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A B S T R A C T

This study delves into the interaction between coherently prepared trapped atoms and optical
vortices, focusing on the intriguing phenomenon of light-induced torque enhancement and
the resultant persistent current flow. Beginning with a three-level atom ensemble in the 𝛬
configuration, we initiate a coherent superposition of lower levels to establish a coherent
population trapping medium. The atoms interact with a pair of optical vortices, producing a
quantized torque on each trapped atom that is directly proportional to the topological charge
of the inhomogeneous coupling beams. This torque imparts a rotation to the entire ensemble,
thereby generating a striking ring-shaped atomic current flow. With careful manipulation of
the initial internal state of the atoms and the strength of the vortex pair, we can control the
magnitude of the torque. Extending the model to include more complex level schemes with
additional laser beams offers even greater potential for enhancing light-induced torque and
refining our control over the current flow.

. Introduction

The captivating interplay between laser pulses and atoms has shed light on a myriad of interesting phenomena, unveiling
rich landscape of optical marvels. Among these, we encounter the extensively explored effect of electromagnetically induced

ransparency (EIT) [1–6], where the interaction between light and matter unveils intriguing insights. Similarly, the stimulated Raman
diabatic passage (STIRAP) [7–9] beckons us with its alluring properties, while lasing without inversion (LWI) [10,11] captivates our
ttention with its unconventional characteristics. The domain of coherent population trapping (CPT) [12–15] stands as yet another
nspiring phenomenon, where light–matter interactions lead to remarkable effects. This vast array of coherent optical phenomena
inds practical applications in diverse areas, including the realm of slow light [3,4,16–18], where the control of light propagation
elocity finds significant utility. Enhanced nonlinear optics [19–22] represents another frontier enriched by these phenomena, where
he manipulation of light–matter interactions enables the enhancement of nonlinear optical effects. Furthermore, the storage of
uantum information [23] and optical switching [24,25] emerge as promising applications stemming from these fascinating optical
henomena.

In the realm of light manipulation, the introduction of light beams with spiral phase dislocations has unfurled entirely new
onsequences. These beams, characterized by their phase cross-section and referred to as spiral phase 𝑒𝑖𝑙𝜙, bear an orbital angular
omentum (OAM) intricately tied to their azimuthal angle 𝜙. A distinctive trait of these beams lies in the null field they create at

heir center, thanks to the spiral phase proportional to the azimuthal angle. The integer parameter 𝑙, also known as the topological
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charge or order of the beam, represents the number of times the beam undergoes azimuthal 2𝜋 phase shifts [26,27]. This phase
ingularity situated at the beam’s center bestows upon it a unique ring-shaped intensity profile, setting it apart from conventional
ight beams. The generation and manipulation of optical vortices housing phase singularities enable us to harness specific values of
AM [28–30], opening up exciting possibilities for optical exploration.

Optical vortices, renowned for their remarkable ability to carry orbital angular momentum, have unveiled a plethora of
aptivating phenomena when interacting with matter [31–40]. These effects have attracted substantial attention, especially
oncerning the influence of OAM on particles and atoms in a mechanical sense [41]. An exemplary instance is the utilization of
ight beams carrying OAM to induce rotational motion in particles confined by optical tweezers [42,43]. Moreover, the transfer of
AM to matter has been demonstrated to generate torque, thereby facilitating the transfer of wave energy [44–47].

Recent investigations have showcased the coherent transfer of photon OAM to a Bose–Einstein condensate (BEC) consisting of
odium atoms. This was achieved through a two-photon stimulated Raman process utilizing Laguerre–Gaussian (LG) beams [45]. By
mploying counterpropagating LG and Gaussian laser beams with matching linear polarization, the trapped atoms were subjected
o axial confinement while simultaneously inducing an atomic vortex state by exerting torque on each atom’s center of mass.
lternatively, Lembessis and Babiker proposed a distinct scenario for light-induced torque in a three-level 𝛬 BEC of atoms. In this
ase, the BEC interacted with two counterpropagating vortex beams, resulting in the generation of a current flow [48]. The authors
erived an expression for the induced torque acting on individual atoms, which ultimately led to a collective rotational effect on the
ntire BEC due to the approximation of its many-body wave function as the product of identical single-particle wave functions [45].
ecently, our research delved into the fascinating phenomenon of quantized torque on a quantum emitter positioned in a double-
configuration. This intriguing effect arises from the quantum interference of spontaneous emission channels. Furthermore, we

xplored a scenario in which the interference in spontaneous emission could be modified by situating the emitter above the surface
f a bismuth chalcogenide material while parallel vortex beams propagate [49].

Exploring the characteristics of the induced torque resulting from the interaction of light with various atom–light coupling
chemes serves as a significant motivation for many researchers, mainly because of its potential applications. In particular,
nderstanding the imparted torque on atoms is crucial for accurately characterizing the dynamics of an ensemble, and has the
otential to be utilized in the development of superconducting atomic devices. Moreover, the induced torque can be harnessed to
enerate superflow and superposition of macroscopic states in atomic vapors, as demonstrated by Kapale et al. in their research [50].
dditionally, the use of quantum repeaters for transmitting flying qubits carrying an OAM has emerged as another application of

he induced torque in recent studies, as cited by Alois et al. [51].
The focus of this study centers around the coherent manipulation of light-induced torque and the production of current flow

n trapped media that have been coherently prepared. This system, known as the phaseonium medium, has been extensively used
or various purposes, including the creation of matched pulses, the enhancement of the index of refraction, and the enhancement
f nonlinear frequency conversion. Moreover, it has been employed for enhanced nonlinear optics, as demonstrated by Paspalakis
t al. [52]. Recent studies have also explored the exchange of optical vortices between different frequencies in coherently prepared
tomic media [53,54]. One prominent method to create such a coherent superposition of the multi-ground-states is involved in
PT technique [12–15], which has been widely used for preparing coherent superpositions in atomic ensembles. CPT relies on a
ombination of laser fields, carefully tuned to drive transitions between the atomic ground states, leading to a coherent superposition
f these states. By precisely controlling the laser parameters, such as frequency and intensity, one can achieve the desired coherent
tate preparation. Another approach involves the use of a transverse magnetic field, which can couple the atomic ground states
nd establish the coherent superposition. Additionally, fractional or partial STIRAP [8] is another viable technique for generating
oherent superpositions. In STIRAP, only a controlled fraction of the atomic population is transferred to the target state, resulting in
coherent superposition of the multi-ground states. Furthermore, the feasibility of producing a quantum superposition of metastable

tates from a single initial state in a tripod atom–light coupling scheme has been demonstrated using a sequence of three pulses [55].
n experimental implementations, the choice of the most suitable method depends on the specific atomic species and the level
tructure of the system under investigation. Researchers carefully design the experimental setup and laser configurations to achieve
fficient and precise coherent state preparation.

In this investigation, we explore the interaction of optical vortices carrying OAM with coherently prepared media. Initially, we
xamine the case of 𝛬 atoms and later generalize the model to include the tripod and multi-level atom–light coupling schemes,
tilizing additional laser beams. In this model, we assume that the atoms are prepared in a coherent superposition of lower levels
nd are interacting with weak probe fields, resulting in a CPT medium. This is different from traditional EIT schemes with a weak
robe and a strong control. Our study provides the fundamental equations that describe the quantized torque imposed by optical
ortices on the center of mass of each multilevel atom. This torque can rotate the ensemble about the beam axis, thereby creating
n atomic current in the form of a ring. Notably, in comparison to previous approaches, the induced torque is strongly influenced
y the initial internal state of the atoms. This factor provides a new degree of freedom for manipulating the torque and resulting
urrent flow.

To observe such an induced torque in a real experiment, several steps are required. First, the atomic ensemble needs to be
repared in a coherent superposition of lower levels. This preparation ensures that the atoms are in the desired state to interact
ith the optical vortices. The next step involves generating optical vortices, which are beams carrying quantized OAM. These can be

reated using holographic techniques, spatial light modulators, or mode converters. Precise control over the topological charge of
he vortices is crucial as it directly influences the quantized torque experienced by the trapped atoms. The prepared atomic ensemble
s then allowed to interact with the optical vortices using a carefully designed experimental setup, ensuring proper alignment and
2

verlap between the atomic ensemble and the vortex beams. To observe the predicted light-induced torque, one can employ sensitive
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Fig. 1. Schematic diagram of the 𝛬 atoms interacting with optical vortices.

techniques to measure the rotation of the trapped atoms caused by the interaction with the vortex beams, involving monitoring the
collective motion of the atomic ensemble or using atom interferometry techniques to detect the phase shift induced by the torque.
By systematically varying the initial internal state of the atoms and the strength of the vortex pair, one can explore the control
parameters that influence the magnitude of the torque and current flow.

2. Case of 𝜦 atom

In this work, we begin by examining a 𝛬-type atomic configuration, illustrated in Fig. 1, in which an excited state |𝑒⟩ is coupled
to two lower states |𝑔1⟩ and |𝑔2⟩ via laser fields 𝛺1 and 𝛺2. Using cylindrical coordinates to describe the center-of-mass position
vector of the atom, 𝐑 = (𝑟, 𝜙, 𝑧), we can express the atom–light Hamiltonian in the appropriate rotating frame and interaction picture
as

𝐻Λ = 𝛺1|𝑔1⟩⟨𝑒| +𝛺2|𝑔2⟩⟨𝑒| + H.c.. (1)

The evolution of the pulse pair 𝛺1 and 𝛺2 and the atomic coherences 𝜌𝑔1𝑒 and 𝜌𝑔2𝑒 are described by the optical Bloch equations
(OBEs):

�̇�𝑔1𝑒 = 𝑖(𝛿1 + 𝑖𝛾𝑒𝑔1 )𝜌𝑔1𝑒 − 𝑖𝛺1(𝜌𝑒𝑒 − 𝜌𝑔1𝑔1 ) + 𝑖𝛺2𝜌𝑔1𝑔2 , (2)

�̇�𝑔2𝑒 = 𝑖
(

𝛿2 + 𝑖𝛾𝑒𝑔2
)

𝜌𝑔2𝑒 − 𝑖𝛺2(𝜌𝑒𝑒 − 𝜌𝑔2𝑔2 ) + 𝑖𝛺1𝜌𝑔2𝑔1 . (3)

The detunings of the laser beams are defined as 𝛿1 = 𝜔𝑒𝑔1 −𝜔1 and 𝛿2 = 𝜔𝑒𝑔2 −𝜔2, where 𝜔𝑒𝑔1 , 𝜔𝑒𝑔2 , 𝜔1, and 𝜔2 are the frequencies
of the transitions |𝑔1⟩ ↔ |𝑒⟩ and |𝑔2⟩ ↔ |𝑒⟩, as well as the central frequencies of the laser beams, respectively. The rates of decay
from the excited state |𝑒⟩ to the lower states |𝑔1⟩ and |𝑔2⟩ are 𝛾𝑒𝑔1 and 𝛾𝑒𝑔2 , respectively. It is essential to note that these decay
rates encompass both the spontaneous decay rate and the dephasing rate. Yet, since we assume 𝛾𝑒𝑔1 = 𝛾𝑒𝑔2 = 𝛾 and scale all the
involving parameters by 𝛾, the specific values of the individual decay rates 𝛾𝑒𝑔1 and 𝛾𝑒𝑔2 do not affect our main results. As a result,
any distinction in these decay rates would have already been incorporated into the scaled parameter 𝛾.

We assume that the 𝛬 atoms are prepared in a coherent superposition of both lower energy levels at the initial time, as represented
by the following wave function:

|𝜓(0)⟩ = 𝑐1|𝑔1⟩ + 𝑐2|𝑔2⟩. (4)

Here, 𝑐1 and 𝑐2 are the initial probability amplitudes associated with the two energy levels. In addition, we assume that the
atom–light coupling is weak, satisfying the condition |𝛺1|, |𝛺2| ≪ 𝛾𝑒𝑔1 , 𝛾𝑒𝑔2 . Under this approximation, we can obtain the first-
order approximations for the density matrix elements as follows: 𝜌𝑒𝑒 ≈ 0, 𝜌𝑔1𝑔1 ≈ |𝑐1|

2, 𝜌𝑔2𝑔2 ≈ |𝑐2|
2, and 𝜌𝑔1𝑔2 ≈ 𝑐1𝑐∗2 . It should

be pointed out that the population of the excited level, 𝜌𝑒𝑒, is obtained as a second-order term. Consequently, in the first-order
approximation (𝜌𝑒𝑒 ≈ 0), this term becomes negligible as we neglect second-order and higher terms. These higher-order terms have
smaller contributions in the regime under study. Conversely, the atomic coherence between the ground state and the excited states
(𝜌𝑒𝑔1 , 𝜌𝑒𝑔2 ) represents first-order terms in the Rabi frequency and, as such, remain non-zero in the first-order approximation [53,56].
Given these approximations, the steady-state solutions for the coherences 𝜌𝑔1𝑒 and 𝜌𝑔2𝑒 are given by:

𝜌𝑔1𝑒 = −
|𝑐1|

2𝛺1 + 𝑐1𝑐∗2𝛺2

𝛿1 + 𝑖𝛾𝑒𝑔1
, (5)

𝜌𝑔2𝑒 = −
𝑐∗1 𝑐2𝛺1 + |𝑐2|

2𝛺2
, (6)
3

𝛿2 + 𝑖𝛾𝑒𝑔2
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Fig. 2. Dependence of the torque function 𝜓𝛬 (in units of s−1) on the detuning parameter 𝛿 (in units of 𝛾 where 𝛾𝑒𝑔1 = 𝛾𝑒𝑔2 = 𝛾) for different strengths of the
vortex beams, when |𝑐1|

2 = |𝑐2|
2 = 1∕2.

where 𝛿1 and 𝛿2 are the detunings of the two laser fields from the respective atomic transitions. It is important to note that the
first-order approximation is valid only when |𝜌𝑔1𝑒|, |𝜌𝑔2𝑒|≪ 1. If this condition is not satisfied, we cannot assume that 𝜌𝑔1𝑔1 and 𝜌𝑔1𝑔2
are not changing during propagation.

In our analysis, we approach incident beams 𝛺1 and 𝛺2 as optical vortices characterized by unique properties:

𝛺1 = |𝛺1|𝑒
𝑖𝜃1(𝐑), (7)

𝛺2 = |𝛺2|𝑒
𝑖𝑙𝜃2(𝐑), (8)

Here, |𝛺1| and |𝛺2| signify the Rabi frequencies of the respective beams, while 𝜃1(𝐑) and 𝜃2(𝐑) represent the phase functions
associated with the optical fields. These properties render the beams distinct and enable us to explore their diverse characteristics.
Given the assumption of a many-body wave function of trapped atoms approximated as a product of identical single-atom wave
functions, each atom experiences an identical force due to the incident light. The single-atom wave function can be factored into
internal and center-of-mass wave functions. As a result, the force acting on the center-of-mass coordinate 𝐑 is solely dependent on
the density matrix elements of the internal states [48] and can be obtained using the OBEs from (2)–(3).

By factoring the single-atom wave function in this manner, we can find the scattering force 𝐹𝛬 experienced by the 𝛬 atom. This
force can be expressed as

𝐹𝛬 = 2ℏ
[

∇𝜃1(𝐑)|𝛺1|(𝜌𝑒𝑔1 + 𝜌𝑔1𝑒) + ∇𝜃2(𝐑)|𝛺2|(𝜌𝑒𝑔2 + 𝜌𝑔2𝑒)
]

, (9)

where 𝜌𝑔1𝑒 and 𝜌𝑔2𝑒 are the atomic coherences described in Eqs. (5)–(6). This expression reveals how the optical vortices in the
incident beams generate a force that depends on the atomic coherences of the internal states, providing insight into the unique
dynamics of the trapped atoms.

The doughnut Laguerre–Gaussian (LG) beams are characterized by a unique spatial distribution, given by the following
expressions:

|𝛺1| = 𝜖1
( 𝑟
𝑤

)

|𝑙|
𝑒−𝑟

2∕𝑤2
, (10)

|𝛺2| = 𝜖2
( 𝑟
𝑤

)

|𝑙|
𝑒−𝑟

2∕𝑤2
, (11)

where 𝑟 represents the cylindrical radius, 𝑙 is the orbital angular momentum (OAM) number, 𝜙 denotes the azimuthal angle, 𝑤 is
the beam waist, and 𝜖1 and 𝜖2 represent the strength of the vortex beams. It is important to note that the effects of interest occur
near the beam waist situated in the plane 𝑧 = 0.

The angular dependence of the beams is described by

𝜃1(𝐑) = 𝜃2(𝐑) = −𝑙𝜙. (12)

Using Eq. (9) for the force, we can express it as

𝐹𝛬 =2ℏ
[

∇𝜃1|𝛺1|(𝜌𝑒𝑔1 + 𝜌𝑔1𝑒) + ∇𝜃2|𝛺2|(𝜌𝑒𝑔2 + 𝜌𝑔2𝑒)
]

=2ℏ𝑘𝛶
( 𝑟 )2|𝑙|

𝑒−2𝑟
2∕𝑤2

�̂� + 2ℏ𝑙 𝜓
( 𝑟 )2|𝑙|

𝑒−2𝑟
2∕𝑤2

𝜙, (13)
4

𝛬 𝑤 𝑟 𝛬 𝑤
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Fig. 3. Dependence of the torque function 𝜓𝛬 (in units of s−1) on the detuning parameter 𝛿 (in units of 𝛾 where 𝛾𝑒𝑔1 = 𝛾𝑒𝑔2 = 𝛾) for different values of initial
internal state coefficients 𝑐𝑖, when 𝜖1 = 𝜖2 = 0.1𝛾.

where

𝛶𝛬 = 𝜖1(𝜌𝑒𝑔1 + 𝜌𝑔1𝑒) − 𝜖2(𝜌𝑒𝑔2 + 𝜌𝑔2𝑒), (14)

𝜓𝛬 = −
(

𝜖1(𝜌𝑒𝑔1 + 𝜌𝑔1𝑒) + 𝜖2(𝜌𝑒𝑔2 + 𝜌𝑔2𝑒)
)

. (15)

The torque that is generated on the atoms’ center of mass around the beam axis can be expressed as:

𝑇𝛬 = 𝑟 × 𝐹𝛬 = 2ℏ𝑙𝜓𝛬
( 𝑟
𝑤

)2|𝑙|
𝑒−2𝑟

2∕𝑤2
�̂�. (16)

Figs. 2 and 3 illustrate the evolution of the function 𝜓𝛬 in the torque equation (Eq. (15)). Our findings reveal that this function
xhibits a dispersion behavior, with a maximum value occurring around 𝛿 = ±𝛾 and always being zero at line center 𝛿 = 0. By

manipulating the strengths of the vortex beams, the maximum value of 𝜓𝛬 at 𝛿 = ±𝛾 can be increased. Fig. 3 further demonstrates
that the function 𝜓𝛬 and, consequently, the torque can be affected out of resonance by manipulating the population of the lower
superposition states, as evidenced by the variation of 𝜓𝛬 with respect to 𝛿 for different initial internal state coefficients 𝑐𝑖. These
results highlight the significant impact of beam strength and population manipulation on the torque generated on the center of mass
of 𝛬 atoms around the beam axis.

It is important to note that the induced torque on the center of mass of 𝛬 atoms, as described by Eq. (16), is quantized. The
torque function is dependent on the OAM number 𝑙 and the radial position, and as shown in Fig. 4, the intensity of the induced
torque increases with increasing 𝑙. The figure also highlights the existence of a region of maximum intensity, which creates an optical
dipole potential trap that attracts the atoms. In this region, the torque is also at its maximum, which results in the generation of a
doughnut-shaped atomic flow. These findings underscore the potential of this approach for creating and manipulating atomic flow
patterns using optical vortex beams.

3. Case of tripod and multi-level atoms

Let us now delve into the intricacies of how three light pulses interact with a four-level atom in the tripod configuration, as
depicted in Fig. 5. In this configuration, the excited state |𝑒⟩ is coupled to three lower levels, namely |𝑔1⟩, |𝑔2⟩, and |𝑔3⟩, through
hree distinct laser pulses denoted by 𝛺1, 𝛺2, and 𝛺3, respectively. By switching to the interaction representation, the corresponding
amiltonian for the tripod scheme can be expressed as:

𝐻T = 𝛺1|𝑔1⟩⟨𝑒| +𝛺2|𝑔2⟩⟨𝑒| +𝛺3|𝑔3⟩⟨𝑒| + H.c., . (17)

The dynamics of the atom can be described using the equations of motion, which can be derived from the Hamiltonian of the system.
In the case of the tripod configuration, the atomic equations of motion reads

�̇�𝑔1𝑒 = 𝑖(𝛿1 + 𝑖𝛾𝑒𝑔1 )𝜌𝑔1𝑒 − 𝑖𝛺1(𝜌𝑒𝑒 − 𝜌𝑔1𝑔1 ) + 𝑖𝛺2𝜌𝑔1𝑔2 + 𝑖𝛺3𝜌𝑔1𝑔3 , (18)

�̇�𝑔2𝑒 = 𝑖
(

𝛿1 + 𝑖𝛾𝑒𝑔2
)

𝜌𝑔2𝑒 − 𝑖𝛺2(𝜌𝑒𝑒 − 𝜌𝑔2𝑔2 ) + 𝑖𝛺1𝜌𝑔2𝑔1 + 𝑖𝛺3𝜌𝑔2𝑔3 , (19)

�̇� = 𝑖
(

𝛿 + 𝑖𝛾
)

𝜌 − 𝑖𝛺 (𝜌 − 𝜌 ) + 𝑖𝛺 𝜌 + 𝑖𝛺 𝜌 . (20)
5

𝑔3𝑒 1 𝑒𝑔3 𝑔3𝑒 3 𝑒𝑒 𝑔3𝑔3 1 𝑔3𝑔1 2 𝑔3𝑔2
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Fig. 4. (a)–(f) The ring shaped atomic flow generated for the trapped 𝛬 atoms after experiencing a torque given by Eq. (16) and for different OAM numbers
𝑙 = 1 − 6. Here, |𝑐1|2 = |𝑐2|

2 = 1∕2, 𝜖1 = 𝜖2 = 0.1𝛾, 𝛿 = 𝛾.

Fig. 5. Schematic diagram of the tripod atoms interacting with optical vortices.

Assuming that the tripod atoms are initially prepared in a superposition state given by

|𝜓(0)⟩ = c1|𝑔1⟩ + 𝑐2|𝑔2⟩ + 𝑐3|𝑔3⟩, (21)

and considering a sufficiently weak atom–light interaction such that |𝛺𝑗 |≪ 𝛾𝑒𝑔𝑗 , where 𝛾𝑒𝑔𝑗 represents the decay rate of the |𝑒⟩ → |𝑔𝑗⟩
transition, we can approximate the density matrix elements as follows: 𝜌𝑒𝑒 ≈ 0, 𝜌𝑔1𝑔1 ≈ |𝑐1|

2, 𝜌𝑔2𝑔2 ≈ |𝑐2|
2, 𝜌𝑔3𝑔3 ≈ |𝑐3|

2, 𝜌𝑔1𝑔2 ≈ 𝑐1𝑐2,
𝜌𝑔1𝑔3 ≈ 𝑐1𝑐3, and 𝜌𝑔2𝑔3 ≈ 𝑐2𝑐∗3 .

Under these conditions, we obtain a set of steady-state equations for the atomic coherences as

𝜌𝑔1𝑒 = −
|𝑐1|

2𝛺1 + 𝑐1𝑐∗2𝛺2 + 𝑐1𝑐∗3𝛺3

𝛿1 + 𝑖𝛾𝑒𝑔1
, (22)

𝜌𝑔2𝑒 = −
𝑐∗1 𝑐2𝛺1 + |𝑐2|

2𝛺2 + 𝑐2𝑐∗3𝛺3

𝛿2 + 𝑖𝛾𝑒𝑔2
, (23)

𝜌𝑔3𝑒 = −
𝑐∗1 𝑐3𝛺1 + 𝑐∗2 𝑐3𝛺2 + |𝑐3|

2𝛺3

𝛿3 + 𝑖𝛾𝑒𝑔3
. (24)

The incident optical vortices are characterized by

𝛺1 = |𝛺1|𝑒
𝑖𝑙𝜃1(𝐑), (25)

𝛺2 = |𝛺2|𝑒
𝑖𝑙𝜃2(𝐑), (26)

𝛺 = |𝛺 |𝑒𝑖𝑙𝜃3(𝐑), (27)
6
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Fig. 6. Dependence of the torque function 𝜓𝛬 (in units of s−1) on the detuning parameter 𝛿 (in units of 𝛾 where 𝛾𝑒𝑔1 = 𝛾𝑒𝑔2 = 𝛾𝑒𝑔3 = 𝛾) for different strengths of
the vortex beams, when |𝑐1|

2 = 1∕2, |𝑐2|2 = 1∕3, |𝑐3|2 = 1∕6.

where

|𝛺1| = 𝜖1(
𝑟
𝑤
)|𝑙|𝑒−𝑟

2∕𝑤2
, (28)

|𝛺2| = 𝜖2(
𝑟
𝑤
)|𝑙|𝑒−𝑟

2∕𝑤2
, (29)

|𝛺3| = 𝜖3(
𝑟
𝑤
)|𝑙|𝑒−𝑟

2∕𝑤2
, (30)

and

𝜃1(𝐑) = 𝜃2(𝐑) = 𝜃3(𝐑) = −𝑙𝜙. (31)

The scattering force 𝐹𝑡𝑟𝑖𝑝𝑜𝑑 for the tripod system changes to

𝐹𝑡𝑟𝑖𝑝𝑜𝑑 = 2ℏ
[

∇𝜃1|𝛺1|(𝜌𝑒𝑔1 + 𝜌𝑔1𝑒) + ∇𝜃2|𝛺2|(𝜌𝑒𝑔2 + 𝜌𝑔2𝑒) + ∇𝜃3|𝛺3|(𝜌𝑒𝑔3 + 𝜌𝑔3𝑒)
]

(32)

where 𝜌𝑒𝑔1 , 𝜌𝑒𝑔2 and 𝜌𝑒𝑔3 are given by Eqs. (22)–(24).
The induced torque about the beam axis for the tripod atom emerges as

𝑇𝑡𝑟𝑖𝑝𝑜𝑑 = 𝑟 × 𝐹𝑡𝑟𝑖𝑝𝑜𝑑 = 2ℏ𝑙𝜓𝑡𝑟𝑖𝑝𝑜𝑑 (
𝑟
𝑤
)2|𝑙|𝑒−2𝑟

2∕𝑤2
�̂�, (33)

here

𝜓 𝑡𝑟𝑖𝑝𝑜𝑑 = −
(

𝜖1(𝜌𝑒𝑔1 + 𝜌𝑔1𝑒) + 𝜖2(𝜌𝑒𝑔2 + 𝜌𝑔2𝑒) + 𝜖3(𝜌𝑒𝑔3 + 𝜌𝑔3𝑒)
)

. (34)

The function 𝜓𝑡𝑟𝑖𝑝𝑜𝑑 in the torque equation Eq. (33) for the tripod atoms varies as shown in Figs. 6 and 7. These figures illustrate
the effect of the initial population distributions and the incident optical vortices intensities on the induced torque. Figure 8 shows
the atomic flow in the shape of a ring generated for the trapped tripod atoms. It can be seen that the induced torque, in this case,
is much larger than the case of the three-level 𝛬 scheme described in the previous section (see Figs. 6–8). We can now generalize
the above-described model of light-induced torque and persistent current flow by considering a system of 𝑛-component light pulses
interacting with (𝑛 + 1)-state atoms, where 𝑛 lower atomic states |𝑔1⟩, |𝑔2⟩, . . . , |𝑔𝑛⟩ and one excited state |𝑒⟩ are present (Fig. 9).

he interaction Hamiltonian for this multi-level atom system can be expressed as

𝐻M =
𝑛
∑

𝑚=1
𝛺𝑚|𝑔𝑚⟩⟨𝑒| + H.c., (35)

The dynamics of the density matrix 𝜌 for the 𝑛 + 1-state atom system under the influence of the multi-component light pulses
an be described by the following master equation

�̇�𝑔𝑚𝑒 = 𝑖(𝛿𝑚 + 𝑖𝛾𝑒𝑔𝑚 )𝜌𝑔𝑚𝑒 − 𝑖𝛺𝑚(𝜌𝑒𝑒 − 𝜌𝑔𝑚𝑔𝑚 ) + 𝑖
𝑛
∑

𝑗=1;𝑗≠𝑚
𝛺𝑗𝜌𝑔𝑚𝑔𝑗 , (36)

with 𝑚 = 1, 2,… , 𝑛.
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Fig. 7. Dependence of the torque function 𝜓𝛬 (in units of s−1) on the detuning parameter 𝛿 (in units of 𝛾 where 𝛾𝑒𝑔1 = 𝛾𝑒𝑔2 = 𝛾𝑒𝑔3 = 𝛾) for different values of
initial internal state coefficients 𝑐𝑖, when 𝜖1 = 𝜖2 = 𝜖3 = 0.1𝛾.

Fig. 8. (a)–(f) The ring atomic flow generated for the trapped tripod atoms after experiencing a torque given by Eq. (33) and for different OAM numbers
𝑙 = 1 − 6. Here, |𝑐1|2 = 1∕2, |𝑐2|2 = 1∕3, |𝑐3|2 = 1∕6, 𝜖1 = 𝜖2 = 𝜖3 = 0.1𝛾, 𝛿 = 𝛾.

Fig. 9. Schematic diagram of the multi-level atom interacting with optical vortices.
8
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The multi-level atoms are initially in the superposition state

|𝜓(0)⟩ =
𝑛
∑

𝑚=1
𝑐𝑚|𝑔𝑚⟩. (37)

For the weak atom–light interaction |𝛺𝑗 | ≪ 𝛾𝑒𝑔𝑗 and approximating 𝜌𝑒𝑒 ≈ 0, 𝜌𝑔𝑚𝑔𝑚 ≈ |𝑐𝑚|
2 and 𝜌𝑔𝑚𝑔𝑚′ ≈ 𝑐𝑚𝑐∗𝑚′ (𝑚,𝑚′ = 1, 2,… , 𝑛) to

the first order in all laser fields, yields

𝜌𝑔𝑚𝑒 = −

∑𝑛
𝑗=1 𝑐𝑚𝑐

∗
𝑗𝛺𝑗

𝛿𝑚 + 𝑖𝛾𝑒𝑔𝑚
, 𝑚 = 1, 2,… , 𝑛 (38)

where

𝛺𝑚 = 𝜀𝑚𝑒
𝑖𝑙𝜃𝑚(𝐑), (39)

are the multi-component vortices, and

|𝛺𝑚| = 𝜀𝑚(
𝑟
𝑤
)|𝑙|𝑒−𝑟

2∕𝑤2
, (40)

𝜃1(𝐑) = 𝜃2(𝐑) = ⋯ = 𝜃𝑛(𝐑) = −𝑙𝜙. (41)

The multi-level atom scattering force 𝐹𝑀 becomes

𝐹𝑀 = 2ℏ

[ 𝑛
∑

𝑗=1
∇𝜃𝑗 |𝛺𝑗 |(𝜌𝑒𝑔𝑗 + 𝜌𝑔𝑗𝑒)

]

, (42)

giving the induced torque in a general form

𝑇𝑀 = 𝑟 × 𝐹𝑀 = 2ℏ𝑙𝜓𝑀 ( 𝑟
𝑤
)2|𝑙|𝑒−2𝑟

2∕𝑤2
�̂�, (43)

here

𝜓𝑀 = −

( 𝑛
∑

𝑗=1
𝜖𝑗 (𝜌𝑒𝑔𝑗 + 𝜌𝑔𝑗𝑒)

)

. (44)

Clearly, adding additional atomic levels and laser fields can indeed increase the controllability over the induced torque. Indeed,
n a multi-level atom system, the scattering force and induced torque are determined by the complex interplay between the laser
ields and atomic energy levels. By adding more atomic levels and laser fields, it is possible to create a more complex energy level
tructure and to control the interactions between them more precisely. This allows for greater flexibility in designing the laser field
arameters, such as their intensity, frequency, and polarization, to manipulate the scattering force and induced torque. Furthermore,
dding more atomic levels can also increase the sensitivity of the system to changes in the laser field parameters, which can be useful
or sensing applications. For example, the induced torque in a multi-level atom system can be used as a sensitive probe for measuring
mall forces or rotations.

Implementing a 𝛬 (tripod) level scheme with two (or three) ground states and one excited state is a promising experimental setup,
nd one approach to realize it is by utilizing 87Rb atoms. In this scheme, the excited level denoted as |𝑒⟩ can be associated with the
5𝑃1∕2, 𝐹 = 1, 𝑚𝐹 = 0⟩ state. The lower states, namely |𝑔1⟩ and |𝑔2⟩ (and possibly |𝑔3⟩), can be identified as |5𝑆1∕2, 𝐹 = 1, 𝑚𝐹 = 1⟩
nd |5𝑆1∕2, 𝐹 = 1, 𝑚𝐹 = −1⟩ (and potentially |5𝑆1∕2, 𝐹 = 2, 𝑚𝐹 = 0⟩) [53]. The 𝛬, tripod, or multi-level schemes provide a versatile
latform for studying quantum coherence and interference phenomena. The two, three, or more ground states, with their distinct
haracteristics, allow for exploring interesting phenomena like dark-state polaritons and multi-color EIT. These effects are crucial
or developing efficient quantum memories and quantum-enhanced sensing devices. The choice of 87Rb atoms for this scheme is
ell-founded due to their desirable properties, including long coherence times and relatively easy manipulation through laser cooling
nd trapping techniques. Moreover, the |5𝑆1∕2, 𝐹 = 1⟩ → |5𝑃1∕2, 𝐹 = 1⟩ transition in rubidium is well studied, making it easier to
ontrol and measure the dynamics of the system accurately.

. Concluding remarks

To summarize, this study has demonstrated that coherently prepared 𝛬-type multi-level atoms experience a persistent current
low when interacting with optical vortices. The atoms are initially prepared in a coherent superposition of the lower levels, and
he atom–light coupling is assumed to be weak. The equations describing the quantized torque imposed by vortex beams on the
enter of mass of each trapped atom have been derived, and it has been shown that the induced torque is quantized and rotates the
edium about the beam axis, creating a persistent atomic current in the form of a ring.

The study also highlights that the induced torque can be controlled and enhanced by the initial internal state of the atoms as well
s the strength of the vortex beams. Furthermore, the model has been extended to more complicated schemes, such as the tripod
nd more complex level schemes involving additional laser pulses and atomic levels. This allows for greater control over the current
low and enhancement of the light-induced torque. Overall, this study provides insights into the behavior of multi-level atoms in the
resence of optical vortices and demonstrates the potential for using such systems for precision control and manipulation of atomic
urrents.
9
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