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Vector beams with spatially varying polarization distribution in the wavefront plane have received increasing attention
in recent years. The manipulation of vector beams both in intensity and polarization distributions is highly desired and under
development. In this work, we study the transmission property of vector beams through warm rubidium vapor and realize
controllable transmission of vector beams based on atomic dichroism. By utilizing the linearly polarized beam and vector
beams as the pump and probe beams in a pump—probe configuration, a spatially-dependent dichroism can be obtained,
which leads to spatially varied absorption of the probe beam. The controllable intensity distribution of the probe beam, as
a two-petal pattern, can rotate with the variation of the pump beam’s polarization states. We experimentally demonstrate
the mechanism of dichroism with linear polarization light and provide an explanation based on the optical pumping effect.
Alternatively, the varying trend of the probe beam’s intensity is also interpreted by utilizing the Jones matrix. Our results
are thus beneficial for providing potential applications in optical manipulation in atomic ensembles.

Keywords: quantum optics, polarization, dichroism

PACS: 42.50.—p, 42.25.Ja, 33.55.4+b

1. Introduction

Vector beams have attracted a lot of attention in recent
years due to a number of applications.!!=>! These beams can be
generated by a vector superposition of two Laguerre-Gaussian
(LG) beams with orthogonal polarizations. The resultant beam
has non-uniform spatial intensity, phase, and polarization dis-
tributions. If two LG beams have equal amplitude and equal
but opposite orbital angular momenta, the resultant beam takes
on spatially varying linear polarization distributions which are
radial, azimuthal, or spiral, determined by the difference of
phase between the two beams. How to control the spatial
intensity and (or) the polarization distribution of the optical
field is an important research topic due to its usefulness in
many fields such as material processing, optical trapping, and
manipulation. [©!

Dichroism is a well-known phenomenon that refers to the
property of a material in which a beam with different polar-
ization state traveling through it experiences a different ab-
sorption coefficient and refractive index. It has been applied
in various fields including materials, physical optics, astron-
omy, and so on.[”"!] Linear dichroism plays an important
role in the study of material properties. In 1815, Biot used
tourmaline’s dichroism to manufacture the first batch of tour-
maline polarizer.!'?) Due to the potential values of the linear
dichroism, researchers also attempted to extend its adhibitions
in other optical media.!'*! Compared with linear dichroism,
circular dichroism has attracted more attention, and has been
used in many fields such as polarization spectroscopy.!!41!
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Alkali metal has been widely used in a lot of experi-

ments such as electromagnetically induced transparency!!%!7!

18191 for many years due to its favor-

and four-wave mixing!
able coherence. At the same time, atomic vapor can present
dichroism under certain conditions such as polarized modula-
tion. The dichroism induced by a circularly polarized beam
can greatly improve the sensitivity and resolution of spec-
troscopy via the optical pumping effect in atomic ensem-
bles. Conversely, it can also influence the line shape of the
spectrum.?%) Therefore people utilize vector beams!?!=23! as
a tool to study the relationship of dichroism and polariza-
tion. For example, researchers measured snap-shot optical
polarization spectroscopy via four-wave mixing in semicon-
ductor films.!?®! The vector beams are beneficial for making
single-shot polarization-dependent measurements or provid-
ing a means of preparing samples with position-dependent
spin.[?”] The interaction between spatially variant beams and
a magnetically influenced rubidium (Rb) medium can control
the circular birefringence optically and modulate the polariza-
tion of the vector beams.!?®! Obviously, vector beams allow
us to realize the detection of the spin of atoms in a spatially
dependent manner, since they exhibit spatially varied polar-
ization states. The dichroism in the samples can be evaluated
from the spatial distribution of the probe signals without rotat-
ing the polarization of the pump signals.

In this paper, we study the propagation property of a vec-
tor beam in the dichroic atomic vapor. We find the spatial
intensity distribution of the probe beam can be controlled by
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varying the polarized orientation of the pump beams. Com-
pared with attenuation elements, the atoms can provide an-
other platform to control the spatial intensity, and can also act
as a polarization analyzer. Changing the different pump beam
can efficiently modify the function of the atoms. A detailed
process of dichroism induced by the optical pumping effect
The out-
line of this paper is as follows. In Section 2, we present the

is presented to interpret our experimental results.

experimental setup and results. Different polarization combi-
nations are tested and the intensity of the probe beams directly
reflects the atomic dichroism. In Section 3, we discuss the
phenomenon based on the optical pumping effect and explain
it by the Jones matrix. In Section 4, we conclude briefly the
principle of transmission of a vector beam in dichroic media.

2. Experimental setup and results

All experimental schematics can be illustrated by
Fig. 1(a).
DL pro) is used in our experiment.

A 780 nm extended cavity diode laser (Toptica
The laser beam is di-
vided into two orthogonally polarized beams by a polarization
beam splitter (PBS), where the reflected beam (about 1 mW) is
used for the saturated absorption spectroscopy (SAS) to lock
the laser frequency and the transmitted beam is used for the
The transmitted beam is collected by a single-
mode fiber (SMF) to improve the spatial mode. A telescope is

experiment.

used to expand the beam size. The following half-wave plate
(HWP) and polarization beam splitter are used to alter the in-
tensity of the beam. Then the beam with horizontally linear

£© SMF &

a' -“\0 HaE+

780 nm laser

polarization is divided by a beam splitter (BS). The transmitted
part is used as the probe beam whose intensity can be altered
by neutral density filters (not shown in figure). The reflected
part serves as the pump beam and forms a pump—probe con-
figuration using several mirrors. The intensities of the probe
and pump beams are fixed at 50 uW and 2 mW, respectively.
The sizes of the probe and pump beams are nearly the same.
The Rb cell has a length of 50 mm and is filled with enriched
87Rb, which is shielded by a three-layer pi-metal. The temper-
ature of the Rb cell is controlled at 63 °C. Here HWP 1 and
HWP 2 are used to change the polarized direction of the input
Gaussian beam. The optional Q-plate 1 and Q-plate 2!?°! can
transform the input Gaussian beam into a vector beam. It is
worth noting that the polarized direction of the input Gaussian
beam can directly influence the spatial polarized distribution
of the output vector beam. By utilizing the combination of
an HWP and a Q-plate, we can obtain different vector beams,
such as radially, azimuthally, or spirally polarized beams. Af-
ter passing through the cell, the probe beam is reflected by a
BS and its profile can be resolved by a charge-coupled device
camera (CCD). However, the diffusion and distortion in atoms
influence the image of the probe beam, hence in some cases
we use a lens to collect the probe beam before the CCD in the
experiment (not shown in Fig. 1). Figure 1(b) shows typical
saturated absorption spectroscopy of energy levels of Fy = 1
to F. =0,1,2 of the 87Rb D, line. In our experiments, we lock
the laser beam to the crossover transition of 58y 5, Fy =1 to
5P3)5, Fe =0, 1.
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Fig. 1. (a) Experimental setup. SMF, single-mode optical fiber; L, lens; HWP, half-wave plate; QWP, quarter-wave plate; PBS, polarization
beam splitter; BS, beam splitter; CCD, charge-coupled device camera; PD, photodetector. (b) Saturated absorption spectroscopy of the energy

levels from Fy=1 to F. =0, 1,2 of the 87Rb D line.

Firstly, we employ linearly polarized light as the pump
beam (the Q-plate 2 in Fig. 1(a) is deprecated) and the radially
or azimuthally polarized vector beam as the probe beam. The
radially (azimuthally) polarized vector beam possesses spa-
tially varying linear polarization in the beam cross-sections,

and polarization along the radial (azimuthal) direction around

its light center. When a radially (azimuthally) polarized vec-
tor probe beam passes through atomic media excited by a lin-
early polarized pump beam, the spatial intensity distribution of
the probe can be modulated assisted by the atomic dichroism.
Figure 2(a) is the experimental result of the radially polarized

vector beam versus the linearly polarized pump beam. Here
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we adjust the fast axis of HWP 2 at intervals of 15° to change
the polarized orientation of the pump beam. The recorded pro-
files show that the probe beam splits into two sections and ro-
tates with the orientation of the linearly polarized pump beam.
Figure 2(b) is the experimental result of the azimuthally po-
larized vector beam and exhibits a similar phenomenon. The

EIII

results can be summarized as follows: When the polarizations
of the pump and probe beams are parallel to each other, the
atomic media show strong absorption characteristics for the
probe beam. However, the transmission occurs if the pump
and probe beams have orthogonal polarizations. Thus we ob-
tain and test the spatial dichroism of atomic media.

P

(al) probe beam (a2) §=0° (a3) 0 =15° (ad) 6 =30° (ab) 0 =45° (a6) 0 =60° (a7) 0 =175°
(bl) probe beam  (b2) 6 (b3) 6 =15° (b4) 6 =30° (b5) 6 =45° (b6) 6 = 60° (b7) 6 =75°

Fig. 2. Experimental results, where the probe beam is a (a) radially or (b) azimuthally polarized vector beam while the pump beam has linear
polarization. 0 is the angle between the optical axis and the horizontal direction, blue arrows represent the polarized direction of the pump beam.

Fig. 3. Experimental results for different vector pump beams in the
condition of radially polarized probe beam: (a) radially polarized pump
beam, (b) generally polarized pump beam, (c) azimuthally polarized
pump beam. (d)—(f) Experimental results for radially polarized probe
beam (a lens was added before CCD for better image).

Then, we add Q-plate 2 after the HWP 2 and switch the
pump beam among the radially, azimuthally, and spirally po-
larized vector beams as shown in Figs. 3(a)-3(c), respectively.
At the moment, the probe beam always keeps a radially polar-
ized state. The experimental results are shown in Figs. 3(d)-
3(f), where the size of the hollow part of the intensity patterns
is smaller than that in Figs. 3(a)-3(c) because we add a lens
(f = 100 mm) for a better image of the probe beam. The pro-
files of each probe beam still keep their ring-shape and have
regularity. The intensity of these three images is reduced from
right to left. We also find that the minimum intensity can be re-
ceived by using a radially polarized vector pump beam and the
maximum value comes from the azimuthally polarized vector
pump beam. The reason is that when a radially polarized probe

beam interacts with atomic media excited by another radially
polarized pump beam, the polarized states of each beam are
parallel throughout the cross-section, thereby the probe beam
experiences uniform absorption. The other two cases are sim-
ilar, but the included angle between the polarizations of the
probe and pump beams in the same position is different. In
these situations, the probe and pump beams can be regarded
as linearly polarized beams; the absorptive characters are only
influenced by the included angle in the corresponding position
rather than the polarization distribution. As for the results we
mentioned above, the vector beam is more flexible in detect-
ing dichroism of media than the single polarized beam. These
configurations can also be used in making an atomic polariza-
tion analyzer or for the filtration of information. 3]

In fact, from these results we can find that the intensity
profile of the probe beam represents the dichroism of media.
Although there is much research on linear dichroism, 3!=33/ the
relationship between the varying tendency and linearly polar-
ized direction has not been summarized perfectly. Therefore
we experimentally study the behaviors of linear dichroism and
will provide an explanation based on the population of atoms
in the next section. The experimental setup used to observe the
linear dichroism is based on Fig. 1(a). Here the two Q-plates
are removed. We choose the horizontally linearly polarized
probe beam. The linearly polarized orientation of the pump
beam is controlled by HWP 2 and starts from the horizontal
direction. The experimental results are shown in Fig. 4, where
the abscissa stands for the rotating angle of HWP 2 and the
ordinate represents the normalized intensity, the blue stars are
experimental data, and the red curve is obtained from theoret-
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ical calculation by the Jones matrix (the detailed discussion is
given in the next section). We can obtain the periodic varia-
tions of the transmitted intensity, where the experimental data
and theoretical prediction are coincident. Meanwhile, the ab-
sorption (transmission) occurs when the polarized orientations
of the probe and pump beams are parallel (orthogonal) to each
other, which is consistent with the previous experimental re-
sults.

1.0 s

e o o
> =] [
T T T

Normalized intensity
e
o
T

OO 40 80 120 160

0/(°)
Fig. 4. The intensity variation of the horizontally linear polarized probe
beam against the rotated angle 6. The fast axis rotated angle of HWP 2
is @ with respect to the horizontal direction. The blue stars are experi-
mental data and the red curve is theoretical prediction.

3. Discussion

In this section, we explain the underlying principle of lin-
ear dichroism in the atomic medium by the optical pumping
effect and Jones matrix. The laser frequency is locked to the
crossover peak Fy = 1to F; =0 and F. = 1. The crossover sig-
nal appears when the probe beam is tuned at Fy =1 to . =0

T F.=3
L7 |266.7 MHz
5P3; =& v~ o
YN Tf———F.=2
vy [156.9 MHz
NWF———F.=1
YD 72.2 MHz
Y F.=0
8TRb D,
780 nm
o =2
7
5S) g mm—bm”
1/2 N 6.834 GHz -«
AN mp = —_T
N\
(a) e )

Fig. 5. Atomic transition schematic diagram of the cross peak of Fy =1 to fe =

and the pump beam is tuned at F; =1 to Fe = 1, or vice versa.
Although the frequencies of the probe and pump beams are
the same, moving atoms experience different frequency detun-
ing from the counter-propagate probe and pump beams due to
the Doppler effect, which is the reason that we can obtain the
crossover signal in SAS.34-36] Figure 5 shows the degenerate
=0and F, = 1 in the
D, line of 8’Rb atoms. Suppose the pump beam is vertically

energy level diagram for Fy =1 to F¢

polarized light and the probe beam has horizontal polariza-
tion, we can disassemble the pump beam into left-handed and
right-handed circular beams. 3!l According to the select rules,
+1. Fig-
ure 5(b) shows the situation when the atoms move towards the

the pump beam will excite the transition with Amp =

pump beam: the co-propagating probe beam couples the lower
energy levels while the counter-propagating pump beam inter-
acts with the higher energy levels. The intense pump beam
could excite atoms to the mr = %1 ground energy level and
let mrp = 0 empty, which leads to non-absorption of the weak
probe beam. Figure 5(c) shows the opposite interaction when
the atoms move along towards the probe beam, but get the
same results. That is to say, in the case of orthometric po-
larization, absorption of the probe beam is decreased. Fig-
ures 5(d) and 5(e) show the situation when the probe and
pump beams have the same polarization: the strong pump
beam pumps atoms to the energy levels which can result in
enhanced absorption of the probe beam. Based on the popu-
lation of atoms influenced by the optical pumping effect, we
explain the atomic dichroism. This might be a novel method

for the manipulation of vector beams in atomic physics.

0 and Fy = 1 to Fe = 1: (a) hyperfine energy level diagram of

the D, line of 8’Rb atoms; (b), (c) orthometric polarization; (d), (e) parallel polarization. Red arrow: pump beam; green arrow: probe beam;

red globules: Rb atoms; 7, 67, 6~

In the following, we use the Jones matrix 2]

to analyze
the experimental results. The combination of atoms and pump
beam can be viewed as a polarization analyzer (linear in this
work). The orthogonal component of the pump beam (com-
pared to the probe beam) is the determinant reason for the
transmission of the probe beam. The discussion of the Jones

matrix can provide an available analysis, as it is widely applied

: linear polarization, left-handed, and right-handed.

to polarization optics. Changing the linearly polarized orienta-
tion of the pump beam in Fig. 4 is realized by an HWP, which
means that the orthogonal component of the pump beam can
be intuitively obtained based on the Jones matrix. The Jones
matrix of an HWP can be described as

cos20 sin26 }

Tawp = {SinZB —co0s26 M
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where 0 is the angle between the fast axis of a wave plate and
the horizontal axis. Meanwhile, the Jones matrix of the vector
beam can be expressed as

cos + o
o[z e
where p is the order of the vector beam, ¢ is the azimuth,
and oy is the initially polarized direction. When p # 0, equa-
tion (2) is a vector beam with varying polarization because of
¢. For example, when p = 1, oy = 0, the corresponding laser
is a radially polarized beam, while p = 1, o = /2 stands
for an azimuthally polarized beam. In addition, when p = 0,
equation (2) represents a linearly polarized beam. Therefore,
in our work, the initial Jones matrix of the pump beam is

_|cosop | |1
JH_[SinOt()]_|:O]’ (3)
where o = 0 because the initially polarized orientation of the
pump beam is the horizontal direction. Finally, we obtain the
transformed polarized state of a horizontally linear polarized

beam passing through the HWP, which is described by the
Jones matrix as

7 _ [09529 sin26 ] {1} _ {09529]. @)
bump sin20 —cos26 | | 0 sin26

The probe beam is also a horizontally linear polarized beam,
so its Jones matrix is the same as equation (3). In equation (4),
the matrix element cos28 is the horizontally polarized com-
ponent of the pump beam and the element sin26 represents
the vertically linear polarized component which is orthogonal
to the polarized orientation of the probe beam. So the sec-
ond term decides the transmitted intensity of the probe beam.

Thus, the intensity of the transmitted probe beam can be ex-
pressed as

I o< sin(26). (5)

With equation (5), the theoretical prediction is perfectly anas-
tomotic with the experimental results as shown in Fig. 4.

4. Conclusion

In summary, the transmission of vector beams passing
though dichroic media is experimentally demonstrated in an
atomic vapor with a pump—probe configuration. When the
pump beam is a linearly polarized beam and the probe beam is
aradially (azimuthally) polarized vector beam, we can obtain a
two-petal pattern which rotates with the variation of the pump
beam’s polarized states. When the pump and probe beams are
both vector beams, we can also observe the probe beam’s in-
tensity variation. These results can be interpreted by the Jones
matrix and optical pumping effect. Based on these results,
we can conclude that the transmission property of the vector
beam is controlled by the dichroism of the atomic vapor. In

this work, we only utilize the vector beams with varied lin-
ear polarization and low order to interact with atoms. When
considering a high-order vector beam and a hybridly polarized
beam, the spatial intensity distribution of the probe beam can
be more flexible and controllable; we are conducting further
research into this. The present work can contribute to optical
fields such as vector beam manipulation in atomic ensembles.
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