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1. Introduction

Narrow bandwidth optical filters based on the Faraday effect of
the atomic medium have been used in a vast array of applica-
tions, such as lidar'' ), free-space communications'*), quantum
optics”®, and, recently, self-stabilizing lasers'®'"]. High peak
transmission and narrow bandwidth are key factors of
Faraday atomic filters, which have been developed for several
alkali atoms based on vapor cells, such as Cs!'>'*), Rb!"*~'7],
KU1 and Nal*®!, Ultranarrow bandwidth atomic filters can
be realized by the velocity selective pumping method to reduce
the Doppler width of thermal atoms'*'!. The bandwidth of the
atomic filter for the Rb D2 transition line can achieve 25 MHz,
which is still much larger than the natural linewidth??!, Besides,
the center frequency of the atomic filter depends on the pump-
ing laser, which has to be locked to atomic transition lines
beforehand. Therefore, the self-stabilizing laser or Faraday
laser!"”) based on the atomic filter depends on the stabilized
pumping laser, which is unfavorable for self-stabilizing systems.

The magneto-optical effect of cold atoms has been extensively
studied”°!, Since atoms have been laser cooled to a sub-
Doppler temperature, the bandwidth of the atomic filter based
on cold atoms can approach the natural linewidth, which is
much narrower than that based on vapor cells. Moreover, the
center frequency depends on the atomic transition line itself
rather than the pumping laser, since cold atoms are released
freely. For the self-stabilizing laser, the atomic filter based on
cold atoms should have ultranarrow bandwidth, stable center
frequency, and high transmission. In this Letter, we demonstrate
a Faraday atomic filter operating on the Rb D2 transition line
with a bandwidth of 7.1(8) MHz based on cold atoms, which
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An ultranarrow bandwidth Faraday atomic filter is realized based on cold 8”Rb atoms. The atomic filter operates at 780 nm
onthe 5%S, ,, F = 2t0 5?P3 ,, F' = 3 transition with a bandwidth of 7.1(8) MHz, which is approaching the natural linewidth
of the transition. The peak transmission achieves 2.6(3)% by the multi-pass probe method. This atomic filter based on cold
atoms may find potential applications in self-stabilizing lasers in the future.
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have been laser cooled to a temperature below the Doppler limit.
To achieve higher peak transmission, the multi-pass probe
method has been adopted, resulting in a transmission of up
to 2.6(3)%.

2. Theory

The Faraday rotation is a well-known type of magneto-optical
effect, i.e., the polarization of a linearly polarized probe light will
experience rotation when propagating in the atomic medium
along a bias magnetic field. The rotation angle can be simply
expressed as'*?!
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A

(1)

where 7, and n_ denote refractive indices of ¢, and 6_ com-
ponents of linearly polarized probe light, L is the length of the
atomic medium, and A is the probe light wavelength. The mag-
netic field induces Zeeman splitting of the atomic energy levels.
The rotation angle can be estimated at small magnetic field when
uB <« T ie,

0 ~ buB/T, 2)
where u is the Bohr magneton, B is the magnetic field, I is the
natural linewidth, and b is the optical thickness of the atomic

sample. Therefore, the Faraday rotation effect can be analyzed
based on the above expression.
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3. Experiment Setup and Results propagates through cold atoms. A liquid crystal rotator (LCR)
is adopted to compensate for polarization variations caused
by window plates of the vacuum system.

Cold atoms can be produced in the MOT composed of six
cooling and repumping beams and a gradient magnetic field.
After about a loading process of 1 s, about 2 X 10® atoms were
trapped with a temperature of about 200 pK. In Fig. 2(a), the
black circles illustrate the loading process by measurement of
fluorescence, which can be used to deduce the atomic number.
The red dots represent the transmitted signal of the probe light
when polarizations of two GTPs are set in parallel. From the
transmission after the absorption of trapped atoms, the optical
thickness b can be deduced by T = exp(—b) with a result of
b=10.9(1). Then, the MOT was switched off, and cold atoms
were released. A homogeneous magnetic field created by two
coils along the probe direction with a magnitude of about 3 G
was turned on after 5 ms. The probe laser pulse with a power
of 10 pW and a diameter of about 1 mm is switched on simul-

The experiment setup is shown in a schematic diagram in Fig. 1.
A standard magneto-optical trap (MOT) was utilized for cooling
87Rb atoms. The first 780 nm laser (Quantel Eylsa) is used for
MOT cooling, whose frequency is locked to the Rb D2 tran-
sition line by the saturation absorption spectroscopy (SAS) tech-
nique. The main output power (1 W) propagates through an
acousto-optical modulator (AOM) used for frequency and
intensity controlling and then transfers to the physical system
through coupler modules and fibers. The second 780 nm laser
(Toptica DL Pro) provides repumping light for the MOT, which
is also stabilized to SAS and controlled by the AOM. The
repumping light (20 mW) is combined with a cooling laser by
a polarization beam splitter (PBS) and eventually coupled into
the vacuum system. A separate 1560 nm laser (NKT Photonics
Koheras) with a linewidth of about 1 kHz is adopted to probe the
Faraday rotation effect of cold atoms. The output light is ampli-
fied to about 1 W and injected to a periodically poled lithium . ) g
niobate (PPLN) crystal to produce 780 nm light by second har- taneously, in which case two GTP polarizations are orthogonal.
monic generation (SHG) with a power of about 10 mW. A por- Figure 2(b) shows the transmitted signal of the probe light on the
tion of the SHG light with a power of about 3 mW is then blue dotted line, which represents the Faraday rotation of
directed to the modulation transfer spectroscopy (MTS) setup, T eleased cold atoms.

where the counter-propagating probe and pump beams interact The probe laser frequency was stabilized from the 5%S, 5, F =
with Rb atoms in a vapor cell. The MTS is applied to stabilize the ~ 2 to 5°Py,, F' =3 transition by MTS, as shown in the inset of
probe laser frequency without residual modulation. The other ~ Fig. 3, and can be varied from —10 MHz to 10 MHz relative to
portion is coupled to a fiber and transferred to an optical bread-  the resonant frequency by AOMs before interacting with atoms.
board near the vacuum system, where the probe light is con- ~ Figure 3 shows the rotation signal in black squares varying with
trolled by two AOMSs to produce frequency detunings. A  the frequency detuning of the probe laser. The error bars are
neutral density filter (NDF) is used to change the intensity of  given by 20 cycles of measurements. The maximum rotation
probe laser, and two polarization-orthogonal Glan-Taylor  angle reaches 26(3) mrad, corresponding to the peak transmis-
prisms (GTPs) with an extinction ratio 10°: 1 are utilized to per-  sion of 2.6(3)% thanks to the multi-pass probe method. The full
form the detection of Faraday rotation when the probe light = width at half-maximum (FWHM) of the atomic filter is
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Fig. 1. Schematic diagram of the experiment. PPLN, periodically poled lithium niobate crystal; HWP, half-wave plate; QWP, quarter-wave plate; PBS, polarization
beam splitter; PD, photodiode; Servo, servo electronics; EOM, electro-optical modulator; MTS, modulation transfer spectroscopy; SAS, saturation absorption spec-
troscopy; AOM, acousto-optical modulator; GTP, Glan-Taylor prism; LCR, liquid crystal rotator; NDF, neutral density filter.
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Fig. 2. (a) Fluorescence and absorption signals of trapped cold atoms when
GTP polarizations are parallel; (b) fluorescence and transmitted signal of the
probe laser due to the Faraday rotation effect of released cold atoms when
GTP polarizations are orthogonal. The horizontal axes represent the loading
times relative to the time when MQT is shut off.
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Fig. 3. Transmission spectrum of the Faraday atomic filter. The inset shows
the frequency reference for the probe laser.
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Fig. 4. Dependence of the transmitted signal of probe light and rotation angle
on probe laser power with the detuning of 2 MHz. Each data point is an aver-
age of 20 measurement results.

evaluated to be 7.1(8) MHz by Gaussian fitting on the red line in
Fig. 3. Since the probe laser has a much smaller linewidth, the
value represents the actual bandwidth of the atomic filter itself.
The center frequency of the filter is slightly blue detuned from
the resonant frequency since the probe light would exert a push
force to cold atoms and induce the Doppler shift.

The peak transmission of the atomic filter depends on several
factors, including atomic number, probe laser power, magnetic
field, and so on. To investigate the influence of probe laser power
on the peak transmission or the rotation angle, the power was
adjusted from 1 pW to 100 pW in the experiment. The transmit-
ted signal of the probe light approaches saturation when increas-
ing the probe laser power, as shown in Fig. 4(a). The rotation
angle, which corresponds to the ratio of the transmitted light
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Fig. 5. Rotation angle varies with the applied magnetic field with the probe
laser power set at 10 pW and a detuning of 2 MHz. Each data paint corre-
sponds to 20 times of measurements.
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and the input probe laser, reaches a maximum value due to the
saturation effect when the probe laser power is about 5 pW.
Therefore, the probe laser power should be set at the appropriate
value to obtain a larger rotation angle.

Figure 5 shows the relationship between the rotation angle
and the homogeneous magnetic field, which was varied from
0 to 3.5 G by the driving current in coils. The probe laser power
is 10 pW, and the frequency is blue detuned 2 MHz relative to
the 5°S; 5, F = 2 to 5°P; 5, F' = 3 transition. The result indicates
an approximate linear increase of the rotation angle at small
magnetic field values, which coincides with the expression given
above.

4. Conclusion

In conclusion, we have demonstrated a Faraday atomic filter
based on cold ¥ Rb atoms released from MOT. The filter is com-
posed of a cold atom sample, two polarization-orthogonal GTPs,
and a bias magnetic field. The transmission of the filter reaches a
maximum of 2.6(3)%, and the FWHM bandwidth is evaluated to
be 7.1(8) MHz, which is approaching the natural linewidth of the
5%S )5, F = 2t0 5°P; 5, F' = 3 transition of  Rb atoms. The rela-
tionships between the Faraday rotation angle and probe laser
power as well as magnetic field were studied in the experiment.
It should be noted that the atomic filter operates in the pulse
mode since cold atoms have to be prepared and released before
working as a filter. However, if cold atoms are prepared by opti-
cal molasses, the atomic filter can be realized in continuous
mode, which might be more convenient for applications of opti-
cal line filtering and self-stabilizing lasers.
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