2 + 𝜆2−
. (24)

An inspection of Eqs. (23) and (24) shows that: (1) the current atomic 
system is equivalent to a five-level atomic system with vacuum induced 
10 
coherence since the terms depending on √𝛤+𝛤𝑏, 
√

𝛤−𝛤𝑏 and 
√

𝛤+𝛤−, 
etc, in Eqs(23) clearly show that spontaneous emission from the dressed 
excited levels can interfere, and (2) these terms can be modulated by 
the Rabi frequency of the control and microwave fields, as can be seen 
from Eqs. (24). Thus, the current system is equivalent to a system with 
vacuum induced coherence as investigated in Ref. [55], but the three 
close-lying levels are dressed states instead of real states. This is a good 
property of the proposed atomic system since it mimics a system with 
VIC without the need for specific and difficult conditions to be fulfilled 
in real systems.

Data availability

Data will be made available on request.
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