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The Bessel-like vector vortex beam (BIVVB) has gained increasing significance across numerous applications. How-
ever, its practical application is restricted by manufacturing difficulties and polarization manipulation. Thus, the ability to
manipulate its degrees of freedom is highly desirable. In this paper, the full-domain polarization modulation of BIVVB
within a hot atomic ensemble has been investigated. We begin with the theoretical analysis of the resonant magneto-optical
effect of atoms with a horizontal linear-polarized beam and experimentally demonstrate precise manipulation of the polar-
ization state across the entire domain of the BIVVB, achieving an error margin of less than 3° at various cross-sectional
points. Our study provides a novel approach for the modulation of BIVVB based on atomic media, which holds potential
applications in sensitive vector magnetometers, optical communications, and signal processing.

Keywords: Bessel-like vector vortex beam, resonant magneto-optical effect, polarization modulation, Rb

atomic ensemble
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1. Introduction

The optical properties of Bessel-like vector vortex beam
(BIVVB) with spatially inhomogeneous polarization states
have attracted significant attention due to its potential appli-
cations in fields such as particle orientation analysis''?! and
atomic magnetometry. 3= Theoretically, BIVVB can be rep-
resented as a vector superposition of two orthogonally polar-
ized Gaussian modes,[®! exhibiting a Bessel-type phase distri-
bution but with a Gaussian-type profile,!’! and demonstrating
unique radial periodicity and angular uniformity in its polar-
ization properties. The transverse polarization state of BIVVB
can be used to increase the information transmission capac-
ity for both classical and quantum optical communications
primarily, which is critical for free-space optical communica-
tion and other practical applications.®! However, the BIVVB
faces significant challenges in beam manipulation. Since the
polarization and transverse phase distribution of BIVVB can
only be modulated homogeneously by wave plates in linear
optical systems. Thus, the development of a controllable po-
larization manipulation scheme for BIVVB is highly desirable.

The atom-light interactions provide an excellent platform
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for polarization manipulation. Budker!'?! elaborated on the
resonant magneto-optical effect in atomic media as early as

2008. Since then, researchers have used this effect to study

[11,12

the polarization rotation of scalar beams I and used it for

[3.131 With the rapid development of

[14,15

magnetic field detection.
space-variable polarization beams, I the polarization rota-
tion control of vector beams using resonant magneto-optics
has been reported and used for polarization shaping.[!o-18]
Based on the thermal atomic vapors, Shi et al.['! studied the
rotation of light with orbital angular momentum; Zhang et
al.?% achieved real-time rapid shaping of vector beams. It has
been widespread to modulate the polarization freedom of light
fields using the magneto-optical effect in atomic media. How-
ever, most of the above works have focused on observations
of its projected horizontally polarized component, and the as-
sessment of the polarization rotation angle is more coarse. The
quantitative analysis of the full-domain polarization state of
the vector beam has not been reported.

In this paper, we experimentally demonstrate precise ma-
nipulation of the polarization state across the entire domain
of the BIVVB, achieving an error margin of less than 3° at

various cross-sectional points. By leveraging the high Verdet
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constant!?!

1 of rubidium, we obtained a controllable and sta-
ble circular birefringent system associated with the magnetic
field intensity. Combining a rubidium vapor cell with BIVVB
allows for full-domain polarization modulation. In addition,
we have analyzed the evolution of the modulated BIVVB after
the atomic cell in free space, which behaves similarly to the
original beam. Our scheme provides a novel way to modulate
BIVVB. It paves the way for tailored “pixel-level” polarization
control, which may have a robust foundation for spatial mag-
netic field measurements, sensitive vector magnetometers, and
optical communications.

This paper is organized in the following sections. Sec-
tion 2 describes the BIVVB and the theoretical formalism
for the polarization rotation angle induced by the resonant
magneto-optical effect. Section 3 gives the details of the ex-
perimental setup. Section 4 collates all the experimental re-
sults and discussions. Finally, Section 5 presents our conclu-
sions.

2. Concept and theoretical considerations

The Bessel-like vector vortex beam can be described as
the superposition of two orthogonal modes. This beam fea-
tures a Bessel-type radial phase distribution but a Gaussian-
type profile. In the standard cartesian basis, the initial state in
this work is expressed as

p .
i +(p0) ex+Ey-sin (2717~n + (PQ) ey, (1)
where E; and E), are the horizontal and vertical electric field

E=F, cos (
2w-n
components, respectively. These components are defined as

E, = cos (at)exp (—p?*/w?),

E, =sin(a) e'exp (_pz/wz) , )
where parameters ¢ and 0 represent the relative amplitude and
the phase between the two modes, respectively. The parame-
ter ¢ is the initial phase. The p is the radial distance from the
beam axis. The o is the beam waist radius, and # is the phase
period factor.

According to this expression, the theoretical intensity pat-
terns and polarization distribution of the BIVVB are plotted in
Fig. 1(a). To visualize the cross-sectional polarization distri-
bution, the beam profile is initially divided into 5 equal rings
from the center to the edge, with the polarization state calcu-
lated at 10° intervals for each ring. This approach ensures a
clear representation of the polarization states. For a more de-
tailed analysis, the number of rings in the MATLAB program
was set to 30. In Fig. 1(a), the azimuth angles along the ra-
dial direction at O-radian, referred to as the “radial azimuth
angles”, are extracted and plotted in Fig. 1(b). Similarly, the
azimuth angles along the angular direction of the first 6 rings,
marked by blue arrows, are referred to as “angular azimuth an-
gles” and are plotted in Fig. 1(c). It can be observed that the
polarization distribution exhibits radial periodicity and angular
uniformity. Notably, the radial azimuth angles along any arbi-
trary radius show similar characteristics to those along the 0-
radian direction, as the azimuth angles remain consistent along
the rings. This regularity in the polarization distribution pro-
vides a solid foundation for the subsequent quantitative analy-
sis in later experiments.
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Fig. 1. (a) The theoretical intensity pattern and polarization distribution of the BIVVB. (b) Along the radial direction, the polarization distribu-
tion shows periodicity. (c) Along the angular direction, the polarization distribution shows uniformity (g9 =0, a = n/4, 6 = 0).

To provide a clearer picture of the light—atom interaction
between the BIVVB and the atoms, we start with the the-
oretical analysis of the polarization modulation mechanism.
In agreement with the experimental resonance frequencies,
the simplified four-level system includes the ground states.
5281/2, Fy =2,m==£1,0 and the excited states 52P3/2 F. =1,
m = 0 of the ¥Rb Dy line, is considered, as illustrated in
Fig. 2(a).

In addition, linearly polarized light incident on an atomic

sample can be decomposed into right- (o) and left- (o_) cir-
cularly polarized components. Since the arbitrary polarization
states of the transverse cross-section of BIVVB are located on
the Poincaré equator, each point corresponds to a linearly po-
larized state. Thus, the full-domain polarization modulation
of BIVVB can be understood through the resonant magneto-
optical effect of linearly polarized light interacting with an

atomic medium.

In the absence of the magnetic field, the Zeeman sublevels
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are degenerate. When a longitudinal magnetic field B, is ap-
plied to the atomic sample along the direction of light propaga-
tion, the Zeeman shifts between adjacent magnetic sublevels
(grUpB;, where gp is the Landé factor, and up is the Bohr
magneton) lead to different resonance frequencies for the two
circular polarizations, resulting in a difference in the refractive
indices of the o and o_ components. The refractive index

difference can be expressed as!?%?*!
An = —27x 4gruBB:/ 10 )
(2gruBB./0)* +[1 —2i (0 — an/W)]*

which signifies a difference in phase velocities of the two cir-
cular components. Where ) is the amplitude of the linear
susceptibility. }p is the spontaneous decay rate of the excited
state.  is the light frequency, and @y is the atomic resonance
frequency.

The difference in the real parts of the indices of refraction

causes optical rotation. A relative phase shift is acquired as

the light propagates through the atomic vapor. Therefore, the
plane of polarization rotates by an angle

a [1 +a®— (24 /yo)z}

@a/1) + [1+a— (24/n)|

_ 2myoof
- C

5 @

where a = 2gpupB; /1. According to the above equation, the
magneto-optical rotation angle dependence on the magnetic
field is plotted when the light frequency resonates with the
atomic frequency, as shown in Fig. 2(b). It should be empha-
sized that magneto-optical rotation arises due to a relative shift
in the refractive indices for right- and left-circularly polarized
components. As a result, the rotation angle integrated over
the magnetic field is zero and exhibits a dispersion-like curve.
That is positive and negative magnetic fields of the same mag-

nitude cause equal polarization rotation angles.

1.0
(b)

<
o

Rotation angle ¢ (rad)
|
°
o =
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Fig. 2. (a) Schematic diagram of energy levels transition from F,
polarization beam; ¢~
magnetic field for the case of zero detuning theoretically (@ = wy).

3. Experimental setup

Figure 3(a) illustrates the experiment setup. The 795-nm
laser beam from an external cavity diode laser (ECDL) is di-
vided into two parts. One part is sent to a saturated absorp-
tion spectroscopy (SAS) installation for the frequency lock-
ing. The frequency resonates to 5°S; /5, Fy =2 — 5°P3),
F. = 1 transition of Rb D line. Another part is coupled
into a single-mode fiber (SMF) to obtain a perfect Gaussian
mode. The following half-wave plate (HWP) and a polariza-
tion beam splitter (PBS) are used to change the beam power,
and the beam’s power is 3 mW. Then, another HWP is applied
to adjust the linear polarization state of the incident beam.

In order to generate the BIVVB, we use a special po-
larizer with optical axes periodically varying along the radial
direction namely a radial varying polarizer (RVP), which in-
troduces the Pancharatnam-Berry (PB) geometrical phase in
the incident light. Subsequently, the generated vector beam
passes through a 5-cm-long atomic vapor cell containing the
87Rb atom. The atomic cell is enclosed inside a three-layer
p metal magnetic shield to prevent external stray magnetic

—4 -2 0 2 4
Normalized magnetic field (a = 2grupB./70)

=2to F, = 1 of the 8’Rb Dy line with a magnetic field. ¢*: right-hand
: left-hand polarization beam. (b) The dependence of the polarization rotation angle as a function of longitudinal

fields, and the measured residual magnetic field is less than
2 mGs (1 Gs=10"* T) in the longitudinal direction. A
solenoid coil is placed inside the inner layer of the magnetic
shield, which provides a homogeneous longitudinal magnetic
field along the direction of the light propagation. In the exper-
iment, the longitudinal magnetic field could be controlled by
adjusting the coil’s current, and the vapor cell’s temperature
was set to 77 °C.

‘— | Rb cell QWP M
— oy
M S t

HWP ISO Laser ‘ '
+
v J
PBS RVP L1 L2 L3 L4 CCD
Rb cell+shield+-coils

Stokes parameter
measurement

Fig. 3. (a) Experimental setup. ISO: optical isolator; SMF: single-mode
fiber; M: mirror; PD: photodetector; PBS: polarization beam splitter; HWP:
half-wave plate; QWP: quarter-wave plate; RVP: radial varying polarizer;
CCD: charge-coupled device camera; L1-L4: plano-convex lenses.
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Since the BIVVB evolves severely in free space, the po-
larization states vary rapidly in the propagation. In order to
observe the interaction between the BIVVB and atoms, we
imaging the BIVVB into the atom cell using a 4f telescope
with a focal length of 250 mm. The charge-coupled device
(CCD) camera is placed after another 4 f imaging telescope to
capture the BIVVB images modulated by rubidium atoms.

4. Experimental results and discussion

Firstly, we analyze the polarization state of the generated
BIVVB. To quantify the transverse polarization states more
precisely, we measure the horizontal, vertical, diagonal, anti-
diagonal, left and right circular polarization components of the
BIVVB by combining wave plates and PBS.[>*?> The Stokes
parameter (S = [So,S1,S52,53]) can be subsequently calculated
using the following equations:

So = In+Iy =1(0°,0°)+1(90°,45°%),

St =Iy—Iy =1(0°,0°)—1(90°,45°%),

Sy =In—Ip =1(45°,22.5°) —1(135°,67.5°),

Sy =1Ix — I =1(135°,0°) —1(45°,0°), (5)

where I (a, ) represents the intensity when the optical axes
of QWP and HWP rotated by the angle o, B with respect to
the fast axis, respectively. Thereby, the normalized Stokes pa-
rameters S; = S;/So (i =0,1,2,3) can be acquired, as shown

So

S

Polarization map

in the first row of Fig. 4. The far left depicts the polarization
distribution of BIVVB.

Then, we turn to the polarization modulation of BIVVB
with atoms. In our scheme, the laser is locked to 5281 /25
Fo=2— 52P3/2, F. = 1 transition of 8’Rb D line, and the
schematic energy transition diagram is depicted in Fig. 2(a).
When an axial magnetic field is applied, the Zeeman effect
induces the splitting of the hyperfine energy levels. In the
experiment, we define the quantization axis as the propaga-
tion direction along the beam. Therefore, linear polarization
can be considered as a superposition of the left and right cir-
cular polarization components. The beam with 6™ polariza-
tion couples the Zeeman sublevel, satisfying the transition rule
Amp = +1, and 6~ polarization couples the transition satisfy-
ing Amg = —1.

The polarization state starts to rotate homogeneously
when the magnetic field increases along the quantization axis.
We can observe the polarization rotation across the entire do-
main of the BIVVB. The polarization states of BIVVB after
rotation are also reconstructed by calculating the Stokes pa-
rameters. The results are shown in the second row of Fig. 4.
In order to view the uniformity of the polarization along the
azimuth, we pick up 5 rings equally from the beam center to
the edge and calculate the polarization azimuth angle along
the radius at intervals of 10°. It is worth mentioning that we
averaged the grayscale value over a grid of 5 x 5 square pixels
on the CCD camera to obtain more convincing data.

Fig. 4. (al)—(a5) First row: the polarization distribution and the normalized Stokes parameter S = [So,S1,S2,53] of the initial generated BIVVB.
Panels (b1)—(b5) are the polarization distributions of the BIVVB after passing through the atom vaper cell with increasing positive magnetic fields.

As analyzed in the theoretical part, the BIVVB profile was
divided into 30 rings to analyze the polarization distribution
characteristics more quantitatively. Radial azimuth angles at
0 radian after rotation were extracted (as shown in the indi-
cated direction in Fig. 1(a)). Radial azimuth angles under var-
ious magnetic fields are depicted in Fig. 5(a), corresponding to
Figs. 4(b1)—4(b5) at 0 radian, respectively. It can be observed
that the azimuthal angle is periodic along the radial direction

without a magnetic field. With increasing positive magnetic

field strength, the angle rotates while maintaining periodicity.
Therefore, the radial periodic polarization characteristics re-
main unchanged before and after polarization rotation modu-
lation. Furthermore, it should be noted that the radial azimuth
angles at 7/2, m, and 37/2 are similar to those at 0 radian;
therefore, only the O radian direction comparison is presented
here.

Subsequently, to compare the degree of deflection of the
polarization orientation under different magnetic fields, we
calculated the rotation angle of the polarization-modulated
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BIVVB at 0 radian. That is to say, the azimuthal angle at
0 radian after polarization modulation subtracted those from
the zero magnetic field, respectively. The results of the po-
larization rotation angles are presented in Fig. 5(b). The pur-
ple, yellow, green, and blue makers indicate the rotation an-
gles along the radial direction for magnetic field strengths of
7.5 uT, 15 uT, 37.5 uT, and 75 uT, respectively. The dashed
lines of the same colors represent the average of the scatter

data. It was found that the rotation angles along the radial di-
rection were nearly uniformly aligned around a specific value.
Corresponding to different magnetic field strengths, the rota-
tion angles are 9.80°, 19.73°, 35.49°, and 55.43°, respectively.

100
(a),3 Asp ~=-B=0 o
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Following this, the radial polarization rotation angles
(with respect to the zero magnetic field) were statistically an-
alyzed along the complete circumference within 27 at 10°
intervals. The standard deviation of the mean is shown in
Fig. 5(c). The errors at all points remained within 3°. As a re-
sult, this magnetic field-induced stable circular birefringence
atomic system allows precise modulation of the full-domain
polarization of the BIVVB. A new BIVVB was generated after
each point polarization was rotated by a specific angle while
maintaining the initial radial periodicity and angular unifor-

mity of the polarization characteristics.

70
(b) eB=7.5uT °B=375uT
60 4 B=15uT °B=75uT ,95.43°
9909 a P Q. a.0990
= 50 o :
<
)
5 404 ) 35.49°
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Fig. 5. Radial azimuthal angles under different magnetic fields: (a) radial polarization azimuthal angle along the 0 radian direction; (b) radial
polarization rotation angle relative to the zero magnetic field, with the dashed line representing the average of the scatter data; (c) statistical analysis
of the radial polarization rotation angle at 10° intervals over a 27 range. (d) The dependence of the rotation angle of the horizontally polarized
Gaussian beam on the positive magnetic field. The inset in the top right corner shows an enlarged view of the weak magnetic field (0 uT-150 puT).

Then, to ensure the stability and accuracy of the polar-
ization modulation of BIVVB by the atomic medium under
different magnetic fields, we removed the RVP from the ex-
perimental setup and replaced the Stokes parameter measure-
ment device with a polarization analyzer, and other experiment
conditions were kept the same as previously. In this case,
a horizontal linear polarized Gaussian beam passes through
the atomic medium. The relationship between the polariza-
tion rotation angle and the magnetic field intensity is shown in
Fig. 5(d), where the insert in the upper right corner is an en-
larged view in the case of a weak magnetic field. It can be seen
that for the same magnetic field, the BIVVB full-domain po-
larization rotation angle in Fig. 5(c) is highly consistent with

the rotation angles of the horizontally polarized beam in the
enlarged view of Fig. 5(d). For example, at B = 37.5 uT, the
polarization rotation at all points of the BIVVB cross-section
is 36.56°, and the horizontally polarized Gaussian beam is
rotated by 37.36° +2.85°. It is shown that the BIVVB full-
domain polarization can be modulated on demand using the
scalar Gaussian beam magneto-optical rotation angle as a ref-
erence. Of course, this stable atomic system can also be used
to modulate the polarization degree of freedom of other vector
beams, with the advantage of fast response and high accuracy.
Here, we performed three parallel measurements to minimize
accidental errors. It is evident that the rotation angle initially
experiences a quick increase, followed by a gradual decrease
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as the positive magnetic field goes up. The maximum rota-
tion angle of 70° is reached at B = 150 uT. It is essential to
mention that by changing the direction of the magnetic field,
the rotation of polarization changes from counterclockwise to
clockwise. If the magnetic field is uniformly distributed in the
cell scale, the resulting curve exhibits symmetry about the zero
magnetic field, consistent with the theoretical calculations in
Fig. 2(b).

In addition, we analyzed the evolution of the modulated
BIVVB after the atomic cell in free space, which behaves sim-
ilarly to the original beam. The propagation of the BIVVB
is shown in Figs. 6(al) and 6(a2). Panel (al) presents the
transverse intensity profile of the horizontal component of the
BIVVB at different distances from the RVP. At the same time,
panel (a2) displays the normalized intensity curve at O radian
at distances of 25 cm, 50 cm, and 60 cm, respectively. As can
be seen, the Rayleigh transmission distance of the BIVVB is
very short, approximately 25 cm, and its radial periodic polar-

al)

| 25 cm

(
-

15 cm fg\ 1.0
§ \‘\ - 25 cm
(b1) = 0.81% - 50 cm
| ‘ E] - 60 cm
- 7 0.6 TiY
- z
f‘é 0.4
" 60 cm -
50 cm £ 0.2f
40 cm é 0 ) Reeeemn, 5 e,
15em 20 S 0 200 400 600 800

ization distribution gradually disappears with increasing dis-
tance. Next, we observed the propagation of the modulated
BIVVB. The propagation of the BIVVB with full-domain po-
larization rotated by 36.56°, i.e., the atomic cell in a 37.5-uT
magnetic field, is shown in Figs. 6(b1)-6(b2). Here, panel (b1)
shows the transverse intensity profile of the horizontal com-
ponent of the BIVVB at different distances from the second
4f lens after atomic modulation, and panel (b2) presents the
normalized intensity curve at distances of 25 cm, 50 cm, and
60 cm, respectively. It is observed that the modulated BIVVB
undergoes significant evolution during propagation, with in-
evitable beam size expansion. Thus, the propagation charac-
teristics of the BIVVB are maintained after full-domain polar-
ization modulation. This method of modulating the polariza-
tion degree of freedom through the resonant magneto-optical
effect of the atomic medium is feasible and can also be applied
to other structured beams. It holds the potential to inspire new
approaches to space magnetic field measurements.

(@2)

0 200 400 600 800
Radial position (piexls)

Normalized intensity (arb. units)
o
(«2)

Radial position (pixels)

Fig. 6. Propagation evolution characteristics of BIVVB before and after being modulated. Panels (al) and (b1) show the propagation charac-
teristics of BIVVB after the RVP and the second 4F lens, respectively. Panels (a2) and (b2) represent the normalized intensity curve at 0 radian

at 25 cm, 50 cm, and 60 cm, respectively.

5. Conclusions

In conclusion, this study successfully demonstrated full-
domain polarization modulation of the Bessel-like vector vor-
tex beam (BIVVB) within thermal atomic ensembles. By
leveraging the high Verdet constant of rubidium vapor, we es-
tablished a controllable and stable circular birefringent system.
The resonant magneto-optical effect allowed precise manipu-
lation of the BIVVB’s polarization states, with errors at vari-
ous points of the cross-section not exceeding 3°. The propa-
gation characteristics of the modulated beam closely resemble
those of the original beam, The feasibility and effectiveness
of polarization modulation may also apply to other structured
beams. This approach holds potential applications in sensitive

magnetometers, optical communications, and signal process-
ing. Future work may explore broader applications and inno-
vations utilizing this stable atomic media system.
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