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Vector beams with spiral phase and spatially varying polarization profiles have many applications from optical mi-
cromanipulation to materials processing. Here, we propose and demonstrate an atomic spatial mode extracting scheme for
the vector beam based on polarization-dependent absorption in the atom vapor. By employing the linear polarization pump
beam which induces polarization sensitive absorption in the atomic ensemble, a counter-propagated weak probe vector
beam is extracted by spatial absorption, and extracted part still maintains the original polarization and the vortex phase.
The topological charges of the extracted mode are verified by interfering with the Gaussian beam, and it can be found
that the orbital angular momentum is conserved in the extracting process. Our work will have potential applications in
non-destructive spatial mode identification, and is also useful for studying higher-dimensional quantum information based

on atomic ensembles.
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1. Introduction

Vector beams (VBs) with spatially nonuniform polariza-
tion and phase distribution have attracted much interest for
their potential applications in optical manipulation,!'?! opti-
cal trapping,>*! and quantum communication.’®~”) The VBs,
maintaining two orthogonal circular polarizations with oppo-
site orbital angular momentum (OAM), are usually selected as
the good candidate for coding hybrid quantum states in quan-
tum information protocols.!®°1 Essentially, the VBs carry a
form of entanglement in their two degrees of freedom, which
can represent classically entangled light, and are widely used
in quantum communication. %121

Within this context, the capability of coherently interact-
ing VBs with atoms could open a variety of applications.[!3-20]
The coherent manipulation of this kind of structured light will
enable the extension of these promises to applications such
as quantum information involving high-dimensional entangle-
ment state coding. Besides quantum information, the com-
bination of the peculiar properties of structured light with
atoms can lead to novel applications, such as ultrasensi-

[21,22

tive magnetometers. I Recently, several attempts were en-

gaged to extract the “authentic basis” of VBs with arbitrary

23,24

polarization distribution in an atomic vapor,!>*?4 and these
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direct projective measurements based on the atom-light in-
terface provide new tools for atomic physics and polarization
optics. 23

In this paper, we propose a scheme for extracting the ba-
sis modes of VBs based on polarization-dependent absorption
in atom vapor. Principally, the OAM and Hermite—Gaussian
(HG) modes can be directly extracted from the VBs based on
the optical pumping effect. We find that the patterns of trans-
mission and interference are changing with the alteration in
polarized states of the pump light field, and the fringes of the
two cases all show high contrast. In the meantime, we analyze
the behavior of the probe beam by inspecting the polarization-
dependent absorption, and the results are in good consistence
with the theoretical analyses.

2. Experimental setup

Figure 1 illustrates the experimental setup. The laser
beam from the DL 100 (795 nm) is divided into two parts by a
polarizing beam splitter (PBS). One part is used for frequency
locking to the 581 5, F =2 — 5P| », F' = 1 transition of 8’Rb
DI line, as shown in Fig. 1(a). The other one is collected
by a single-mode optical fiber (SMF) to optimize the spatial
mode. Afterward, the beam passes through the combination
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of a half-wave plate (HWP1) and PBS1, and the intensities of
reflected and transmitted outputs from PBS1 are fixed at 2 mW
and 40 puW, respectively. As depicted in Fig. 1(b), the trans-
mitted beam from PBS1 is then converted to the second-order
vector beam (VB) by using a Q-plate with m = 2, and used
as the probe beam. The reflected beam is further divided into
two parts by utilizing PBS2. The reflected part is selected as
the reference beam to analyze the experimental results, and the
other one is used as the pump beam. By adjusting the combi-
nation of HWP2 and a QWP, the polarization state of the pump
beam will be changed from linear to circular. After passing

(a) (b)

through a beam splitter (BS), the pump beam is injected into
a 5-cm-long rubidium cell, and precisely counter-propagates
with the probe beam. A three-layer p-metal magnetic shield
is used to isolate the cell from ambient magnetic fields. The
temperature of the cell is set at 65 °C with a controller. In our
experiment, the quantization axis is defined along the direc-
tion of the pump beam propagation. As shown in Fig. 1(c),
after passing through the cell, the probe beam is injected into
the Mach—Zehnder interferometer and interferes with the ref-
erence beam. The spatial intensity distribution of interference
is recorded by a charge-coupled device camera (CCD).
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M Rb cell SMF Probe beam Pump beam
W — , PBS2
i \W i ¢
HWP1 PBS1 Reference
Rb cell+sh1e1d beam
»
z l l Analysis « Pptional
BS QWP HWP PBS Q-plate (c) CCD BS'HWP3 M.

Fig. 1. Experimental setup: (a) the local system, (b) the manipulation of the vector beam, (c) the mode analysis of the probe beam. PBS: polarizing
beam splitter, HWP: half-wave plate, QWP: quarter-wave plate, ISO: optical isolator, M: mirror, PD: photodetector, SMF: single-mode optical fiber,
BS: beam splitter, CCD: charge-coupled device camera. The inner yellow coil between the two shields is the heating coil.

3. Results and discussion

In Fig. 2(a), we construct the setup to obtain the Stokes
parameters of the probe beam by the projection measurement
method. By putting it directly after the Q-plate in Fig. 1(b), the
polarization distribution of the second-order VB is observed
by measuring the Stokes parameters. All linear polarization
components can be determined by rotating the HWP, and the
left- or right-handed circularly polarized components can be
selected by superimposing the QWP. Figure 2(b) shows the
results for different Stokes parameters, in which S| represents
the vertical and horizontal, S, stands for 45° and 135°, and S3
describes the left- and right-handed circularly polarized com-
ponents of VB. Figure 2(c) indicates both the polarization and
spatial intensity distribution of VB, which are reconstructed by
coding with a program in MATLAB. According to Figs. 2(b)
and 2(c), the probe beam only includes linear polarization.

Q-plate QWP HWP PB

+HH -

Fig. 2. (a) Experimental setup of Stokes parameters measurement. (b)
Stokes parameters of vector beam. (c) Reconstructed polarization distri-
bution of vector beam. The black lines indicate linear polarization.

3.1. The extraction of HG modes of VBs

Now we turn our attention to the experiment shown in
Fig. 1(b). First, the QWP is taken away and the optical axis
of the HWP2 is set along the horizontal direction. Here, the
polarization state of the pump beam is horizontal when the ro-
tation angle 6 is set to 0°. After passing through the rubidium
cell, a four-petal pattern of transmitted intensity distribution
pattern is recorded on the CCD for the original probe beam,
which is shown in Fig. 3(a). The polarization component of the
probe beam in the vertical and horizontal direction is absorbed
while that in the diagonal direction is transmitted. Therefore,
the transmission mode of the probe beam is exactly consistent
with HGy;.

In Fig. 3(a), the intensity distribution of the probe beam
changes from its original donut-shaped pattern to a four-petal
pattern. We also observed that the four-petal pattern rotates
with the fast axis of the HWP2, while the rotation angle is
exactly synchronized with the HWP2. The experimental re-
sults show that the specific polarization of the pump beam can
determine the transmission of the probe beam in a specific po-
sition.

Figure 3(b) depicts the normalized transmission intensity
of the probe beam with ¢ from 0° to 180°.
is chosen from 0° to 180° in Fig. 3(b), which is exactly one

The range of ¢

period, and this can present a full picture of the transmission
intensity. As depicted in the first figure of Fig. 3(a), the range
of angle ¢ is shown as the numbers and lines. Here, we get the
same dotted circle (the center of intensity distribution patterns
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is the center of the circle) from the corresponding patterns with
various angles, and analyze the changes in their normalized in-
tensity. As shown in Fig. 3(b), with the ¢ increased, the peak
intensities appear in the same counting interval and the trans-
mittance contrast of the probe beam is close to 1.
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Fig. 3. The experimental results for (a) the manipulation of vector beam
(by only using an HWP) with various 6 and (b) the probe transmission
plotted as a function of different angles (¢).

3.2. The extraction of OAM modes of VBs

The VB can be expressed by different basis vectors. By
putting QWP back into the setup, the extraction of the OAM
mode of the probe beam can also be realized. Keeping the an-
gle of QWP at 0° and rotating the HWP2 in the pump light
field from 0° to 90°, we observed the four-petal patterns rotate
with various 6. However, the transmission intensity distribu-
tion of the probe beam is changed to a donut-shaped intensity
profile when the 8 is set to 22.5°, which means the polariza-
tion state of the pump beam is circular polarized.

Here, the intensity distribution pattern at 8 = 90° is con-
sistent with that at 8 = 0°. With the left-handed circularly po-
larized pump beam at 6 = 22.5°, as shown in Fig. 4(a), almost
all of the probe beam is transmitted so that its intensity distri-
bution shows like a “donut”. And the transmission mode of the
light field is exactly consistent with the OAM mode with the
topological charge ! = 2. Similarly, when the angle is rotated
to 67.5°, the pump beam is right-handed circularly polarized,
and the intensity distribution is also like a “donut”.

As a result, the extracted four-petal pattern rotates by
varying the polarization of the pump beam. Experimentally,
the donut-shaped intensity profile can be obtained by using a
QWP.

Figure 4(b) gives the intensity profile of the extracted
OAM pattern from VBs. It is obvious that the image contrast
is getting worse when changing the polarization of the pump
beam to circular polarization by rotating the phase angle 6,
which displays the intensity distribution of OAM modes. It
is reasonable that the results are different with the case of ex-
tracting HG modes shown in Fig. 3(b), since the OAM modes
are extracted from VBs with the circular pump beam in this
condition.

1.0
o
=
=
% 08
e
—
&
> 0.6
2
‘n
=1
3 %
£ 04 ' }
e 1 -
8 ] 1
T 02PK .o o} \ b
g 2 22155: % H
o o= . LY
z Oj 'I0722'5| V 1 1 \

0 30 60 90 120 150 180
© ()

Fig. 4. The experimental results for (a) the manipulation of vector beam
(by using an HWP and a QWP) with various 6 and (b) the transmission
of the probe beam plotted as a function of different angles ().

3.3. The phase reconfiguration of basis modes of vector
beam

Interference can effectively verify the extracted phase in-
formation of the basis modes of the vector probe beam, as
shown in Fig. 1(c). The reflected beam from PBS?2 is selected
as a reference beam whose polarization can be adjusted by
HWP3, and then interference with the probe beam at BS be-
fore the CCD. Finally, the interference pattern is recorded by
a charge-coupled device camera. And the results as shown in
Fig. 5.
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Fig. 5. (a) The interference intensity distribution and (b) the phase reconfiguration of basis modes of vector beam.

As figure 5(a) shows, the intensity distribution has exhib-
ited the interference results between the reference beam and
the six basic modes of the vector probe beam. The first two
rows indicate the extracted basic modes of the probe beam
when the polarized state of the pump beam is horizontally po-
larized state, vertically polarized state, and linear +45° and
linear —45° polarized state, respectively. The third row shows
the extracted basic modes when the pump beam is left- and
right-handed circularly polarized states. At the same level
of the white reference line in the first figure of Fig. 5(a), the
brightness of each peak is changed, which clearly reflects the &
phase difference between each peak. In contrast, the third row
shows a forked interference structure. To present the phase
information of extracted basis modes from the vector probe
beam, we reconstruct the phase image shown in Fig. 5(b). It
is observed that the first two rows of Fig. 5(b) are the phase
distribution corresponding to the pattern at the same position
as Fig. 5(a), which depicts the phase distribution of HG modes
respectively. However, the phase distribution with vortex char-
acteristics is shown in the third row of Fig. 5(b). So far, we
have already successfully verified the phase distribution of the
basic mode extracted from the vector probe beam by using the
polarization-dependent absorption effect based on hot atomic
ensembles.

In order to understand the coupling between atoms and
the pump and probe beams carrying different polarized states
when these two beams are counter-propagating with each
other, we analyze the coupling effect in the Zeeman sub-levels
of 8’Rb as shown in Fig. 6. The pump and probe beams
with the same or orthogonal linear polarization are shown in
Figs. 6(a) and 6(b), respectively. The pump beam with the
right-handed circularly polarized state is shown in Fig. 6(c)

and the left-handed circularly polarized state is shown in
Fig. 6(d).

In Figs. 6(a) and 6(b), there are two types of coupling
beams of the linearly polarized state. As figure 6(a) shows,
when the polarization direction of the pump beam agrees
with that of the probe, the pump beam couples 5S; ), F = 2,
mp=—1, 0, +1 to 5P1/2F’ =1, mp = —1, 0, +1 transi-
tion. And most atoms will be pumped to the ground state of
581 oF =2, mp = —2,+2, which induced the maximum trans-
mission of the probe beam. As shown in Fig. 6(b), when the
polarization direction of the pump beam is orthogonal to the
probe beam, most atoms will be pumped in the ground state in
581 )2F =2, mp = —2,+2. But due to the quantization of the
pump beam, the probe beam is decomposed into the left- and
right-handed circularly polarized beams to interact with atoms.
Thus, the absorption of the probe beam is increased. That is
why the four-petal intensity distribution appears by using the
linear polarized state of the pump beam.

As shown in Fig. 6(c), the pump beam with the left-
handed circularly polarized state couples 55 F = 2, mp =
-2, —1, 0 to 5P1/2F’ =1, mg = —1, 0, +1 transitions and
pumps most atoms to the energy state of 5S; o F =2, mp =
+1, +2. Here, the probe beam is also divided into left- and
right-handed circularly polarized beams coupled with atoms.
The left-handed circularly polarized components are transmit-
ted and the right-handed circularly polarized components are
absorbed. A similar explanation can verify the situation in
Fig. 6(d).

Hence, the specific polarization and mode extraction of
vector beams can be realized effectively by adjusting the polar-
ization of the pump beam through the polarization-dependent
absorption effect.
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Fig. 6. Schematic diagrams of the (a) linearly, (b) linearly, (c) left-handed circularly, and (d) right-handed circularly polarized pump and the
linearly polarized probe beams in different polarized coupling processes with atoms. The red line represents the coupling of the pump beam,

and the blue line represents the coupling of the probe beam.

4. Conclusion

In conclusion, we reported an atomic spatial mode
extracting scheme of vector beams based on polarization-
dependent absorption in the hot atom ensembles. By employ-
ing the different polarization states of the pump beam, we find
that the HG mode can be extracted by using a linearly polar-
ized pump beam, and the OAM mode can be extracted when
the polarization of the pump beam become a left- or right-
handed circularly polarized state. The interaction analyses be-
tween light and atoms at specific energy levels can explain
our results perfectly. Furthermore, our research can be used
for non-destructive spatial mode identification of atom ensem-
ble in the quantum memory system. Compared to linear opti-
cal polarization, our experimental scheme may provide a con-
venient and higher-dimensional polarization selection method
for VB manipulation based on atomic ensembles. In addition,
it also will play an important role in quantum computation and
information transmission.
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