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A vector beam with the spatial variation polarization has attracted keen interest and is
progressively applied in quantum information, quantum communication, precision
measurement, and so on. In this letter, the spectrum observation of the rotational
Doppler effect based on the coherent interaction between atoms and structured light
in an atomic vapor is realized. The geometric phase and polarization of the structured
beam are generated and manipulated by using a flexible and efficacious combination
optical elements, converting an initial linearly polarized Gaussian beam into a phase vortex
beam or an asymmetric or symmetric vector beam. These three representative types of
structured beam independently interact with atoms under a longitudinal magnetic field to
explore the rotational Doppler shift associated with the topological charge. We find that the
rotational Doppler broadening increases obviously with the topological charge of the
asymmetric and symmetric vector beam. There is no rotational Doppler broadening
observed from the spectrum of the phase vortex beam, although the topological
charge, and spatial profile of the beam change. This study can be applied to estimate
the rotational velocity of the atom-level or molecule-level objects, measure the intensity of
magnetic fields and study the quantum coherence in atomic ensembles.

Keywords: structured beam, vector beam, orbital angular momentum, rotational Doppler effect, electromagnetically
induced transparency, spiral phase plate, retardation wave plate

1 INTRODUCTION

The quantum coherent interaction of light with an atomic system results in various fascinating
phenomena. For instance, Hanle effect [1], coherent population trapping (CPT) [2],
electromagnetically induced transparency (EIT) [3]and electromagnetically induced absorption
(EIA) [4]. In particular, coherent effects arise strong interest based on Hanle-effect configuration
for only needing a single light field such as Hanle-CPT, Hanle-EIT, and Hanle-EIA [5-7], which have
been utilized in sensitive atomic magnetometer and light storage [8-10].

In recent years, an optical field known as vector beam (VB) has materially enriched the study of
structured light interacting with atoms [11]. A VB with the spatial variation of polarization state can
be decomposed into two orthogonal circularly polarized components with different orbital angular
momentum (OAM) [12]. And then, it has been applied in a variety of realms over the last decades,
such as high-resolution imaging [13-15], optical communication [16, 17], optical manipulation [18]
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and quantum application [19-21]. Generally, there are two
methods for generating the VB. The first one is the intra-
cavity generation technique, which provides an efficient way to
generate the VB directly from the laser source [22]. The second
method is the extra-cavity technique, including using phase-
dependent optical elements [23] or an interferometer
associated with the spatial light modulator [24, 25]. Thus,
benefiting from the mature technology for generating the VB
allows us to explore vectorial light-matter interaction thoroughly.
Recently, some researches show that employing the VB in atomic
medium can realize manipulating spatial anisotropy [26-28],
spatially dependent EIT [29, 30], quantum memory [31, 32],
and non-linear optical propagation [33]. One of the most exciting
works is using symmetric beams to observe the rotational
Doppler effect (RDE) of atoms [34]. In their study, an
interferometer combined with the spiral phase plates (SPP) is
applied to generate experimental beams containing two phase
vortex beams (OAM beams) with equal but opposite of
topological charge (¢; = — £,). Nevertheless, the disadvantage
of this superposition approach to generating the VB is that the
alignment of two arms is an extremely difficult challenge,
especially utilizing OAM beams with different [£|, since a tiny
misalignment can lead to undesired Doppler broadening in
atomic medium. For instance, a small angle § between the two
beams results in broadening the order of BApep, (Apepp =
500 MHz) and also decrease the EIT peak transmission.
Hence, in order to accurately study the RDE with atoms, an
approach to generating VBs in a more stable and convenient way
is imperative.

In this letter, instead of the interferometer configuration, a
more convenient procedure to generate the symmetric and
asymmetric VB is presented. The symmetric VB is that the
OAM topological charges of two orthogonal circularly
polarized components of VB are equivalent (|€;| = |¢;]), and
the asymmetric VB is unequal (|¢;] # |[€2]). By using a
combination of spiral phase plate and vortex retarder plate
(VRP), the geometric phase of initial linearly polarized beams
are manipulated and converted into VB in the experiment. The
advantage of our method is that generated VBs with varied OAM
topological charges (|€;] = |€2| or [é;] # |€;]) are directly
produced without considering the misalignment or
mismatching when interacting with atoms. Furthermore,
asymmetric VBs, symmetric VBs and phase vortex beams
(OAM beams) are utilized to detect the RDE in atoms,
respectively. The experimental results show that RDE does not
have an impact on the resonance linewidths of single linearly
polarized OAM beams. However, the spectrum with rotational
Doppler broadening is increasingly apparent as the difference
(1€; — £,]) of both asymmetric and symmetric VBs increases. One
thing should be noted is that any decoherent effects (or noise
effects) will dramatically decrease the peak transmission and large
width of the EIT signal [35, 36], same as other coherent
processions [37-39]. Thus, the broadened signal associated
with the RDE will be drowned in the background noise and
become too weak to be observed. However, we only change the
topological charge combination of vector beams and set other
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parameters appropriately in the experiment, which make
linewidth narrow enough to study the influence of RED.

2 EXPERIMENTAL SETUP

The experimental setup is shown in Figure 1. The output of a
795 nm external cavity diode laser is split into two parts. One part
is sent to a saturated absorption spectroscopy setup to lock laser
frequency. The other part passes through a single-mode fiber
(SMF) to improve the mode quality of the laser beam. After the
fiber, the beam is adjusted by a half-wave plate and a polarizing
beam splitter (PBS) to control the intensity and also fix it with
horizontal polarization state. A telescope is applied to expand the
beam size and the achieved high-quality Gaussian beam’s waist is
4 mm. The VB is generated by sending the linearly polarized
beam through a setup composed of an SPP and a VRP. SPP is an
optical element with a helical surface where the optical thickness
of the component increases with azimuthal position according to
2A0/27t(n — 1), where n is the refractive index of the medium [40].
Moreover, VRP is a liquid-crystal-based retardation wave plate
with an inhomogeneous optical axis that displays an
azimuthal topological charge [23]. The laser frequency is
locked to the 5Sy,, F =2 — 5Py, F' =1 transition of the
8Rb D,-line. The Rb cell has a length of 50 mm. A three-
layer p-metal magnetic shield is used to isolate the atoms
from the environmental magnetic fields. A solenoid coil
inside the inner layer offers a uniform longitudinal
magnetic field whose direction is parallel to the light
propagation direction, k. The temperature of the cell is set
at 40°C with a temperature controller. A neutral density filter
is used to control the power of the incident laser beam. In the
experiment, the beam intensity at the cell is approximately
17.98 uW/cm”. After the beam transmits through the cell, the
total intensity as a function of the applied longitudinal
magnetic field is recorded by a photodiode.

Next, we briefly present the process of generating the light field
we needed. It is known that a linear polarization Gaussian beam
can be represented by a superposition of right- (|[R)) and left-
circular (|L)) polarized beams as

1
\2

A SPP can transform the linear polarization Gaussian beam
|®)o into an OAM mode with linear polarization state and an
azimuthal phase component e'*’, where € is the OAM topological
charge and 0 is the azimuthal angle, resulting in the beam
carrying the orbital angular momentum (¢#). Then the beam
can be expressed as:

D) = —= (IL) + R)) (1)

1
2

To convert a linear polarization OAM beam |®), into an
asymmetric VB, a VRP is used, which couples OAM with spin
angular momentum. After passing through the VRP, the beam
|®), is transformed into an asymmetric vector beam |®), that

D)1 = —= (161) +16R)) 2)
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FIGURE 1 | Schematic of the experimental setup and atomic energy levels. HWP: half-wave plate; QWP: quarter-wave plate; PBS: polarization beam splitter; M:
mirror; SPP: spiral phase plate; VRP: vortex retarder plate; Ol: optics isolator; SMF: single-mode fiber; MFS: magnetic field shielding; PD: photo-detector; Rb: rubidium
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FIGURE 2 | Schematic of generating the experimental light beams. SPP: spiral phase plate; VRP: retardation wave plate. (B, F) the theoretical and experimental
Gaussian beam, respectively. (A, C, D) the generation of OAM beams, symmetric and asymmetric VBs in theory. (E, G, H) the generation of OAM beams, symmetric and
asymmetric vector beams in experiment. Linearly polarized Gaussian beam (F) directly passes through a VRP (or SPP) to generate a symmetric vector beam (E) [or a
linearly polarized OAM beam (G)]. For the generation of an asymmetric vector beam (H), the linearly polarized OAM beam (G) continues to run through a VRP.

has polarization variations along the azimuthal direction. Then
the asymmetric VB can be written as

D), = —= (€ +m,L) + [ - m,R)) 3)

1
V2
where m is the azimuthal charge induced by the VRP. As shown
in Eq. 3, the |®), beam is turned into a superposition state with
different OAM (|¢ + m, L), |¢ — m, R)).

For the generation of a symmetric VB, an initial linearly
polarized Gaussian beam directly runs through a VRP.
Thereby, the symmetric VB |®); also has polarization
variations as the azimuth varies and can be expressed:

[®); = — (Im, L) +| - m, R)) (4)

1
V2
It’s seen that the symmetric VB |®); possesses two OAMs with
equal absolute value but different sign + m.

3 EXPERIMENTAL RESULTS AND
DISCUSSION

As is known, in addition to the usual axial Doppler and radial
shifts, moving atoms interacting with light beams carrying OAM
also experience an azimuthal frequency shift under the resonant
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FIGURE 3 | FWHM depending on topological charge as a function of the total Zeeman shift § = 2guig|B|. (A) The transmission spectrum of Gaussian beam (GB)
and vector beam (VB) with ¢, = — 1 and ¢, = 1; (B) The transmission spectrum of vector beam with ¢; = 7 and ¢, = 9; (C) FWHM of different asymmetric VB. One
asymmetric VB brings two OAMs with unequal quantum number absolute value |¢1] # [€2]. And the difference (|€> — ¢1]) of these asymmetric VBs are equal, namely

frequency. Thus, the total frequecy shift of an OAM beam is given
by [41, 42].

SéAM =%V, + KV, + kpVy (5)

where x, = —k + kr?/2 (2? + 23)[22%/ (2% + z%) — 1] — (|€] + Dzg/
(2% + zﬁ), ke = —kt/z, k5, = — €/r, and (r, z, ¢) represents
the position in cylindrical coordinates. V,, V,, and V, are the
axial, radial and azimuthal velocity components of the
atom. zg = nw3/)A is the Rayleigh range and wj is the beam
waist and z = (2% + 2%)/z.

The axial Doppler shift, corresponding to the usual Doppler
shift, is the first term of Eq. 5, associated with motion (V)
along the beam vector k directed along z. The second term of
Eq. 5 is the radial Doppler shift induced by the wave front
curvature and proportional to the radial velocity V,. The only
OAM related influence is the last term in Eq. 5 corresponding
to the azimutal Doppler shift, also known as rotational
Doppler effect (RDE). The RDE is directly proportional to
the OAM quantum number € as (-£)V,. The only problem is
that this term is too small to be directly detected. However,
based on Hanle-EIT, the RDE can be easily observed
through the spectroscopy of atoms associated with two
light beams carrying OAM without being influenced by
other unnecessary Doppler shifts [34].

The Hanle-EIT, a well-known phenomenon, is that light
beams stimulate the atomic transitions between Zeeman
sublevels of two hyper-fine states (ground state and exited
state) to reach the condition of two-photon resonance. Thus,
the coherence between atomic energy levels (Figure 1) allows the
absorption of the light significantly reduced, leading to a
transparent peak when scanning the longitudinal magnetic
field B around zero and along the beam propagation direction
k [1]. However, when two orthogonally circular polarized beams
(0" and o¢7) with different OAM (¢; and ¢,) simultaneously
couple transitions satisfying the selection rule Amgp = +1, the
frequency shift will occur due to the Doppler effect, leading to
broadening of the transparent peak. In the condition of the
moving atom, the two-photon resonance condition is:

Soam —8=0 (6)

where 6 = AmpgrugB (g is the gyromagnetic factor of the
ground state, yp is the Bohr magneton) is the Zeeman shift
caused by the magnetic field B and

Soam = 8gAM - ‘SgAM ™

Combined with Eqs 5, 7, the axial and radial Doppler shift are
eliminated, and the remaining shift only relates to the RDE as:
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FIGURE 4 | The Hanle resonance signals of symmetric VBs as a function

of the total Zeeman shift § = 2gug|B|. m = 0 is the linearly polarized

Gaussian beam.
= 6 -0
Somm =~ Vs (8)

When the magnetic field is modulated around zero value, the
azimutal Doppler broadening will not happen in the Hanle-EIT
spectroscopic with the situation of £; = £,. Under the condition of
£, # ¢,, there is a fascinating phenomenon that the Hanle
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resonance spectroscopic presents the Doppler broadening
induced by the RDE.

Now we turn our attention to the experimental phenomena of
different light beams interacting with atoms. A horizontally
polarized Gaussian beam passes through a SPP or a VRP or
both two to produce a series of structured beams, as shown in
Figure 2. The beam transmission is recorded by a photodiode as a
function of applied longitude magnetic field modulated parallel to
the direction of the beam.

Firstly, asymmetric VBs generated by the combination of SPPs
and VRPs go through the vapor to interact with atoms. As shown
in Figures 2F-H, a horizontally polarized beam (Figure 2F) first
passes through the SPP to generate an OAM beam (Figure 2G).
After that, the beam runs through a VRP and transforms into an
asymmetric VB (Figure 2H). An asymmetric VB can be
considered as a superposition of two orthogonal circularly
polarized beams with different OAM absolute values [€],
ie, |€1,R) + €, R). After passing through the vapor, the
transmission spectroscopy of the beam presents a Hanle
resonance curve with the magnetic field scanning. As shown
in Figure 3A, the resonance linewidth of the vector beam
(VB_;~1) with m = 1 is wider than that of the Gaussian beam,
since the linearly polarized Gaussian beam can be considered as
two circular polarization beams without OAM. However, the
basis of VB_; carries different topological charge ¢; = — 1 and ¢,
= 1, respectively. Thereby, the resonance linewidth of the VB_;;
is broaden by the RDE. Figure 3B shows the Hanle resonance
curve contains the RDE of asymmetric VB (ASVB;no) with two
circularly polarized orthogonal basis possessing different
topological charge ¢; = 7 and ¢, = 9, respectively. Compared
Figure 3B with Figure 3A, the resonance linewidth of ASVB, is
about equal to the VB_;4, due to the equivalent value of
|6, — €3] =2. In the case, two circularly polarized orthogonal
basis of different asymmetric VBs [€;,R) and |f;,L) has the

A B
600f 1 100f 1
[ ]
° ° L4 ° ° L L ° °
801 1
450r 4
~ L ]
T S
24, E 601 1
= i 1S
T 300 S
= T
o =407 1
. Fr
150f %
201 1
.
0 o1 2 3 4 1 2 3 4 5 6 7
SymmetricVector Beams Topological Charge(m) Phase Vortex Beams quantum number (¥)
FIGURE 5 | Linewidths depend on the topological charge of the symmetric vector beam and the phase vortex beam. (A) FWHMSs depend on the symmetric vector
beam topological charge m; (B) FWHMSs depend on the phase vortex beam topological charge ¢.
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same nonzero-difference |€; —¢,|, so the Hanle resonance
linewidths have the similar broadening with each other
induced by the RDE. The equivalent of linewidth FWHM (full
width at half maximum) of the different asymmetric VBs with the
equal difference |¢; — €,| = 2 is seen in Figure 3C.

Secondly, in order to observe the increase of Doppler
broadening due to the RDE along with the topological charge
m, symmetric VBs with different m generated by the VRP are
used to interact with atoms (Figure 2E). As shown in Figure 4, an
interesting phenomenon is that the Hanle resonance linewidths
are gradually broadened with m increasing. It should be noted
that in the case of m = 0, there is no RDE due to the beam without
carrying the OAM. As a result, the resonance linewidth of m = 0
beam exhibits the normal Hanle resonance linewidth without the
RDE related broadening. For normal Hanle resonance, the
linewidth is determined by few factors, such as the beam
intensity, the decay rate between ground states, the laser
linewidth itself and other decoherence effects. In the case of m
#0,00am = [ (£ - £,)/1]V4 = (2m/1)V, the transmission signal
broadens with m increasing and is broader than that of the case of
m = 0 induced by the RDE. Moreover, Figure 5A shows that the
spectral FWHM increases with the VB topological charge m.

Furthermore, a series of OAM beams (Figure 2G) are
produced by the SPP with different topological charges ¢ to
measure the Hanle resonance signal. A linearly polarized
OAM beam can be decomposed into a couple of orthogonal
circularly polarized beams with the same £ as |¢, R)+|¢, L). In this
case, the resonance linewidth of any OAM beams coincides with
each other and is the same as that of the Gaussian beam with no
RDEas doam = [ (&1 — £)/t]Vy = [(£ - £)/r]Vy = 0. Asshown in
Figure 5B, the FWHM of ¢ from 0 to 8 are about equal.

4 CONCLUSION

In conclusion, we invest a simple and efficient procedure for the
generation of the asymmetric and symmetric VB. A flexible and
efficacious combination of SPP and VRP is used to manipulate
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