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The perfect hybrid vector vortex beam (PHVVB) with helical phase wavefront structure has aroused significant con-
cern in recent years, as its beam waist does not expand with the topological charge (TC). In this work, we investigate the
spatial quantum coherent modulation effect with PHVVB based on the atomic medium, and we observe the absorption char-
acteristic of the PHVVB with different TCs under variant magnetic fields. We find that the transmission spectrum linewidth
of PHVVB can be effectively maintained regardless of the TC. Still, the width of transmission peaks increases slightly as
the beam size expands in hot atomic vapor. This distinctive quantum coherence phenomenon, demonstrated by the inter-
action of an atomic medium with a hybrid vector-structured beam, might be anticipated to open up new opportunities for
quantum coherence modulation and accurate magnetic field measurement.

Keywords: perfect hybrid vector vortex beam, topological charge, quantum coherence, optical manipulation

PACS: 42.50.-p, 42.50.Gy, 32.80.Qk, 32.30.Dx

1. Introduction

The perfect hybrid vector vortex beam (PHVVB), which
has a hybrid information coding capacity and constant ring
radius with different topological charges,!=*! is selected as a
popular candidate in various high-dimensional quantum com-
munication protocols.>~8! Since vector vortex beams (VVBs)
are generally generated with vortex half-wave plates and po-
larization elements,[”19 their manipulation has mainly been
demonstrated with linear optics.!!:!?] Recently, VVBs have
also been studied for interactions with atomic medium,[!3-14]
which presents a charming possibility of flexible modulation
freedom of VVBs. For instance, VVBs have been studied with
high-dimensional information coding in quantum memory, %]
and a novel type of spatial mode selector has also been demon-
strated in atom vapor. [16-18]

The magic behind this kind of atom-light interaction
modulation is the spatial atomic quantum coherence.!'%%0]
Principally, quantum coherence occurs in the interaction be-
tween light and atoms, which can be realized by two laser
beams coupling with a three-level system.>!] When employ-
ing the VVBs as the probe beam to interact with the atomic
medium, it can imprint the additional vortex phase and angu-
lar momentum to the atoms, which makes atom spin spatially
different in cross-section regions.

The coherence transporting effect should be considered
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since the atoms move randomly in the vapor. Xiao et al.??]
found that the coherent population can be transferred from
site to site among the atoms. Recently, the rapid trans-
port of atomic coherence has also been observed with hybrid
VVBs,[23 which can be controlled by an external magnetic
field.[**! However, there is no report about the coherent trans-
port with high-order vortex beam, which is essentially crucial
for high-dimension coding in atomic ensembles.

In this paper, we experimentally investigate the spatial
quantum coherence modulation with a PHVVB in rubidium
vapor. We first generate the PHVVB by sending the Gaussian
beam through a combination set of an axicon, a double-glued
lens, a vortex half-wave plate, and a quarterwave plate. Then,
we study the absorption of the PHVVB with different TCs
under variant magnetic fields. We find that the transmission
spectrum linewidth of PHVVB can be effectively maintained
regardless of the TC. Still, the width of transmission peaks in-
creases slightly as the beam size expands in hot atomic vapor.
We believe our results can be helpful for demonstrating the
high-dimension coding with PHVVB in atomic ensembles.

2. Experimental setup and measurement of
Stokes parameters

The schematic diagram of the experimental setup is
shown in Fig. 1(a). The laser beam from an external cavity
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diode laser (Toptica DL pro) with a wavelength of 780 nm is
divided into two parts by a polarization beam splitter (PBS).
One part locks the laser frequency using the saturated absorp-
tion spectrum (SAS), while the other is coupled into a single-
mode fiber to generate a standard Gaussian beam. We use
an axicon after the single-mode fiber to produce the Bessel
beam. The perfect vortex beam is obtained by Fourier trans-
forming the Bessel beam through a double-glued lens, 226 ag
shown in Fig. 1(c). After that, we send the perfect vortex beam

through a Q-plate to generate PVVB.

Furthermore, using an additional quarter-wave plate
(QWP), we can convert PVVB to the PHVVB, which trav-
els through a vapor cell with isotopically enriched 3Rb. The
vapor cell is located in a three-layer p-metal magnetic shield,
with a solenoid coil inside the inner layer, which provides a
uniform bias magnetic field to induce the Zeeman splitting.
The temperature is set to approximately 65 °C to increase the
atomic density. After passing through the vapor cell, the pro-
file of PHV VB is recorded by a charge-coupled device camera
(CCD).

(a)
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Fig. 1. (a) The experimental setup. PBS: polarization beam splitter; QWP: quarter-wave plate; HWP: half-wave plate; SMF: single-mode fiber;
CCD: charge-coupled device camera. (b) Schematic diagram of energy levels with/without magnetic field. 6 right-hand polarization beam;
o : left-hand polarization beam. (c) Setup for perfect vector vortex beam generation.
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Fig. 2. The polarization distribution (first column, blue: left-hand circular
polarization; green: right-hand circular polarization) and the normalized
Stokes parameters of PHVVB, corresponding to the Q-plate with m = 1,
2, 3, respectively.

Firstly, we analyze the polarization state of the generated
PHVVB. To effectively quantify the transverse spatial polar-
ization distribution of PHVVB carrying various TCs, in the
case of Q-plate with m = 1,2,3, respectively, we experimen-
tally measure the horizontal, vertical, diagonal, anti-diagonal,
left and right circular polarization components of the PHVVB
by utilizing a combination of wave plates and PBS.[*”] The
values of each Stokes parameter (S = [Sp,S1,52,53]) can be

calculated with the following equations:
So=In+1y =1(0°0°)41(90°,0°),
Sy =Iy—I =1(0°,0°)—1(90°,0°),
Sy =In—Ip=1 45",00)—1(135"700» (1
Sy—In—IL =1 (135°,90°) —1 (45°,90°) ,

where I (o, ) denotes the intensity when the HWP and QWP
rotated by the angle relative to their fast axis.

Therefore, the normalized Stokes parameters S; = S;/Sy
(i = 1,2,3) can be obtained, as depicted in Fig. 2. And
the polarization distribution of the PHVVB can also be
reconstructed, 281 as presented in the first column.

3. Experimental results and analysis

Following that, we turn to the interaction between the
PHVVB and the Rb atoms. In our scheme, the laser frequency
is locked to the transition of 58 ,,F =2 — 5P3/2,F’ =2 of
85Rb D, line.I*°! The schematic energy transition diagram is
depicted in Fig. 1(b). When an axial magnetic field is applied,
the Zeeman effect induces the splitting of the hyperfine energy

024204-2



Chin. Phys. B 33, 024204 (2024)

levels in the atomic system. Each Zeeman sublevel |F,mp)
shifts by an amount uggrmpB, where ug = 1.4 MHz/Gauss is
the Bohr magneton, g is the Landé g-factor, and B is the mag-
netic field strength. In the experiment, the beam with 6+ po-
larization couples the Zeeman sublevel transition |m = —1) —
|m = 0), and 6~ polarization couples the |m = 1) — |m = 0)
transition.

In the experiment, we define the quantization axis as the
propagation direction along the beam. As shown in Fig. 3(a),
when increasing the positive magnetic field, the transmitted
intensity gets brighter along the 45° diagonal direction while
gets dimmer along the —45° anti-diagonal direction. Fig-
ures 3(b) and 3(c) are the results with m = 2 and m = 3, re-
spectively.

B=-52G B=-29G B=0G

B=29G B=52G

AB=-52GeB=-29GkB=0G®B=29G vB=52G

1.of----- e RN ey

Normalized intensity
(arb. units)

Fig. 3. The intensity profiles of the PHVVB transmitted through the Rb
atomic medium at different magnetic field strengths. Panels (a)—(c) cor-
responding to the results for beams with different topological charges
m=1, m=2, and m = 3. (d) Normalized intensity dependence of az-
imuth angle with m = 1.

As the magnetic field increases in the positive direction,
the Zeeman splitting of the ground state is three times than
that of the excited state. Consequently, the o+ beam experi-
ences a shift from resonance to blue detuning, which results
in weakened absorption and enhanced transmission of the o™+
polarized beam. Moreover, the ¢~ polarized beam gets closer
to the crossover transition of |F =2) — |F' = 1)&|F' =2),
which increases the absorption effect for 6~ polarization. The
situation is reversed when the magnetic field increases in the
negative direction. For the 6~ polarized beam, blue detuning
leads to weakened absorption, whereas for the 6" polarized
beam, red detuning causes the combined effect of the two cou-
plings to enhance the absorption.

Figure 3(d) provides a more straightforward illustration
of this phenomenon. We plot the normalized intensity de-

pendence with the azimuthal angle to analyze the results
more quantitatively. For m = 1, the black triangle points in
Fig. 3(d) present the transmitted intensity beam profile when
B = —5.2 G and the purple curve gives a reversed behavior
of the shape with B = 5.2 G. It is obvious that the absorption
effect can not be explained by resonant case.

Principally, the photons will be absorbed completely
when the laser frequency is resonant with the atomic transi-
tion. However, due to the quantum coherence effect, the atoms
can be transparent for photons with some particular polariza-
tion. This phenomenon is quite similar to the EIT effect.

As mentioned before, the phenomenon that atoms are
transparent to the specific polarization state of PHVVB can
be attributed to quantum coherence in atomic systems. The
polarization states of neighboring regions of the PHVVB are
orthogonal to each other, which results in transparency as the
atoms move between these regions.

To study the spatial quantum coherence introduced by
atomic motion more specifically, we measure the full width
at half maximum (FWHM) of the spectrum for PHVVB with
different TCs and different beam sizes. Experimentally, we
apply a scanning magnetic field to the atoms by using a sig-
nal generator that produces a periodic triangular wave with an
amplitude of 12 V and the aroused Zeeman level split range is
from —1.2 MHz to 1.2 MHz, which can cover the transmitted
spectrum width.

By selecting double-glued lenses with focal lengths of
250 mm, 400 mm, and 500 mm after the axicon, we can gener-
ate PHVVB beams with different diameters corresponding to
1.3 mm, 2.5 mm, and 3.2 mm. Figures 4(a)-4(c) show the
results of the spectrum width for different beam sizes with
m =1, m =2, and m = 3, respectively. The insert figure in
the upper right corner shows the transmission intensity with
the Zeeman detuning. We can find that the transmission peak
decreases as the beam size expands, which is consistent with
the results of previous investigations.!?*! The reason is that the
expansion of the beam size leads to a prolonged transfer time
for the atoms to establish coherence in the regions adjacent to
each other with orthogonal polarization. Then, we calculate
the FWHM of the spectrum by normalizing the intensity pro-
file for different beam sizes with 1.3 mm, 2.5 mm, and 3.2 mm.
The transmitted spectrums for different beam sizes are present
in purple, green, and orange curves. For m = 1, the FWHM of
the purple curve (555 kHz) is smaller than that of the green
(587 kHz) and orange (667 kHz) curves, which means the
more considerable spatial distance can broaden the spectrum
width slightly. It is reasonable because when increasing the
beam diameter, the spatial quantum coherence could be effec-
tively reconstructed by atoms with larger velocity, which will
consequently induce the broadened absorption peak.

For comparison, we plot the normalized transmission
spectra of beams with different TCs but fixed beam sizes, and
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the results are shown in Figs. 4(d)—4(f). When keeping the
beam size at 1.3 mm, the spectrum width maintains around
550 kHz regardless of TC, and the linewidth increases to about
589 kHz with a beam size of 2.5 mm and 663 kHz with a
beam size of 3.2 mm. It is evident that the transmission spec-
tral linewidth of PHVVB does not depend on the TCs. Phys-
ically, for the PHVVB with high-order TCs, the photons will

(b) m=2

imprint the higher orbital momentum to atoms, which proba-
bly increases the linewidth of the spectrum for the PHVVB.
However, the measured FWHM of the spectrum for m = 1,
m =2, and m = 3 are nearly the same. The reason is that the
momentum transferred to the atoms is not enough to affect the
atom’s motion, which makes the transmission peak maintain
the same width.

(c) m=3
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Fig. 4. The transmission spectrum of PHVVB with Zeeman detuning. Panels (a)—(c) illustrate the relationship between the transmission linewidth
and the beam size with a fixed TC. Panels (d) and (e) are the results of the spectrum width for different beam sizes with m =1, m = 2, and m = 3,

respectively.

Moreover, the beam diameters of PHVVB with different
TCs are nearly identical, thereby avoiding temporal misalign-
ment of atomic drift during quantum coherent transmission. It
is worth mentioning that the linewidth broaden effect should
be considered in an even higher TC case because the momen-
tum transferred from the photons will be comparable with the
atomic motion in the radial direction. Then, the momentum
collision effect cannot be neglected.

The results suggest that the spatial quantum coherence of
the atomic medium is highly preserved during the PHVVB
propagation, and the transmission spectrum of PHVVB can
be effectively maintained regardless of variations with lower
TCs. These results provide valuable insights into the quantum
coherence of the PHVVB and its interaction with the atomic
systems, which have potential applications for demonstrating
the high-dimension coding with PHVVB in atomic ensembles.

4. Conclusion and perspectives

We investigate the spatial quantum coherent modulation
of the PHVVB based on the atomic medium. We observe the
absorption effect of the PHVVB with different TCs under vari-

ant magnetic fields. We find that the transmission spectrum
of PHVVB can be effectively maintained regardless of varia-
tions with lower TC, but the width of the transmission peak
increases as the beam size expands in hot atomic vapor be-
cause the spatial quantum coherence could be effectively con-
structed by atoms with larger velocities. The interaction be-
tween the PHVVB and the Rb atoms under the influence of
magnetic fields presents a deeper understanding of the quan-
tum behavior of hybrid structure beams in an atomic ensemble,
which will offer promising prospects for future advancements
in quantum optics and quantum sensing technologies.
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