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Spontaneously generated structured light in a coherently driven five-level M-type atomic system
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We propose a scheme to analyze the generation and detection of optical vortices via spontaneous emission
spectra. We consider a five-level M-type atomic system that interacts with two structured coherent light sources
and the vacuum radiation field. The photon emitted via spontaneous decay carries information about the orbital
angular momentum (OAM) of the newly generated structured light. It is found that by varying the OAM
of the driving fields, one can obtain various unique structured light fields via the interference of the two
spontaneous decay channels. This research provides deep insights into how the manipulation of OAM of the
driving fields coupled with multilevel atomic systems can enable control over the azimuthal aspects of the
spontaneous emission. Considering the rich applications of structured light ranging from optical storage to
optical communication, our proposal might be useful in quantum information processing techniques.
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I. INTRODUCTION

As a typical type of electromagnetic fields, light can carry
both linear as well as angular momentum. While light’s linear
momentum is always directed in its propagation direction, its
angular momentum is composed of an orbital part and a spin
part. The orbital angular momentum is associated with the
helical phase fronts (phase twist) irrespective of its radial dis-
tribution, namely, orbital angular momentum (OAM), while
the spin part is associated with the polarization. One typical
example is Laguerre-Gaussian (LG) mode light [1], which can
host finite OAM. In the last two decades, LG-mode light has
drawn plenty of attention because of its peculiar characteris-
tics. By playing with the interference of multiple LG beam:s,
it is also feasible to generate various structured light fields
with rich profiles in the transverse direction. These shapes are
determined not only by the OAM of the interfering beams, but
also by the angle between them as well as the displacement
between the beam centers. At the center of a single LG beam,
the phase is indeterminate, while the amplitude is distributed
radially around the axis of propagation and thus exhibits a
doughnut-shaped structure. Thereby, the LG beam is often
referred to as a structured light or vortex beam [2].

Owing to these special phase and intensity properties of
light with OAM, it has potential applications in a wide range
of areas. For example, the OAM degree of freedom permits
one to transmit high-bandwidth data over long distances in
optical communication [3,4]. Moreover, light beams carrying
OAM have also been effectively employed in optical tweezers
to control the rotation of particles. This has led to the
development of microrotors, which have wide applications in
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different fields, such as microfluidics, micromechanics, and
biological research [5,6]. Additionally, the transfer of OAM
between light and matter has presented a feasible route to
explore new physics in optomechanical systems [7] as well as
cold atoms [8,9].

Because of the crucial role of structured light in light-
matter interacting physics, plenty of effort has been paid to
generate structured optical fields. For instance, the generation
of structured light has been theoretically proposed in closed
three- or four-level atomic gases using the electromagnetically
induced transparency (EIT) [10-12], and then experimentally
observed by Radwell et al. [13] in a cold rubidium atomic
medium. Another theoretical scheme based on a combined
A and tripod configuration of the light-atom coupling was
reported as well [14]. To the best of our knowledge, the control
fields in most of those proposals reported so far have no
OAM, while the probe field is considered as a structured light
[2,8,9,15,16]. The reason for such a setting is that the EIT
condition is destroyed if the control light beam is a structured
field whose central intensity is vanishing. Nevertheless, an
additional control field without OAM can be applied to main-
tain transparency [17-20]. Recently, in contrast to the usual
scheme by transferring OAM from the control beam to the
probe beam, researchers have also studied the effectiveness of
the OAM transformation among the weak probe fields [21,22].

The aforementioned schemes are all based on the coherent
coupling between the atomic ensembles and the control beams
as well as the probe beams. In addition to the coherent genera-
tion of structured light, the incoherent properties of atoms can
be correspondingly modulated via the light fields as well. For
example, the spontaneous emission, due to the atomic interac-
tion with environmental modes, is possible to be manipulated
via tuning the intensity as well as the frequency of external
control fields [23-28]. Consequently, it may lead to a variety
of unexpected phenomena, such as lasing without inversion
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[29,30], EIT [31], spontaneous correlated emission [32,33],
and refractive index enhancement without absorption [34].

In addition, the spontaneous emission spectra can also
be shaped utilizing phase control. For example, it has been
proposed to modulate the spontaneous emission spectra with
the assistance of a phase-dependent effect through design-
ing the coupling schemes between atoms and driving fields
[24,35,36]. In another study, a four-level atom driven by two
lasers with the same frequency has been considered to ma-
nipulate the spontaneous emission [37], where the relative
phase of the pump fields can lead to complete extinction of
spontaneous emission.

Considering the rich possibility of shaping the spontaneous
emission spectrum via control fields, here we present an al-
ternative and simple method for the generation of structured
light via spontaneous emission in sharp contrast to the probe
absorption [10-12], four-wave mixing techniques [19,20,22],
as well as other coherent process used in previous proposals.

In the following, we will discuss the details of our proposal
and demonstrate that it is experimentally feasible and might
be useful for quantum information technology. Our scheme
is pivoted around a five-level M-type atomic system [38] as
shown in Fig. 1, where the interference between the two decay
channels from the excited states to the metastable state leads
to the spontaneous generation of structured light. This emitted
photon holds information about the new structured light’s
azimuthal quantum (winding) number £.

The rest of this paper is organized as follows. We discuss
the theoretical details of our scheme in Sec. II, and then
analyze and demonstrate our results and discussions under
different conditions for the generated light in Secs. III and IV.
Finally, we give a conclusion in Sec. V.

II. THEORY AND DISCUSSION

A. Theoretical model

We consider a five-level M-type atomic configuration [38]
consisting of three lower levels |d), |e), and |c) and two
upper levels |a) and |b), as shown in Fig. 1(a). The upper
levels |a) and |b) can spontaneously decay to the lower level
le) by emitting vacuum modes (vi) in free space with the
respective decay rates y; (y»), while two LG-mode structured
light fields, E; and E,, are applied to coherently drive the
transitions |d) <> |a) and |c) <> |b), respectively. The corre-
sponding Rabi frequencies are 21 (£2;) and A; (A;), denoting
the associated detunings, respectively. Because of the non-
homogeneous profile of the driving beams, the spontaneous
emitted light field would appear as a structured distribution
as well. To observe such spontaneously generated structured
light fields, a schematic plot of the experimental setting is
presented in Fig. 1(b). By employing dipole and rotating-wave
approximation (RWA), the Hamiltonian of such an M-type
light-atom coupling system reads
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FIG. 1. (a) Schematic diagram of a five-level M-type atomic
system interacting with two structured light fields. Here, €2, and €2,
are the Rabi frequencies of the two driving fields, respectively. The
model consists of two upper levels (|a) and |b)) and three lower levels
(|c), |d), and |e)). The two structured light fields drive the transitions
|d) — |a) and |¢) — |b). A; and A, are the corresponding detun-
ings, respectively. y; and y, are the decay rates from the two upper
levels |a) and |b) to |e). (b) Schematic plot of the proposed setup.
Control structure beams are incident upon the medium. The vapor
cell is loaded with 8’Rb and the atoms can be cooled down by using
the magneto-optical trap (MOT) technology. Here, a digital hologram
is used to generate structure control beams, with lens, Rb cell, filter,
beam splitter (BS), and polarizing beam splitter (PBS) used in the
proposed setup.

where H.c. is the abbreviation for the Hermitian conjugate.
Al = V] — g and Ay = vy — wye are the frequency detun-
ings between the control fields and the atom resonance for
transitions |d) — |a) and |c) — |b), respectively. g‘;{f and gif
represent the coupling strengths between the vacuum mode k&
and atomic transitions |a) — |e) and |b) — |e) with the corre-
sponding resonant transition frequency wq, and wpe. bka,b(bk[,_,,)
is the annihilation (creation) operator of the reservoir modes
with the frequency vy = ck. §, = Vi — wge and §, = Vi — wpe
denote the frequency detunings between the vacuum mode
and atom resonance. For simplicity, we shall substitute /i = 1
hereafter. The dynamics of this system can be described by the
probability amplitude equations through deploying the state
vector as

[W(1)) =Cao,(Dla, 0x) + Cp 0, ()b, Or) + Ce 0, (1)]c, Ok)

+Cao(Old, 0) + Y Con(t)le, 1), )
k
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where the probability amplitude Cj 0, (¢)(j = a — d) repre-
sents the temporary weight of each case without the photon
emitted into the kth vacuum mode, i.e., labeled by |0y),
while C, 1, (¢) represents the probability of the atom on the
metastable state |e) with one photon emitted in the kth vacuum
mode. Here, we would like to point out that the measurement
of the output field is conditioned on the detection of the
photons (with frequency v;) spontaneously emitted through
the two decay channels (i.e., |a) — |e) and |b) — |e)). The
detection of the photon that carries the information of the
winding number ¢ at the time ¢ in the vacuum mode k indicates
that the atom is at the metastable state |e¢). To understand
the properties of the spontaneously generated light field, we
resort to the time-dependent Schrodinger equation 13‘\55’» =
V()|¥(t)) with the interaction Hamiltonian given by Eq. (1)
and the atomic state vector given by Eq. (2), which results
in the following coupled equations for the atomic probability
amplitudes:

-8Caq (t) —i a,e —1
I = Qe M Cro (1) + Zg en, e (3)
0Cp 0, (¢ ;
i bé(;k( ) — Qze_lAthc,Ok(l) + ng;ece,lk(t)e—l&,l‘, (4)
k
0C 0, (t ;
(D) gt 0, )
0Cq0,(t ;
20D e ity 0, ©
9Ce1, (1) ; ;
i = D [ Can (0™ + g Cho, (0] (D)
k

To ascertain the spontaneous emission spectrum of the atom,
we integrate Eq. (7) with respect to the variable 7, and
then substitute it into Eqgs. (3) and (4). After some standard
deviations, eventually, one can obtain the following integro-
differential equations:

9C, 0, (1 : ' NC. o (DdF
a(;k( ) _ l'Qle_lAlth,Ok(t) — / Gua(t — 1)Cp 0, (t)dt
0
t
_/ Gap(t = 1)Cap, (D)™ di ®)
0
and
3Ch0, (1 : ' NCo o (D\dE
bé(;k( ) _ _ i1 C, 0, (1) —/ Gup(t — 1)Cp,0, (1)dt
0

t
~ [ Guatt = 1Cua e, ©)
0
where G, (t — 1) (m, n = a, b) is defined as

Gt = 1) = Z Gtge o, (10)

m

with g""°g"¢ being the respective coupling strengths between
8k, 8k, g p pling g

the kth'mode and the atoms. Here, we have assumed a vac-
uum initial state of the environment and thus there could
be only one photon emitted from a single atom. Since the
atom decays from the upper two levels (i.e., |a) and |b))
spontaneously, the individual coupling between the upper two
levels with the lower level |e) is by the reservoir of free
vacuum modes k. We assume that the excited state amplitude

Ca0,(t) and Cpp,(¢) varies with a rate y;» < v. Therefore,
Ca0,(t) and Cp, (t) changes little in the time interval over
which the remaining part of the integrand has nonzero value
(f ~ 1) and we can replace C,q, (f) [Cp,,(7)] in the integrand
with Cy 0, (t) [Cp0,(¢)] and take it out of integrand. This is
called the Weisskopf-Wigner approximation, which can be
recognized as a Markovian approximation: the dynamics of
Ca.0, () [Cp0, ()] depends only on time ¢ instead of 7 < 7,
i.e., the system has no memory of the past. Conveniently, this
Markovian process allows us to use the Weisskopf-Wigner
theory [23,37,39], which yields

Gy = nVV1V2 ”zma(t ~7). (an

More details about the derivation of the above equation can be
found in the Appendix. Here, g, = 8un + (1 — 8ynn), With
8 being the Kronecker delta, and p= ‘ ll;ae‘ll;bll O<p<)
representing the quantum interference between the atomic
transitions coupled to the free vacuum modes. [, (ipe)
denotes the dipole moment corresponding to the transition
la) — |e) (Jb) — |e)). By this definition, it is clear to notice

3 2
that 22 where y; = 4”160 ‘m’kgﬂ% (j = 1, 2) is the decay

rate from the upper levels |a) and |b) to |e), describes the
correlation between the transitions |a) — |e) and |b) — |e).
This correlation, in principle, is quantum interference between
the two spontaneous decay channels. One can note that there
is maximum quantum interference if the dipole moments are
parallel (i.e., pp= 1) and the interference between the decay
pathways |a) —> |e) and |b) —> |e) vanishes if the dipole
moments are orthogonal.

As a result of the coherent driving, the atom can oscillate
between its ground state |c) (|d)) and the excited states |a)
(|b)) in short-time evolution; however, it would eventually
decay to the metastable state |e) due to the spontaneous emis-
sion in the long-time limit, i.e., Cy 0, (t = 00) = Cp0,(t —
00) = C,0,(t = 00) =Cy,(t > 00) =0. Hence, to ob-
tain the spontaneous emission spectrum in the long-time
limit [37],

S(8k) = |Co 1, (t — 00| (12)

By applying the Laplace transform to Egs. (7), we eventually
obtain C, ;, in the steady state as

Co1,(t = 00) = —igZ;eC‘a,ok(s = —i8,)
—iglCpo,(s = —idy),  (13)

where Ca,()k (s) and Ch,ok (s) are the Laplace transforms of
Cu0,(t) and Cp, (¢), respectively. Next, by carrying out the
Laplace transforms of Eqs. (5), (6), (8), and (9), one can get

N BC — ¥ D
Cuo (s = —i8,) = ————2——, (14)
Uk A ﬁ)’l)’“
& ol ) AD — ¥ EC (15)
b,O S = —1 b) = —] R
k _602)/2}/2
where
195
A=—7;'—18 +81—]A1’ (16)
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Finally, the probability for finding the atom in the state |e)
with a spontaneously emitted photon v, in the vacuum mode
k is given by

SG) = |Cor,(t = o)
= [g4:Ca0, (s = —idra) + &0Cr0,(s = —idy)|]
= {111Ca0,(s = =8P + 12|Cro, (s = —idy)|”
+ o T172[Cann (s = —i8)Ci o, (s = —idy)
+ Cho,(s = —i8,)Clr o, (s = —ida)]}, (20)

where §; = vy — % =6, — 0.5w,, = 8 + 0.5w,,, with
Wap = Wae — Wpe being the frequency difference between the
two upper levels. Equation (20) presents the dependence of the
probability upon the detunings, the population of the atomic
levels, and the spontaneously emitted photon frequency. This
manifests that the spontaneous output field can inherit the
characteristics of the control fields. Moreover, the interference
effect between the two decay channels may lead to emergent
phenomena of the emitted light, the details of which will be
discussed in the following.

B. Control fields

From the above analysis, one can note that the emission
spectrum is highly dependent on the control beam’s proper-
ties. We consider that the control beams are a LG-mode light
field, which appears as a doughnut-shaped intensity distribu-
tion, and explore the effect of the control field’s spatial profile
on the spontaneously emitted light field. In such a case, the
Rabi frequencies of the control fields can be written as

T2 |5(1,2)| (12>
Qo = E(1,2)( (u; )) T eltanPan, 2D

where ® = tan~!(y/x), r = /x2 + y2, w is the beam waist,
and €(; ) is the amplitude of the beam. Equation (20) clearly
shows the dependence on the OAM number of the control
beam’s spatial profile. In the following, we are going to inves-
tigate a feasible way to manipulate the spontaneous emission
spectrum via tuning the OAM number, and demonstrate that
the angular momentum of the control fields has a significant
impact on the spatial structure of the radiated field. This per-
mits a promising measure to engineer the structured light via
spontaneous emission.

III. RESULTS AND DISCUSSION

In this section, we investigate the behavior of the probabil-
ity distribution given by Eq. (20) subject to different initial
conditions. Based on this, we will present various unique
structured light beam patterns by detecting the photon emitted
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FIG. 2. Spontaneously emitted structure light vs the normalized
positions x/w and y/w by considering one of the control beam is a
LG-mode beam with OAM number (a) £; = 1, (b) £; = 2,(c) £; = 3,
and (d) ¢, = 4. Initially, the atom is prepared in the superposition
of the ground states, i.e., C.o, = l/ﬁ and Cy, = l/ﬁ, and we
assume a maximum quantum interference (o= 1). The other pa-
rameters are 2, = 0.5y, Y1 = 0.1y, », = 0.1y, wyp = 1y € = 1y,
Ay =A; =0,and y =1 MHz.

in the kth vacuum mode. In the following, our discussion
mainly focuses on two cases. We first analyze the scenario
where only one of the control fields is a LG-mode beam. And
then we proceed to consider the case where both of the two
control fields are LG-mode beams.

A. One LG-mode control beam

Let us start from the configuration where one of the control
fields is taken as a LG beam and the other one is a plane-wave
beam. In such a case, the spatially dependent spontaneous
emission spectrum is shown in Fig. 2. Here, we examine
the spontaneous emission spectrum in the transverse direction
plotted against normalized positions x/w and y/w, where w is
the beam waist. The atoms are initially prepared in the super-
position states of the two lower levels, i.e., C.o, = Cy, =
1/4/2. In Figs. 2(a)-2(d), the yellowish bright area within
each petal represents the maximum spontaneous emission,
indicating the tight localization of the atom at that point. This
means that the atom is emitting light with a high probability in
those regions. On the other hand, the black regions signify the
quenching of spontaneous emission, indicating that little light
is being emitted in those areas. Within the orange and purple
regions, there is a moderate level of spontaneous emission
compared to the yellowish bright region, which implies that
the atom is emitting light at a lower intensity in those regions
compared to the yellowish bright region. Moreover, from
Fig. 2, one can also observe that the high-probability emission
ring presents an £-fold symmetry and its width increases as the
winding number ¢ goes up.
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FIG. 3. Spontaneously emitted structure light vs the normalized
positions x/w and y/w by considering that both control fields are
LG-mode beams with the following OAM numbers: (a) ¢; = €, = 1,
b) e, =44,=2,(c) ¢, =¥, =3, and (d) £; = €, = 4. The atom is
initialized in the superposition of ground states, i.e., C.o, = 1/ V2
and Cy 9, = 1/+/2. The other parameters are p= 1, ¢; = 0.7y, €; =
04y, =1y, m=1y, Ay =A,=0, 8 =5y, wsp =1y, and
y = 1 MHz.

B. Two LG-mode control beams

In this section, we turn to the scenario in which both of
the control fields are LG-mode beams and show that emer-
gent patterns of the spontaneous emission spectrum can be
observed through tuning the value of £; » as well as the ratio
between them. Let us first consider the case of symmetric-
helicity drivings (i.e., £; = £;), the spatial distribution of the
spontaneous emission spectrum of which is shown in Fig. 3.
Figures 3(a)-3(d) exhibit several examples of the spatial de-
pendence of the emitted light versus normalized position x/w
and y/w for various OAM values, while the driving fields
carry equal OAM, e.g., (a) £1 =4, =1,(b) ;1 =€, =2, (c)
£y =4, =3, and (d) £; = £, = 4. As before, we assume the
atom is initialized in the superposition state of the two lower
levels, i.e., Cco, =Cg0, =1/ V2. The pumping amplitudes
are fixed at €; = ¢, = I'', while the other parameters remain
consistent with those used in Fig. 2. The intensity profiles
present a regular doughnut shape with vanishing intensity at
the center. Similarly to the case of a single LG driving beam,
the size of the doughnut-shaped emission ring increases with
the OAM number, which is inconsistent with the typical fea-
ture of a standard LG beam. Based on the preceding analysis,
we can conclude that by shining LG-mode optical fields on
such an M-type atomic medium, the vorticity of the control
fields €2; and €2, can be transferred to the spontaneously
emitted photons, and thus it is feasible to generate struc-
tured light via spontaneous emission. That is, the tunability
of the OAM of the driving fields offers a potential avenue for

3 @@ 12
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-1 04
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-3

-3 -2 -1
x10*
4
3
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3 2 1.0 1 2 3
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FIG. 4. Spontaneously generated structure light vs the normal-
ized positions x/w and y/w by considering both control fields are
structure beams with ¢, < £,,1.e.,£; = 1 and (a) £, = 3, (b) {, =4
(c) £, =5, and (d) £, = 6. The other parameters are same as that in
Fig. 3.

tailoring the spatial characteristics of spontaneous emission
and thus permits one to customize the emission properties.

In the following, we proceed to other cases beyond the
symmetric helicity (i.e., £; # £;) and show that the beams
created in this manner can appear in a variety of situations.
For this purpose, let us turn to the scenario where the control
structure light has different OAM as well as varied strength.
Considering the symmetry of such an M-type configuration,
without loss of generality, we restrict our discussion to the
case of £; < £, for simplicity. As shown in Fig. 4, the sponta-
neous emission spectrum changes dramatically in comparison
with the symmetric-helicity case discussed above. Figure 4(a)
provides an example of the emission spectrum when ¢; = 1
and £, = 3. One can find that the regular ¢-fold symmetry is
disrupted, revealing a more intricate pattern with additional
singularities. This disruption follows a |€; — ¢;|-fold rota-
tional symmetry. The resulting emission profile resembles a
composite structured beam with a core charge of 41 sur-
rounded by two vortices of charge +1 [refer to Fig. 4(a)].
This structural pattern appears because of the different in-
tensity radii of the two driving fields, and is in accordance
with recent experimental observations [40]. That is, the output
mode carries both the characteristics of the £; = 1 and £; = 3
OAM. When the driving beams are merged coherently, a non-
trivial superposition of vortices with a charge £; core vortex
surrounded by |£; — £;| single-charged peripheral vortices is
predicted. Similar behaviors are also observed in other cases,
as exhibited in Figs. 4(b)—4(d) where the ¢; = 1 is fixed while
£, is tuned from 4 to 6. The color bar shows the intensity
ranges of the light beam. The white-yellow parts indicate
the areas of maximum spontaneous emission intensity, while
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the purple-black areas correspond to the areas of vanishing
intensity.

In a nutshell, by examining the spectrum of spontaneous
emission, we have shown that the OAM of the driving fields
may be transferred to the emitted A photons. Moreover, re-
markable spatial profiles of the emitted light can be obtained
by tuning the OAM of the control fields, which offers a
promising route to generate structured light. It is imperative
to note that the phenomena discussed above are based on
the assumption of a maximal dipole alignment, i.e., o= 1.
Nonetheless, for smaller g ranging from O to 1, similar re-
sults can be obtained as well. This method offers a different
and straightforward solution that has prospective applications
in quantum information technology. By capitalizing on the
inherent coherence and precise control offered by atomic sys-
tems, we can achieve structured light patterns with high spatial
and temporal coherence, enabling applications in quantum
technologies that demand such properties. Owing to the sim-
plicity of such a setting, our scheme is experimentally feasible
within current techniques, which will be discussed in detail in
the next section.

C. Experimental implementation

In the previous sections, we have proposed to generate
structured light through spontaneous emission by employing
LG optical fields coupled to a five-level atom. Now we would
like to demonstrate that the experimental implementation
of our scheme is feasible without demanding requirements
on experiment conditions. Specifically, the LG-mode control
beams can be generated via standard techniques, e.g., digitally
developed holograms [41], which has been extensively used
in light-matter interaction research [13,35]. Given that the
structure of the generated light in our proposal significantly
depends on the relative phase of the two pumping fields,
an optical phase-locked loop approach may be employed to
effectively fix the phases [42]. The appropriate separation of
the two upper levels ensures the versatility of our scheme,
making it applicable to a broad range of atomic systems. For
instance, one can use the following hyperfine states of 3"Rb:
SPsplF =2,m=+1), SPyplF =1, m=-1), 5Sp|lF =
1,m=0), 551/2|F =2,m=+42), and 5S1/2|F =2,m=
—2) functioning as |a), |b), |c), |d) and |e), respectively.
Furthermore, the atoms can be loaded into a magneto-optical
trap (MOT) and cooled down to suppress the Doppler broad-
ening effect [43], which enhances the precision and control
of the proposed scheme and thus paves the way for potential
practical implementations.

In addition, by considering the correlation of such an
atomic gas and their collective decay to a metastable state (i.e.,
superradiance) [44], it is possible to deterministically generate
the structured light via superradiance instead of probabilis-
tically. This superradiance results from the collective decay
of the excited atoms, which can be realized in the case of
strong coupling between the atoms and the pumping fields.
In contrast to stimulated emission, this collective decay pro-
cess allows for not only speeding up the emission, but also
generating a coherent structured light. That is, by carefully
controlling the driving fields as well as their coupling with the

atoms, the desired outcome of a structured light field can be
achieved via the collective emission.

IV. CONCLUSION

In conclusion, we have performed a thorough investigation
of a spontaneously generated light field in an atomic system
driven by LG-mode beams and proposed to generate struc-
tured light via spontaneous emission. Through considering
the setting of an M-type atom pumped by LG beams, we
demonstrated that there exists OAM transfer from pump fields
to the spontaneously emitted light.

We first consider a scenario where one of the control beams
is a LG-mode light, while the other one is a plane-wave field.
By analyzing the consequent emission spectrum, we find that
the emission intensity varies with a regular spatial profile, the
maximum points of which indicate the tight localization of the
atom. This implies that the atom emits light at the highest rate
in those regions. In this case, the emission profile presents an
[-fold rotational symmetry, with /; being the OAM number
of the LG-mode driving fields.

We further consider both control fields as a structured
field, including the cases of symmetric as well as unsymmet-
rical helicity, and investigate the spatial distributions of the
spontaneous emitted spectrum. By assuming that the atoms
are initially prepared in the superposition states of the two
lower levels, we show that the interplay between the struc-
tured driving fields leads to a rich variety of spontaneous
emission spectrum structures, e.g., the |/} — I;|-fold rotational
symmetry.

Moreover, due to the driving fields’ interference and their
space-dependent intensity distribution, the emitted light can
appear in rich spatial profiles (e.g., disturbed rotational sym-
metry, emergent vortices) beyond the standard LG mode,
which is highly tunable via controlling the phase or OAM
of the driving fields. In addition, by adjusting the strength,
frequency, and OAM of the control fields, it can lead to
new physical phenomena in the spontaneous emission. This
provides a promising approach to shape the distribution of
the optical fields, which might be useful in the research re-
lated to structured light, for example, generating an off-axis
optical beam pattern that is useful to store quantum infor-
mation [3,45] as well as trap or rotate particles in the cases
of superradiant structured light [44,46]. At the same time,
this development in the creation and detection of structured
light by spontaneous emission also offers a possible way to
manipulate the atomic spontaneous spectrum through vortex
pumping, which can be used to promote magnetometers or
other precision measurement techniques [47,48].
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APPENDIX: WEISSKOPF-WIGNER THEORY

The Weisskopf-Wigner theory is a theoretical framework
within quantum mechanics. It provides a description of the
decay process of an unstable atom when it interacts with
environmental modes, specifically, the vacuum modes. This
theory allows for the calculation of decay rates and probabil-
ities associated with the emission of particles or radiation by
the unstable atom. By considering the interaction between the
atom and its surrounding environment, the Weisskopf-Wigner
theory provides valuable insights into the dynamics of decay-
ing systems in quantum mechanics.

To ascertain the spontaneous decay of the atom, we under-
take a formal integration of Eq. (7), performed with respect to
the variable 7. The results obtained from this integration are
subsequently substituted into Eqgs. (3). The eventual deriva-
tion of deterministic conclusions necessitates the application
of certain approximations. The resulting integro-differential
Egs. (8) and (9) define a new term G,,,,(t — )(m, n = a, b),

Gun(t =) =) gpgce =D, (A1)
k

n,e

where g’:f (8,.") are the respective coupling terms between the
kth mode and levels |a) (|b)).

Assuming that the modes of the field are closely spaced in
frequency, we can replace the summation over k by an integral
[23],

\% 2 b4 oo
Z_> 2—3/ d¢/ d@sin@/ dkk?, (A2)
. 2r)* Jo 0 0
where V is the quantization volume. Also, we define

me _ ne _ _@n,wékgk
gk - gk” - Fl )

m

(A3)

where & = (hv/2€0V)!/2. After incorporating &, we have

= Vk gfn cos? 0, (A4)
2¢Vh i
where 6 is the angle between the atomic dipole moment g
and the electric-field polarization vector &.. Therefore, after
incorporating all the terms, G,,,(t — f) can be written as

4692 ) t ) B
(& — 1 —__ omn dvv? _l(Uk_w(m,ll)e)(t_t)d;’
G ) (2n)26eohc3/0 k k/O ¢

(AS5)

mee n.e __

ko Sk,

where integrations over 6 and ¢ have been carried out and we
have used k = v;/c. In the emission spectrum, the intensity
of light associated with the emitted radiation is going to be
centered about the atomic transition frequency w. The quantity
v,f varies little around vy = @y, for which the time integral
in Eq. (A5) is not negligible. We can therefore replace v,?
by w? and the lower limit in the v; integration by —oo. The

integral

o —
f dvge @D = 2 §(t — 7). (A6)

o0

In the proposed scheme, the measurement of the finally gen-
erated light is conditioned on the detection of the photon
(with frequency vy), spontaneously emitted through the two
decay channels (i.e., |a) — |e) and |b) — |e)). The detection
of the photon that carries the information on the OAM number
£1(€>) at any time ¢ and vacuum mode k indicates that the
atom, at this time, is in its internal state |e). Here, we have
assumed a vacuum initial state of the environment and thus
there could be only one photon emitted from a single atom.
Since the atom decays from the upper two levels (namely, |a)
and |b)) spontaneously, the individual coupling between the
upper two levels with lower level |e) is by the reservoir of free
vacuum modes k, which means that the process is Markovian.
Conveniently, this Markovian process allows us to use the
Weisskopf-Wigner theory [25,37,39], which yields
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