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Spatiospectral control of spontaneous emission

Seyyed Hossein Asadpour ,1,* Muqaddar Abbas ,2,† Hamid R. Hamedi ,3,‡ Julius Ruseckas ,4,§

Emmanuel Paspalakis ,5,‖ and Reza Asgari 1,6,¶

1School of Physics, Institute for Research in Fundamental Sciences (IPM), Tehran 19395-5531, Iran
2Ministry of Education Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Matter,

Shaanxi Province Key Laboratory of Quantum Information and Quantum Optoelectronic Devices, School of Physics,
Xi’an Jiaotong University, Xi’an 710049, China

3Institute of Theoretical Physics and Astronomy, Vilnius University, Sauletekio 3, Vilnius 10257, Lithuania
4Baltic Institute of Advanced Technology, Pilies St. 16-8, LT-01403 Vilnius, Lithuania

5Materials Science Department, School of Natural Sciences, University of Patras, Patras 265 04, Greece
6Department of Physics, Zhejiang Normal University, Jinhua, Zhejiang 321004, China

(Received 1 March 2024; accepted 21 August 2024; published 9 September 2024)

We propose a scheme aimed at achieving spatiospectral control over spontaneous emission within a four-level
atom-light coupling system interacting with optical vortices carrying orbital angular momentum (OAM). The
atom comprises a ground level and two excited states coupled with two laser fields, forming a V subsystem
where the upper states exclusively decay to a common fourth state via two channels. By investigating various
initial states of the atom and considering the presence or absence of quantum interference in spontaneous
emission channels, we analyze how the characteristics of the OAM-carrying vortex beam imprint onto the
emission spectrum. The interplay between the optical vortex and the quantum system, including its environment
modes, induces a wide variety of spatiospectral behavior, including two-dimensional spectral-peak narrowing,
spectral-peak enhancement, spectral-peak suppression, and spontaneous emission reduction or quenching in the
spatial azimuthal plane. Our findings shed light on the dynamics of atom–vortex-beam light interactions and
offer insights into the manipulation of emission properties at the quantum level.
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I. INTRODUCTION

There has been a notable surge in the study of sponta-
neous emission resulting from the interplay between quantum
systems and environmental modes [1,2]. Considering various
methods and systems aimed at manipulating and controlling
the spectrum of spontaneous emission has evolved into a
captivating frontier within the realm of scientific research.
Extensive efforts have been invested in delving into theoretical
frameworks that address the control of spontaneous emission
[3–20]. The applications stemming from the control of spon-
taneous emission are multifaceted, spanning diverse areas
such as lasing without inversion [21,22], electromagnetically
induced grating (EIG) [23,24], accurate localization and mag-
netic field measurement [8,25–27], transparent materials with
a high refractive index [28,29], and advanced quantum infor-
mation processing [30,31]. The manipulation of spontaneous
emission has been demonstrated through various approaches,
including spontaneously generated coherence [32], relative
phase control [6], control through incoherent pump processes
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[33], external coupling-field control [7,14], and altering the
environmental conditions of atoms, such as in free space [34],
in proximity to plasmonic nanostructures [35], within pho-
tonic crystals [36], and in confinement within optical cavities
[37]. Each case presents unique densities of electromagnetic
modes interacting with matter, showcasing the versatility of
the control mechanisms associated with spontaneous emission
in quantum systems.

At the same time, optical vortices, known for carrying
orbital angular momentum (OAM) [38,39], have recently gar-
nered increased attention due to their promising applications
across various domains. Optical vortices exhibit distinctive
characteristics, featuring helical wave fronts that converge
into circular patterns, deviating from conventional point fo-
cuses. The spotlight has particularly intensified on these
twisted light beams, showcasing their potential in quantum
information processing [40], biosciences [41], microtrapping
and alignment [42], and optical micromanipulation [43].
However, to comprehensively understand their impact, it is
imperative to delve into the unique nature of the interaction
between optical vortices and matter. The interplay between
these unique structured light beams and matter reveals a mul-
titude of captivating phenomena and effects, which have been
extensively investigated [44–61].

Recently, optical vortices endowed with OAM ushered in
a novel realm of possibilities for manipulating electromag-
netically induced transparency (EIT) [62]. This entails the
creation of spatially dependent EIT within a phase-dependent
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� scheme [50], where the phase sensitivity is meticulously
tuned using an external magnetic field. We proposed a sophis-
ticated extension to this spatially dependent EIT, replacing the
conventional magnetic field with additional optical transitions
[52]. Subsequent studies revealed that optical vortices exert
profound spatial effects in EIG [55] and light amplification
without inversion [63].

This paper delves into harnessing the inherent OAM in
optical vortices for precise spatiospectral control over spon-
taneous emission in a four-level atom-light coupling system.
The system consists of a ground level coupled to two excited
states connected with two laser fields, forming a V subsystem.
We specifically consider one of the laser beams to be an
optical vortex. The upper states decay to a common fourth
state through two decay channels. Various scenarios are ex-
plored for the initial state of the atom, encompassing cases
where the atom (i) initiates from its ground state, (ii) begins
in a superposition of excited states, or (iii) undergoes initial
oscillations in a superposition involving all three states of
the V model. Quantum interference of spontaneous emission
channels is also integrated into our analysis. Our findings
reveal that the initial state of the atom significantly influences
the potential for achieving two-dimensional (2D) spatially
dependent spontaneous emission. In case (i), when the atom
is initially in its ground level, without the presence of quan-
tum interference, no azimuthal dependence is observed in the
emission spectrum. However, the introduction of interference
dramatically modifies the scenario, enabling the imprinting of
OAM features from the vortex beam onto the emission spec-
trum. This is attributed to quantum interference closing the
level transitions initiated at the ground level, forming a closed
loop. The situation differs for cases (ii) and (iii), in which the
spatial features of OAM are transferred to the spontaneous
emission spectrum either with or without quantum interfer-
ence. Nevertheless, the presence of interference enhances
the results, enabling a diverse range of spatiospectral be-
haviors, including 2D spectral-peak narrowing, spectral-peak
enhancement, spectral-peak elimination, and spontaneous
emission reduction or quenching in the spatial azimuthal
plane. This research provides valuable insights into azimuthal
control of spontaneous emission through OAM manipula-
tion in optical vortex interactions with multilevel atomic
systems.

Spatial control of spontaneous emission spectra is
paramount for precision engineering and customizing the in-
teraction dynamics between atoms and photons. In quantum
information processing, it enables efficient quantum gates and
enhances computational capabilities through the precise shap-
ing of emission spectra. In enhanced light-matter interactions,
spatially controlled emission spectra contribute to advanced
devices in quantum optics and cavity quantum electrody-
namics, offering tailored interactions for applications like
advanced spectroscopy and imaging. The importance extends
to quantum sensing and metrology, in which spatial con-
trol enhances measurement precision and facilitates accurate
quantum state detection. Additionally, in optical communica-
tion, creating specialized optical sources with unique spectral
properties enhances efficiency and security.

It is noteworthy that a closely related scheme was recently
proposed to investigate the generation and detection of optical

FIG. 1. Illustration of a four-level atomic system in which the
ground state is denoted as |0〉, coupled to two upper states, |1〉
and |2〉, via interaction with two laser fields characterized by Rabi
frequencies �01 and �02. The upper states exclusively decay to a
common state |3〉.

vortices through spontaneous emission spectra using M-type
atoms [64]. In our V-type atomic system, the spontaneous
emission of light exhibits heightened efficiency compared to
an M-type atomic system, primarily due to the distinctive
energy-level configuration of the involved atoms. Within the
V-type atomic system, the configuration involves transitions
from a singular lower energy level to two distinct higher
energy levels. This unique arrangement facilitates a more
efficient and precisely controlled emission of light compared
to the M-type scheme. The latter entails the superposition of
ground-state levels, a task that poses challenges to experi-
mental achievement due to technical limitations and inherent
complexities. On the other hand, our proposed scheme is
specifically designed to achieve spatiospectral control over
spontaneous emission, showcasing a wide range of behav-
iors. They include two-dimensional spectral-peak narrowing,
spectral-peak enhancement, spectral-peak suppression, and
spontaneous emission reduction or quenching in the spatial
azimuthal plane—effects that were not discussed in Ref. [64].

This paper is organized as follows. In Sec. II, we begin
our theoretical exploration by elucidating the system con-
figuration and introducing an azimuthally dependent OAM.
In Sec. III, we present the solutions detailing the spatial
dependence of the spontaneous emission spectrum across var-
ious initial states of the atom. Through rigorous examination,
we uncover the intricate interplay between the atomic struc-
ture and the characteristics of emitted light. Finally, Sec. IV
concludes with a summary of our main conclusions and a
discussion of their implications, providing insight into the
manipulation of emission properties and possible uses of az-
imuthal control in quantum systems.

II. THEORY

We consider an atom fixed in position, characterized by a
four-level atomic configuration consisting of two lower levels,
|0〉 and |3〉, and two upper levels, |1〉 and |2〉, as illustrated
in Fig. 1. In addition one optical vortex light with Rabi fre-
quency Ψ01(r, φ) and a coupling light with Rabi frequency Ψ02
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act on transitions |0〉 → |1〉 and |0〉 → |2〉, respectively. The
interaction Hamiltonian within the dipole and rotating-wave
approximation, considering two structured waves and cou-
pling fields that drive distinct atomic transitions, is expressed
as follows:

HI = h̄{�01(r, φ)eiδ1t |0〉〈1| + �02eiδ2t |0〉〈2|}
+

∑
k

{gk1 ei(ω13−νk )t ak|1〉〈3| + gk2 ei(ω23−νk )t ak|2〉〈3|}

+ H.c., (1)

where ak (a†
k) is the creation (annihilation) operator of the

reservoir modes with frequency νk = ck and gk1 (gk2 ) denotes
the coupling constant between the vacuum field and the cor-
responding atomic transition. The last two terms represent
spontaneous emission events, during which photons are emit-
ted in random directions with any polarization. The resonant
transition frequencies are ω13 and ω23. However, the first two
terms denote stimulated absorptions of laser photons followed
by excitation of the atom. The detunings from states |1〉 and
|2〉 are denoted by δ1 and δ2 (δ1(2) = ω1(2) − ω0 − ω), where
the radiative shifts are omitted. The coupling between the
atom and the electromagnetic vacuum field plays a pivotal
role in shaping the dynamics of this evolution. Given that the
driving field carries optical vortices, the Rabi frequency can
be defined as follows:

�01(r, φ) = O01

( r

w

)|l|
e− r2

w2 eilφ, (2)

where r =
√

x2 + y2 represents the radial distance from the
beam axis. Here, φ signifies the azimuthal angle, and l is
an integer corresponding to the OAM of light. Addition-
ally, the parameter w characterizes the beam waist, and O01

quantifies the strength of the vortex and coherent fields. Fur-
thermore, �01(r, φ) = �∗

10(r, φ), indicating that �10(r, φ) =
O10( r

w
)|l|e− r2

w2 e−ilφ and O10 = O01. In contrast, �02 is treated
as a real constant (�02 = �20), devoid of any spatial de-
pendence. This deliberate choice sets the stage, allowing us
to introduce OAM properties of light into the spontaneous
emission spectrum. In the next section, we explore the spa-
tial characteristics introduced by the azimuthal dependence
induced by �01. This intentional choice of the state of the light
beams serves as a foundation for imparting OAM properties to
the spontaneous emission spectrum. We will explore the spa-
tial characteristics that emerge from the azimuthal dependence
induced by �01 on the spontaneous emission of light.

The state vector of the atom-field system under considera-
tion at time t , whose evolution is governed by the Schrödinger
equation, can be expressed as

|Ψ (t )〉 =
∫

dr f (r)|r〉
{

[b0(t )|0〉 + b1(t )|1〉 + b2(t )|2〉]|{0}〉

+
∑

k

bk(t )|3〉|1k〉
}
, (3)

where the probability amplitude bi(t ) (i = 0, 1, 2) represents
the state of the atom at time t when there is no spontaneously
emitted photon, bk(t ) is the probability amplitude that the
atom is in level |3〉 with one photon emitted spontaneously
in the kth vacuum mode, and f (r) is the center-of-mass wave

function of the atom. In the following calculations, f (r) is
presumed to be nearly constant across numerous wavelengths
of the vortex light, and it remains unchanged even after in-
teracting with the driving field. The probability amplitude
bk(t → ∞) can be obtained by solving the Schrödinger wave
equation with the interaction Hamiltonian (1) and the atom-
field state vector (3). Making use of the Weisskopf-Wigner
theory [65], the dynamical equations governing the atomic
probability amplitudes, with h̄ set to 1 [6], are given by

iḃ0(t ) = �10(r, φ)b1(t ) + �20(r, φ)b2(t ), (4)

iḃ1(t ) = �10(r, φ)b0(t )+
(

δ1−i
	1

2

)
b1(t )−ip

√
	1	2

2
b2(t ),

(5)

iḃ2(t ) = �20b0(t ) − ip

√
	1	2

2
b1(t ) +

(
δ2 − i

	2

2

)
b2(t ),

(6)

iḃk(t ) = δkbk(t ) − igk1 b1(t ) − igk2 b2(t ). (7)

Additionally, δk = ωk − ω + ω3 − ω0 and 	s = 2π |gks |2
D(ωs3) for s = 1, 2, 3, 4 represent the spontaneous decay rates
of states |1〉 and |2〉, respectively. Here, k denotes both the
momentum vector and the polarization of the emitted photon.
The parameter D(ωs3) signifies the mode density at frequency
ωs3. The alignment (of the two dipole moment matrix el-
ements 	μns, with n = 1, 2, s = 3) parameter p, defined as
p = 	μ13 · 	μ23/| 	μ13|| 	μ23|, plays a pivotal role in spontaneous
emission cancellation [6].

Spontaneous emission spectrum

The (long-time) spontaneous emission spectrum S(δq) is
expressed as S(δk )/S0 = |bk(t → ∞)|2, where S0 = D(ωs3)
[6]. We employ the Laplace transform method to calculate
bk(t → ∞) [66]. Utilizing Eqs. (5)–(7) and the final value
theorem, we derive the expression

bk(t → ∞) = −gk1 M(δq) + gk2 N (δq)

Z (δk )
, (8)

where the coefficients M(δq), N (δq), and Z (δk ) are given by

M(δk ) = ib0(0)ξ0 + ib1(0)ξ1 − ib2(0)ξ2, (9)

N (δk ) = ib0(0)ξ3 − ib1(0)ξ4 + ib2(0)ξ5, (10)

Z (δk ) = � + ip

√
	1	2

2
(�10�02 + �01�20), (11)

with ξ0 = �10X2 − i�20 p
√

	1	2

2 , ξ1 = δqX2 − |�02|2, ξ2 =
iδk p

√
	1	2

2 − �10�02, ξ3 = �20X1 − i�10 p
√

	1	2

2 , ξ4 =
iδk p

√
	1	2

2 − �01�20, ξ5 = δkX1 − |�01|2, X1 = δk − δ1 +
i 	1

2 , X2 = δk − δ2 + i 	2
2 , and � = δk(X1X2 + p2 	1	2

4 ) −
(|�01|2X2 + |�02|2X1). In this case, the spontaneous emission
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spectrum S(δk )/S0 is given by

S(δk )

S0
= |bk(t → ∞)|2 =

∣∣∣∣gk1 M(δk ) + gk2 N (δk )

Z (δk )

∣∣∣∣
2

= gk1 g∗
k1

M(δq)M∗(δk )

Z (δk )Z∗(δk )
+ gk2 g∗

k2

N (δk )N∗(δk )

Z (δk )Z∗(δk )

+ gk1 g∗
k2

M(δk )N∗(δk )

Z (δk )Z∗(δk )
+ gk2 g∗

k1

N (δk )M∗(δk )

Z (δk )Z∗(δk )
,

(12)

where gk1 g∗
k1

∝ 	1, gk2 g∗
k2

∝ 	2, and gk1 g∗
k2

= gk2 g∗
k1

∝
p
√

	1	2 [33]. In all the following simulations, we take gk1 =
gk2 = 1 [7].

III. SPATIALLY DEPENDENT SPONTANEOUS EMISSION

We discuss the phenomenon of spatially dependent spon-
taneous emission in this section, paying particular attention to
the modification of OAM in the composite vortex light across
several atom starting states. We also investigate the evolution
of the emission properties to the different atomic quantum
states in terms of quantum interference. The dynamic interac-
tion between atoms and light will be examined by analyzing
the spectral spot patterns in the emission spectrum.

Equation (12), along with Eqs. (9)–(11), highlights the pro-
found sensitivity of spontaneous emission to the initial state
of the atom. Subsequent analysis explores various potential
initial states for the atom. This includes scenarios in which
the atom is initially in its ground state |0〉, the atom starts in
the superposition of excited states |1〉 and |2〉, and the atom
initially oscillates in the superposition of states |0〉, |1〉, and
|2〉. The investigation meticulously assesses the impact of the
OAM of light on spontaneous emission in each distinctive
scenario. Our analysis comprehensively considers situations
both with and without the quantum interference term p.

A. Ground state |0〉 as the initial state

Upon assuming that the system’s initial state is the ground
state |0〉, characterized by b0(0) = 1, b1(0) = b2(0) = 0, and
the quantum interference term p being null (p = 0), the results
gleaned from Eqs. (8) through (11) reduce to

M(δk ) = ib0(0)ξ0 = i�10X2, N (δk ) = ib0(0)ξ3 = i�20X1,

Z (δk ) = δkX1X2 − (|�01|2X2 + |�02|2X1). (13)

In this particular scenario, where p = 0, the final two
components in Eq. (12) vanish. Consequently, only the initial
two terms contribute to the spontaneous emission spectrum.
Therefore, the expression for the spontaneous emission spec-
trum simplifies to

S(δk )

S0
= |�01|2X2X ∗

2

Z (δk )Z∗(δk )
+ |�02|2X1X ∗

1

Z (δk )Z∗(δk )
. (14)

We can find from Eq. (14) that the spontaneous emission spec-
trum depends significantly on only the intensity distribution
of the applied lights. In this case, we have only a spatial
distribution of the spontaneous emission spectrum without
any dependence on the OAM of the optical beam �01. As a
result, S(δk ) remains unaffected by the OAM in the presence

of the vortex beam �01. This insensitivity arises because the
square magnitude of the field is the only term present in the
expression for the spontaneous emission spectrum and it does
not incorporate the phase factor e±ilφ .

In the presence of quantum interference p, however, the
scenario undergoes a significant transformation. Notably, the
expressions for M(δq) and N (δk ) become

M(δk ) = ib0(0)ξ0 = i

(
�10X2 − i�20 p

√
	1	2

2

)
,

N (δk ) = ib0(0)ξ3 = i

(
�20X1 − i�10 p

√
	1	2

2

)
, (15)

and the equation for Z (δk ) remains consistent with Eq. (11).
All four components in Eq. (12) actively contribute to shaping
the spontaneous emission spectrum, revealing a discernible
dependence on the phase factor eilφ (or e−ilφ).

In this particular scenario, the angular momentum depen-
dence of S(δk ) now arises from the direct term of �01, which
appears in M(δk )M∗(δk ), N (δk )N∗(δk ), and Z (δk )Z∗(δk ) in
Eq. (12). This indicates that the spontaneously emitted photon
acquires OAM characteristics of the vortex beam, signifying
a transfer of the OAM from the laser beam �01 to the spon-
taneously emitted photon. The imprinting of vortices onto the
spontaneously emitted photon can be detected by mapping the
spontaneous emission spectrum S(δk ), as we will illustrate in
the following numerical results. The sensitivity of S(δk ) to
the OAM of the beam �01 arises from the phase-dependent
nature of the four-level system. This sensitivity becomes ap-
parent when the system is initially prepared with b0(0) = 1
and b1(0) = b2(0) = 0 in the presence of quantum interfer-
ence. Consequently, the spectrum S(δk ) becomes dependent
on the azimuthal angle φ of the vortex beam carrying the
OAM. This sensitivity can be harnessed to measure regions of
spatially varying spontaneous emission by examining S(δk ).
Furthermore, it provides a promising avenue for identifying
the winding number of a vortex beam by mapping the spatially
dependent spontaneous emission spectrum.

Figure 2 depicts the 2D spontaneous emission spectrum
S(δk ) of an atom initially in the ground state across various
vorticities in the x-y plane. Figure 2(a) shows a scenario
with degenerate upper states ω21 = 0, while Fig. 2(b) presents
a nondegenerate case ω21 = 2	, where ω21 = δ2 − δ1 rep-
resents the energy splitting of upper states. Throughout all
simulations, we maintain 	1 = 	2 = 	, and all parameters
are scaled by 	. The dark-red structures in Fig. 2 denote po-
sitions 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. In Fig. 2(a), which depicts the degenerate
case, a 2D spectral peak for l = 1 is embedded in regions
of zero spontaneous emission. The profile of S(δk ) exhibits
an l-fold symmetry. Increasing the winding number to larger
values augments the number of 2D spectral spots while simul-
taneously modifying their amplitude and width. The width of
the 2D spectral peaks is consistently reduced with increasing
l , indicating that larger l values result in the narrowing of
the spectral peaks. Notably, the enhancement of 2D spectral
peaks is also observed for l = 4 [see Fig. 2(a), panel (iv)].
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FIG. 2. Azimuthal modulation of the spontaneous emission S(δk )/S0 for the first initial condition where b0(0) = 1 and b1(0) = b2(0) = 0
in the presence of the quantum interference term p (p = 1) for (i) l = 1, (ii) l = 2, (iii) l = 3, and (iv) l = 4. In (a) δ1 = δ2 = 0, and hence,
ω21 = 0. In (b) δ1 = −δ2 = −	, and hence, ω21 = 2	. The other parameters are δk = 0, �02 = O01 = 	, and 	1 = 	2 = 	.

Consequently, determining an unknown vorticity of a beam
�01 becomes straightforward by counting the spectral spot
structures in the S(δk ) spectrum. Moreover, the spatially
dependent suppression of spontaneous emission can be es-
tablished while simultaneously modifying the width and
amplitude of the 2D spectral peaks by tuning the topological
charge l . Similar trends are observed for the nondegenerate
case, as shown in Fig. 2(b). However, the entire spontaneous
emission spectrum is observed to rotate counterclockwise
in comparison to Fig. 2(a). The spatial control observed in
the spontaneous emission spectrum, leading to regions of
spectral-peak narrowing or enhancement and quenching of
spontaneous emission, directly stems from the transfer of
OAM from the vortex beam �01 to the spontaneous emission.

B. Superposition of excited states |1〉 and |2〉 as the initial state

Considering the initial conditions in which the system
resides in a superposition of upper states characterized by
b0(0) = 0, b1(0) = b2(0) = 1√

2
, and a null quantum interfer-

ence term p = 0, we derive expressions for M(δk ) and N (δk )
from Eqs. (9)–(11):

M(δk ) = ib1(0)ξ1 − ib2(0)ξ2 = i√
2

(ξ1 + �10�02),

N (δk ) = −ib1(0)ξ4 + ib2(0)ξ5 = i√
2

(ξ5 + �01�20), (16)

and Z (δk ) retains its structure as outlined in Eq. (13). Conse-
quently, we obtain, for S(δk ),

S(δk ) ∝ |bk(t → ∞)|2 = ξ1ξ
∗
1 + ξ5ξ

∗
5 + �01�20(ξ1 + ξ ∗

5 ) + �10�02(ξ ∗
1 + ξ5) + 2|�01|2|�02|2

2Z (δk )Z∗(δk )
. (17)

In this case, even when p = 0, as indicated by Eq. (17), a
pronounced effect of the optical beam’s OAM is evident. This
effect is noticeable owing to the presence of the terms �10�02

and �10�02 in the numerator of Eq. (17). The azimuthally
dependent spontaneous emission S(δk ) for this specific case
is showcased in Figs. 3(a) and 3(b) for degenerate and nonde-
generate scenarios, respectively, and varying vortex numbers.
Figures 3(a) and 3(b) distinctly illustrate the transference of
OAM from the vortex beam to the spontaneous emission spec-
trum in the absence of p. Upon closer examination of Fig. 3(a),
it becomes apparent that both 2D spectral-peak enhancements
(highlighted by red spots) and 2D spectral-peak suppressions
(indicated by blue spots) manifest. These phenomena emerge
within a backdrop of moderate spontaneous emission (high-
lighted in the green zone). The number of these enhancements
and suppressions increases with the elevation of the charge
l , coupled with a narrowing of their respective widths. The
trends observed for the nondegenerate case are similar, except

that in this case spontaneous emission does not completely
diminish to zero.

Exploring a different regime of interest for the initial con-
dition in which the atom initially resides in a superposition of
upper states, we turn our attention to the presence of quan-
tum interference. While the analytical solutions for S(δk ) are
not provided here due to their extensive nature and lack of
inherent informativeness, they can be directly derived from
Eqs. (8)–(12) by setting b0(0) = 0, b1(0) = b2(0) = 1√

2
, and

p �= 0. Opting for maximum quantum interference with p = 1
(like in Fig. 2) we examine in Fig. 4 how interference in
this case introduces modifications to the spatially dependent
spontaneous emission spectra. Figure 4 distinctly reveals the
preservation of l-fold symmetry in the spectral spots. Par-
ticularly noteworthy is the outcome for the degenerate case
ω21 = 0 and l = 4, where the 2D spectral peak experiences
significant enhancement alongside a narrowing of the spectral
peak [Fig. 4(a), panel (iv)]. Conversely, in the nondegenerate
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FIG. 3. Azimuthal modulation of the spontaneous emission S(δk )/S0 for the second initial condition where b0(0) = 0 and b1(0) = b2(0) =
1√
2

in the absence of the quantum interference term p (p = 0) for (i) l = 1, (ii) l = 2, (iii) l = 3, and (iv) l = 4. In (a) δ1 = δ2 = 0, and hence,
ω21 = 0. In (b) δ1 = −δ2 = −	, and hence, ω21 = 2	. The other parameters are δk = 0, �02 = O01 = 	, and 	1 = 	2 = 	.

case ω21 = 2	 [Fig. 4(b)], the spectral peaks undergo a coun-
terclockwise rotation once again.

C. Superposition of |0〉, |1〉, and |2〉 states as the initial state

For a generic scenario, where the atom is initially dis-
tributed among all three states |0〉, |1〉, and |2〉, the solutions
for this case were presented in Eqs. (8)–(12). Figures 5 and
6 illustrate the simulation results for the 2D spatially de-
pendent spontaneous emission in this context, considering
p = 0 and p = 1, respectively. Figures 5(a) and 6(a) depict
the degenerate case, while Figs. 5(b) and 6(b) showcase the
nondegenerate case.

For this initial superposition state preparation of the atom,
the spontaneous emission again exhibits spatial dependence in
both the absence and presence of quantum interference p, im-
printing the OAM characteristics of the vortex beam onto the
spectrum of S(δk ). Particularly interesting phenomena, such
as 2D spectral-peak narrowing and spectral-peak enhance-
ment [see, e.g., Fig. 6(a), panel iv], spectral-peak suppression
[see, e.g., Fig. 5(a)], and spontaneous emission reduction or
quenching in the azimuthal plane, can be observed. All these
effects are achievable by varying the vorticity number l .

Interestingly, for p = 0 (p = 1), a clockwise (counterclock-
wise) rotation of 2D patterns is observed for the nondegener-
ate case, as shown in Fig. 5(b) [Fig. 6(b)] with respect to the
degenerate case illustrated in Fig. 5(a) [Fig. 6(a)].

D. The case with Gaussian beams

Finally, we consider the case where both coupling fields
are Gaussian beams with the OAM equal to zero. For this
scenario, we analyze the situations depicted in Fig. 7: (i) p =
0, b0(0) = 1, and b1(0) = b2(0) = 0; (ii) p = 1, b0(0) = 1,
and b1(0) = b2(0) = 0; (iii) p = 0, b0(0) = 0, and b1(0) =
b2(0) = 1√

2
; and (iv) p = 1, b0(0) = 0, and b1(0) = b2(0) =

1√
2
. In Fig. 7(a), δ1 = δ2 = 0, resulting in ω21 = 0. In

Fig. 7(b), δ1 = −δ2 = −	, leading to ω21 = 2	. The other
parameters are δk = 0, �02 = �01 = 	, and 	1 = 	2 = 	.

As illustrated, when Gaussian beams are applied, the spon-
taneous emission spectrum exhibits no spatial dependence and
remains homogeneous in the azimuthal plane. This contrasts
with the previous cases involving optical vortices. In sce-
narios (i) and (ii), where the population initially resides in
the ground level [b0(0) = 1, b1(0) = b2(0) = 0], the patterns
display a ring structure with maximum 2D spectral patterns

FIG. 4. Azimuthal modulation of the spontaneous emission S(δk )/S0 for the last initial condition where b0(0) = 0 and b1(0) = b2(0) = 1√
2

in the presence of the quantum interference term p (p = 1) for (i) l = 1, (ii) l = 2, (iii) l = 3, and (iv) l = 4. In (a) δ1 = δ2 = 0, and hence,
ω21 = 0. In (b) δ1 = −δ2 = −	, and hence, ω21 = 2	. The other parameters are δk = 0, �02 = O01 = 	, and 	1 = 	2 = 	.
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FIG. 5. Azimuthal modulation of the spontaneous emission S(δk ) for the case where b0(0) = b1(0) = b2(0) = 1√
3

in the absence of the
quantum interference term p (p = 0) for (i) l = 1, (ii) l = 2, (iii) l = 3, and (iv) l = 4. In (a) δ1 = δ2 = 0, and hence, ω21 = 0. In (b) δ1 =
−δ2 = −	, and hence, ω21 = 2	. The other parameters are δk = 0, �02 = O01 = 	, and 	1 = 	2 = 	.

of spontaneous emission occurring in the rings. Conversely, in
scenarios (iii) and (iv), where the initial condition is b0(0) = 0
and b1(0) = b2(0) = 1√

2
, the patterns show a homogeneous

distribution of spontaneous emission in the 2D azimuthal
space, with spectral-peak suppression at the core of the az-
imuthal plane.

Furthermore, the results indicate that nonzero detuning
does not affect the overall pattern and changes only the am-
plitude of the plots, as seen by comparing Figs. 7(a) and 7(b).
These findings suggest that the optimal approach to observing
spatially dependent spontaneous emission spectra involves us-
ing inhomogeneous optical vortex beams, which can transfer
their inhomogeneity to the spatiospectral patterns.

E. Further discussions and limitations of the model

In this section, we explore the nature of the observed pat-
terns and the mechanisms behind them. We specifically focus
on the cases of spatially dependent spontaneous emission
illustrated in Figs. 2–6, in contrast to the spatially independent
outcomes observed with Gaussian beams (Fig. 7).

The modifications and rotations observed in Figs. 2–6 pri-
marily arise from the introduction of nonzero detunings in

Figs. 2(b)–6(b) for the nondegenerate cases. These alterations
can be interpreted through the analytical solutions of the spon-
taneous emission spectrum, as described in Eq. (12) for each
specific scenario.

Let us assume, for instance, the case in Fig. 2(a), where
δ1 = 0, δ2 = 0, and p = 1, with initial conditions b0(0) = 1
and b1(0) = b2(0) = 0. In this case, Eq. (12) simplifies to

S(δk = 0)

S0
= 1

2

|�01|2 + |�02|2 − 2��02 cos(lφ)

|�01|2 + |�02|2 + 2��02 cos(lφ)|2 , (18)

where we have assumed �01 = �eilφ , �10 = �e−ilφ , � =
�01( r

w
)|l|e− r2

w2 , and �02 is a real constant (�02 = �20). The
term cos(lφ) introduces l-fold symmetry, resulting in a si-
nusoidal modulation of spontaneous emission patterns in
Fig. 2(a), indicating that increasing the OAM number l en-
hances the number of spectral spots.

Analytical solutions of Eq. (12) for the spontaneous emis-
sion spectrum for the nondegenerate case with nonzero
detuning provide further insights into further modifications
of patterns. While detailed expressions are extensive in
such cases, a general examination of parameters X1 and X2,

FIG. 6. Azimuthal modulation of the spontaneous emission S(δk )/S0 for the case where b0(0) = b1(0) = b2(0) = 1√
3

in the presence
of the quantum interference term p (p = 1) for (i) l = 1, (ii) l = 2, (iii) l = 3, and (iv) l = 4. In (a) δ1 = δ2 = 0, and hence, ω21 = 0. In
(b) δ1 = −δ2 = −	, and hence, ω21 = 2	. The other parameters are δk = 0, �02 = O01 = 	, and 	1 = 	2 = 	.
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FIG. 7. Azimuthal modulation of the spontaneous emission S(δk )/S0 for the case where both beams are Gaussian beams and (i) p = 0,
b0(0) = 1, and b1(0) = b2(0) = 0, (ii) p = 1, b0(0) = 1, and b1(0) = b2(0) = 0, (iii) p = 0, b0(0) = 0, and b1(0) = b2(0) = 1√

2
, and (iv)

p = 1, b0(0) = 0, and b1(0) = b2(0) = 1√
2
. In (a) δ1 = δ2 = 0, and hence, ω21 = 0. In (b) δ1 = −δ2 = −	, and hence, ω21 = 2	. The other

parameters are δk = 0, �02 = O01 = 	, and 	1 = 	2 = 	.

defined after Eq. (11), elucidates the rotational nature of these
changes. Nonzero detunings for the nondegenerate case intro-
duce real values into these parameters, leading to additional
terms in the final spontaneous emission spectrum compared
to the degenerate scenario [Eq. (18)]. These additional terms,
such as �10X2 via ξ0, introduce phase factors (e.g., e−ilφ),
thereby accounting for the observed rotational characteristics
of the spectrum. Conversely, terms involving the multiplica-
tion of the nonvortex beam �20 by detuning (e.g., via term
ξ3) modify spectral-peak amplitudes, resulting in either en-
hancement or reduction of spontaneous emission across the
2D azimuthal plane.

Notably, certain patterns exhibit striking similarities under
varied initial conditions. Specifically, in the presence of quan-
tum interference (p = 1) and under resonant conditions of the
coupling lights (δi = 0 for i = 1, 2), the spatial patterns of the
spontaneous emission spectrum display significant similarity
across different values of the OAM and initial conditions
[see Figs. 2(a), 4(a) and 6(a)]. The primary distinction lies in
the amplitude of the spontaneous emission spectrum in each
case, reflecting diverse population distributions in the initial
conditions.

Furthermore, scenarios devoid of quantum interference
(p = 0), where initial states involve superpositions of upper
excited states [Figs. 3(a) and 5(a)], reveal similar spatiospec-
tral patterns under resonant conditions of the coupling lights.
This similarity arises due to the influence of the initial pop-
ulation in the upper excited states on spatiospectral patterns,
common to both scenarios [Figs. 3(a) and 5(a)]. It is important
to note that when the initial state is the ground state and p = 0,
the spontaneous emission spectrum lacks OAM dependence,
resulting in the absence of spatiospectral patterns.

Conversely, under off-resonant conditions of the cou-
pling lights (δ1 = −	, δ2 = 	), spatiospectral behaviors of
the spontaneous emission spectrum notably differ between
scenarios with (p = 1) and without (p = 0) quantum inter-
ference. As discussed earlier, nonzero detuning introduces
additional terms in the final spontaneous emission spectrum,
such as the modulation of vortex beams �10 (�01) or �20 by
detuning, thereby rotating or modulating the amplitude of the

2D spectra. This variability stems from how initial conditions
of the quantum system distribute populations among different
states.

In our proposed scheme we have not considered relax-
ation from excited states |1〉 and |2〉 to the ground state |0〉,
which significantly impacts our proposed scheme in multiple
ways. Incorporating decay channels from the excited states
to the ground state alters population dynamics by enhancing
the |0〉 population, thereby depleting the population available
for coherent processes in the excited states, potentially re-
ducing scheme efficiency. Moreover, spontaneous emission
from these states to |0〉 introduces decoherence, diminishing
coherence among |0〉, |1〉, and |2〉, which may broaden spec-
tral lines and diminish interference effects in the emission
spectrum. Additional spectral lines corresponding to |1〉 →
|0〉 and |2〉 → |0〉 further complicate spectrum interpretation
related to decay to the common state |3〉. Thus, we initially
overlooked relaxation to |0〉 to focus on spontaneous emission
to |3〉. Mitigating the effects of these relaxation processes may
necessitate techniques like optical pumping for population
control or methods to suppress decoherence, such as dynami-
cal decoupling.

In our calculation of the spontaneous emission spectrum,
we did not consider inhomogeneous broadening, including
Doppler broadening. Doppler broadening results from the
thermal motion of atoms, causing a spread in resonance
frequencies and broadening the spectral lines. This effect
reduces the clarity and distinctiveness of spectral features,
complicating the identification of individual spatiospectral
peaks. Consequently, the interference effects that are crucial
to our scheme may become less prominent in the spon-
taneous emission spectrum. Moreover, Doppler broadening
affects the population dynamics of the system. The broad-
ened linewidths imply that not all atoms in the ensemble
resonate with the laser fields, leading to varying coupling
strengths. This discrepancy can create an uneven distribution
of populations across states, disrupting the balance necessary
for the optimal operation of the scheme. Since these effects
diminish the visibility of our results, we have excluded them
from our calculations. To enhance precision and control in
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experimental setups, techniques such as magneto-optical trap-
ping (MOT) can be employed to mitigate Doppler broadening
by reducing the thermal motion of atoms, as noted in [67].
This approach significantly improves the practical feasibil-
ity of our scheme. Additionally, other experimental methods,
such as using narrow-linewidth lasers and velocity-selective
pumping techniques, can also mitigate the effects of inhomo-
geneous broadening.

F. Experimental realization of the proposed model

To ensure precise phase control, we recommend employing
an optical phase-locked loop approach [68]. Additionally, the
effectiveness of our approach is influenced by parameters re-
lated to quantum interference terms. Regarding experimental
implementation of the proposed setup, we note that quantum
interference effects in spontaneous emission have been exper-
imentally observed using bare states of specific atoms [69,70],
molecules [71], and semiconductor quantum dots [72].

For the proposal in the present article, one may achieve this
experimentally by building on the successful work of Xia et al.
[71] with sodium dimers. For our purposes, an additional laser
would be introduced to facilitate coupling via a four-photon
transition. Another suitable platform for this experimental
realization is dressed 85Rb (see, for example, Refs. [73,74]).
Within this proposal, we can utilize the states |5 P1/2, F =
3〉 and |5 D3/2, F = 4〉 when they are dressed by a laser
field as states |1〉 and |2〉. Additionally, |5 S1/2, F = 3〉 and
|5 S1/2, F = 2〉 of 85Rb can be used as |0〉 and |3〉, respectively.
Here, |0〉 represents the ground state, and |3〉 corresponds to
the intermediate state where the spontaneously emitted struc-
tured light spectrum is examined. Then, the dressed atomic
system interacts with two additional laser fields to create the
phenomena in this work. Moreover, another approach is to use
a double-dressed InGaAs quantum dot, similar to the work of
Ref. [75], to create the necessary quantum interference.

Furthermore, another approach for creating the necessary
quantum interference in spontaneous emission is to use the

idea of simulating quantum interference effects in sponta-
neous emission using the anisotropic Purcell effect occurring
when a quantum system with orthogonal electric dipole matrix
elements is placed in an anisotropic photonic vacuum [76–81].

IV. CONCLUSION

To summarize, our proposed method for achieving spa-
tiospectral control over spontaneous emission in a four-level
atom-light coupling system interacting with optical vortices
bearing orbital angular momentum revealed a panorama of
results. Delving into diverse scenarios and considering the
initial state of the atom, this paper has illuminated an array
of spatial and spectral behaviors. They encompass intriguing
features such as two-dimensional spectral-peak narrowing,
enhancement, suppression, and spontaneous emission reduc-
tion or quenching spanning the spatial azimuthal plane. The
inhomogeneous atom-light interaction, influenced by the op-
tical vortex, intricately structures these effects. The transfer
of OAM characteristics onto the emission spectrum not only
underscores the potential for azimuthal control of spontaneous
emission but also opens avenues for innovative applications in
high-dimensional quantum information processing, enhanced
communication protocols, and novel sensing technologies.
This study enriches comprehension of the dynamics of spa-
tiospectral phenomena and charts a course for applications
leveraging precise OAM-based manipulation of spontaneous
emission in multilevel atomic systems.
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