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Self-rotation of optical polarization in rubidium vapor
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We present an experimental and theoretical study of self-rotation of optical polarization in a rubidium
vapor. The atomic vapor is placed in a magnetic shielding cavity to suppress the Faraday rotation effect.
In our experiment, Doppler-free spectroscopy configuration is used, and F = 2 — F’ = 3 transition of 5"Rb
D2 line is chosen. We observe self-rotation of optical polarization effect at different pump light ellipticities.
A theoretical analysis is then provided based on the experimental conditions. Theoretical simulation and

experimental results are in good agreement.
OCIS codes: 270.0270, 020.0020.
doi: 10.3788/C0OL201210.052701.

When an elliptically polarized light interacts with atoms
in the vicinity of resonance, the elliptically polarized
plane of the light can rotate. This so-called self-rotation
of optical polarization effect was first observed in molec-
ular liquids!*2!. This effect is caused by Kerr nonlinear-
ity in solids and liquids!®. In atomic vapor, it is caused
by optical pumping and AC-Stack shifts!*!. Unlike the
Faraday rotation effect, self-rotation of optical polariza-
tion does not require an additional magnetic field. Its
dramatic feature is that the optical polarization rota-
tion angle depends on the light ellipticity. If an ex-
ternal magnetic field is present, self-rotation of optical
polarization is superimposed on other effects, such as
the Faraday rotation effect. The self-rotation of opti-
cal polarization can be used for the measurement of Kerr
nonlinearities in mediums. It is a useful diagnostic tool
for the experiments on photon—photon interactions or
photon-condensed matter in atomic media, and provides
a method of detecting a weak magnetic field®. It also
leads to the squeezed states of light in which the quan-
tum noise fluctuations drop below the standard quantum
limit3~7. Moreover, a recent study has shown that po-
larization self-rotation provides a feasible way for laser
frequency stabilization without any modulation and mag-
netic field[®l.

Self-rotation of optical polarization effect can be un-
derstood as follows. The polarization of a classical
monochromatic light is described by two circularly po-
larized components: og (right-hand polarization) and o7,
(left-hand polarization). Both components have certain
relative phases and amplitudes for a determinate polar-
ized light. If a polarized light enters the atomic vapor
and interacts with an atomic transition in the vicinity
of resonance, the two polarization components of light
couples with the different Zeeman sublevels. If the in-
tensities of the two components are unequal, the popula-
tions of the Zeeman sublevels become different via optical
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pumping. As a result, the atom sample refractive index
is different for the two circular polarization components,
which causes the polarized plane of the incident light to
rotate.

Self-rotation of optical polarization has been studied
extensively both theoretically and experimentally for an
atomic assemble. However, extant studies either focus
on the complex experimental phenomena and theoretical
simulation with multiple transitions® or treat the self-
rotation of optical polarization with Faraday rotation and
absorption also taken into account(':27:8l. In this letter,
we report the self-rotation of optical polarization in a ru-
bidium vapor. Compared with other studies, two kinds
of situation are specifically considered. Firstly, the atom
vapor is placed in a shielding cavity to avoid the earth
magnetic field, so that Faraday rotation effect can be
eliminated as much as possible. Secondly, saturated ab-
sorption configuration is used to reduce the light absorp-
tion when working close to the atomic resonant. Through
this method, we can provide a direct study on the effect
of self-rotation of optical polarization. In our experiment,
we also choose the F' = 2 — F' = 3 transition of 8’Rb
D2 line because this transition is well isolated from other
lines and is directly accessible to theoretical analysis. We
observe the self-rotation angle of optical polarization at
different pump light ellipticities. Then, a simple physical
model is built to analyze our experimental results. The-
oretical simulation and experiment results are in good
agreement.

The diagram of the experimental arrangement is shown
in Fig.1, which is similar to that reported in Ref. [8]. In
our experiment, we use an external cavity diode laser op-
erating at 780 nm with single-mode output in the vicinity
of 8"Rb D2 line (F = 2 — F’ = 3) transition. The ex-
ternal cavity diode laser can be roughly tuned by manu-
ally adjusting the grating, and subsequently finely tuned
by applying a certain voltage to the PZT attached to
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the grating. A monochromatic light from the laser is
split into two equal parts by a 50/50 beam splitter. The
transmitted beam is used as the reference light, whereas
the reflected light is used as the experimental light. The
reference light is used for the 8"Rb saturated absorption
experiment to monitor the laser frequency. The experi-
mental light is for our main experiment to detect the po-
larization rotation. This part of the light passes through
the PBS (polarized beam splitter) to yield two orthog-
onal polarized beams. The output beam parallel to the
horizontal plane, called the p-polarized beam, is used as
probe beam. The output beam orthogonal to the horizon-
tal plane, called the s-polarized beam, is used as pump
light. The intensity ratio of probe and pump light is
controlled by a half-wave plate before the PBS to be ap-
proximately, Iprobe/lpump = 0.01. A quarter-wave plate
is placed on the way of the pump light before it enters the
atom vapor cell. The polarization of the pump light is
thus changed by rotating the orientation angle of the fast
axis of the quarter-wave plate with respect to the hori-
zontal axis. The atomic vapor is placed in a magnetic
shielding cavity. The shielding cavity contains three lay-
ers to ensure that the strength of earth magnetic field is
as small as possible in the region where the atom vapor is
placed®. In our setup, the residual earth magnetic field
is detected below Gauss meter resolution (~2 mG). Thus,
the influence of Faraday rotation effect can be eliminated
as much as possible. Length of the atomic vapor cells is
100 mm and cell diameter is 25 mm. At room tempera-
ture, the density of rubidium vapor cell is approximately
3 x 10'2 cm 3.

Because Doppler broadening is usually the main obsta-
cle in observing the hyperfine structure of atomic spec-
trum, in our experiment, we use the saturated absorption
spectroscopy technique'®). Doppler-free saturated ab-
sorption spectrum measurement also provides an optical
pumping effect to reduce the absorption when the probe
light is used near the resonance. The pump and probe
beam pass through the atom vapor in opposite directions,
and the two beams cross each other with a small inclined
angle in order to reach a larger overlap. The beam diam-
eters of the pump and probe beam in the center of the
rubidium vapor cell are approximately 3 and 1 mm, re-
spectively. Doppler broadening can be eliminated in the
overlapping region of the two beams. The probe beam
exiting the cell then passes through the combination of a
half-wave plate and a PBS composed of a balanced po-
larimeter set for detection of the light-induced rotation of
the polarization plane. The probe beam is then decom-
posed into two orthogonally polarized beams, which are
detected by two detectors (D, and D,). Figure 2 shows
the rubidium-saturated absorption spectrum of the D2
lines. The transition FF = 2 — F’ = 3 is selected for the
following self-rotation of optical polarization experiment
because this line is clearly isolated from other lines and
is convenient for the theoretical analysis.

Figure 3 shows the self-rotation angle of optical polar-
ization as a function of the laser detuning and pumping
light ellipticities. An apparent relation clearly exists be-
tween the quarter-wave plate orientation angle and the
self-rotation angle of optical polarization. In Fig. 3,
curve (a) corresponds to the linear polarization of the
pump light. Clearly, the linearly polarized pump light

almost causes no rotation. The small slope may be due
to the residual magnetic field. Curves (b) and (c) cor-
respond to the cases when the pump light turns to be
elliptically polarized by rotating the quarter-wave plate
orientation angles of § = 20° and 30°, respectively. Curve
(d) corresponds to the case that the pump beam is cir-
cularly polarized, which means the orientation angle of
the quarter-wave plate is § = 45°. The figure shows that
the self-rotation angle of optical polarization of the probe
beam changes more and more dramatically as the polar-
ization of the pump beam varies from linearly polarized
to elliptically polarized. This trend reaches the maximum
when the pump light turns to be circularly polarized; the
largest optical polarization rotated angle in our experi-
ment is ¢ ~ 0.07 rad.

Based on our experimental configuration and results,
we provide a theoretical simulation. The above atomic
transition is a simplified V-type three-level atomic struc-
ture, as shown in Fig. 4. The two upper levels mp: = —1
and mps = 1 are coupled with a single lower level mpg
through the left circular polarized light o1, and the right
circular polarized light or, respectively. Because the
pump light power is much higher than that of probe
beam, the pump light can be used as the prepopula-
tion for the corresponding sublevels. Linearly polarized
pump light generates a symmetric population on each
arm, whereas an elliptically or circularly polarized pump
light causes an asymmetric population. A weak probe
beam propagating through such system has less effect on
the population created by the pump light, but suffers
from the different index of refraction for each arm due to
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Fig. 1. Schematic configuration of our experiment. Di, D,
and D,: photodetectors; BS: beam splitter; PBS: polarized
beam splitter; QWP: quarter-wave plate; HWP: half wave
plate.
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Fig. 2. Measured rubidium-saturated absorption spectra of
D2 lines. The arrow points out the transition line used in the
experiment.
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Fig. 3. Measured (dotted lines) and numerical simulation
(solid lines) results of optical polarization rotated angles as
a function of the laser detuning at different pump-light el-
lipticities. The different polarization of pump light can be
generated by rotating QWP orientation angle 6: (a) 6 = 0°
(linearly polarized light); (b), (c) @ = 20° and 30° (elliptically
polarized light); (d) 6 = 45° (circularly polarized light).
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Fig. 4. Simplified atomic three-level scheme for the different
pump-light polarization states (thick arrow lines). The probe
beam is linearly polarized (thin arrow lines): (a) circularly po-
larized (21, # 0,2r = 0); (b) elliptically polarized (2, # 2r);
(c) linearly polarized (2, = 2r). Here, 2r and (21, denote
the Rabi frequency of right and left circularly polarized pump
light, respectively.

different populations. The individual population of the
thlEee] levels caused by the pump light can be estimated
by 11

p—=(p—p-)—Tp-,
P+ = 2r(p—p+) — I'py,
p=0r(p+ —p)+ 2(p- —p)+ T(p+ +p-), (1)

where 2 and (2, are the Rabi frequency of the right and
left circularly polarized components of the pump light,
respectively; p, p+, and p_ are the atomic relative pop-
ulation of mg = 0 and myg, = £1; and I is the natural
line width of the upper level. To solve the equations,
we assume the initial conditions are p_ = p4 = 0.0 and
p = 1.0. The Rabi frequency {2 and (21, can be related
with the orientation angle 6 of the quarter-wave plate
with g oc sin?(45° — 0) and 2, o cos?(45° — 6). There-
fore, we can simulate the self-rotation of optical polariza-
tion according to 2r and {2, by changing the orientation

angle of the quarter-wave plate.

Equation (1) is numerically solved by allowing the rel-
ative population to approach steady state. Thus, the
refractive index of atom vapor n(w) experienced by the
weak probe beam can be described as

2

e pr—p
-1 )
nr (@) + 2meowp  2(w — wp) + il
e p——p
=1 . 2
nL(w) + 2meowy  2(w — wp) + il (2)

where e is the unit electricity quantity of a charge, m
is the unit mass of a charge, g¢ is the vacuum dielectric
constant, wy is the atomic resonance frequency, and w
is the laser frequency. After the probe beam propagates
through the atomic vapor, the two circular components
of probe beam acquire a relative phase shift of

# = < Relnn (w) — e w)], (3)

where ¢ is the path length in the vapor and c is the
light vacuum speed. Therefore, the rotation angle of the
polarized plane of the probe beam can be described as
¢ = ®/2. Finally, we can use our expression for optical-
pumping-induced difference in the refractive indices for
or and or, probe beam to determine the dependence of
self-rotation of optical polarization for different laser fre-
quency detuning, A = w — wy,

A-<A2—%2)+A-%2

p=K-(py —p-)- ;o (4)

(AL%)QHW.A?

where K = wle?/8mceowp. The solid lines in Fig. 3
show the numerical simulation results. The theoretical
results are scaled down to fit the experimental results.
The figure shows that the variation tendency of theoret-
ical results agrees well with the experimental results.

In conclusion, self-rotation of optical polarization has
been studied experimentally and theoretically in an
atomic vapor. Both experimental results and theoreti-
cal analysis show that self-rotation of optical polarization
is related to the ellipticity of pump light. Self-rotation
of optical polarization could be applied to detect weak
magnetic field and generate a squeezed vacuum. The
spectrum of self-rotation of optical polarization can also
be used for the laser-frequency stabilization in absence of
any modulation and magnetic field.
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