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We demonstrate a narrowband optical filter which operates on the 5%, )y O 5P, , transition at 780 nm in
rubidium vapor based on optical-pumping-induced dichroism combined with Faraday anomalous dispersion
effects. Its peak transmission is 18.4(2)% at the 5281/2, F=2to 52P3/2, F’ =1, 3 crossover transition, whereas
at the 5°S ,, F'= 2 to 52P3/2, F’ = 2, 3 crossover transition the transmission is 18.6(2)%. Both transitions
have a bandwidth (full-width at half-maximum of peak transmission) as narrow as 24.5(8) MHz, which
is remarkably improved compared with the narrowest bandwidth as we know. This technique can also be
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applied to other alkali atoms.
OCIS codes: 120.2440, 230.2240, 300.6460.
doi: 10.3788/COL201412.101204.

Faraday anomalous dispersion optical filter (FADOF)
has many advantages: high transmission, ultranarrow
bandwidth!, and high noise rejection’?. Hence, FADOF
is used in many fields where signal-to-noise ratio (SNR)
is critical, such as free-space optical communication®,
lidar* 7, and the generation of narrowband quantum
light®. And optical filter can be used for optical frequen-
cy stabilization when adopted as a frequency selection
component in laser system? . So far, FADOF has been
widely studied both theoretically and experimentally
with several elements, including rubidium (Rb)!2U) po-
tassium®?, cesium?!, sodium*?7, and calcium®.

However, the bandwidth of FADOF is generally
limited at gigahertz level due to Doppler broadening.
Thus, an excited state atomic filter based on circular
dichroism is realized®’. Pumping laser is used to in-
duce circular dichroism rather than magnetic field. In
recent years, based on various novel methods, the band-
width of the optical filter reduces to 80PV, 614 and
60 MHz™ in Rb vapor.

For laser frequency stabilization, narrower bandwidth
and higher transmission provide a better locking signal
and therefore the laser can be stabilized to a higher
precision. In this letter, with the help of Faraday anom-
alous dispersion effects, we present a nonlinear optical
filter with narrower bandwidth than that previously re-
ported. The mechanisms we used are the Faraday ef-
fect, saturated absorption, and circular dichroism/#%.
Polarization directions of those transitions selected by
saturation effects rotate and pass through the orthogo-
nal polarizers, not being absorbed totally. Eventually,
we realize a filter with bandwidth of 24.5(8) MHz.

Figure 1 shows the ¥Rb D, transition hyperfine struc-
ture. The 780 nm laser can be tuned to cover all of the
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55, ), 0 5P, ,, transitions of Rb. The natural linewidth
of 5°P, , state is 6 MHzP3,

The experimental setup is shown in Fig. 2. We
use an optical isolator (ISO) to suppress the opti-
cal feedback. Laser beam from external cavity di-
ode laser (ECDL) is divided into two parts by a
beam splitter (BS) evenly: one part is used for satu-
rated absorption spectra (SAS) as a standard refer-
ence where the Rb cell is pure Rb (with 27.2% *Rb
and 72.8% *Rb) and the other part passes through
a half-wave plate (HWP) to change the polarization
direction. Polarization BS (PBS) divides laser into
two, a strong one as pump beam and a weak one as
probe beam. Neutral density filter (NDF) is used to
change the intensity of pump laser. Quarter-wave plate
(QWP) turns linear polarization into circular polariza-
tion. M, M,, M31 and M, are high reflection mirrors
for 780 nm. G, and G, are polarization-orthogonal
Glan—Taylor prisms with an extinction ratio 10°%:1.
The pure *Rb cell is 5 ¢m long. It is controlled by a
heating circuit and the temperature can be adjusted
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Fig. 1. ¥Rb D, transition hyperfine structure.
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Fig. 2. Experimental setup.

up to 150 °C. A magnetic field along the axis of the
Rb vapor is applied by two permanent magnets (H).
The magnetic field can be adjusted by changing
the distance between the two permanent magnets.
Photodiode (PD) collects light when it travels through
the nonlinear optical filter.

The transmitted spectra of Rb 5°S, , to 5°P, , transi-
tion are illustrated in Fig. 3. The saturated absorbed
spectra (upper curve) are reference signals which con-
tain Rb and ®Rb. The transmitted spectra without
pump are indicated by red dashed lines. The probe
laser frequency can be swept over 10 GHz which
can demonstrate the transmitted spectra of Rb D,

transition of both *Rb and ®Rb. Figures 3(a) and (b)
(partial enlarged) show transmitted spectra when the
magnetic field is adjusted to 11 G and the tempera-
ture of vapor cell is controlled to 58 °C with the pump
laser intensity of 0.68 mW/cm?® corresponding to the
Rabi frequency of 2w x 2.74 MHz. The center frequen-
cies of the nonlinear optical filter pass bands coincide
with Rb 5281/2 to 5°P,, SAS shown as the upper curve
in Fig. 3. The transmission of 5281/2, F=2to 52P3 »
F’ = 1, 3 crossover transition is 5.2(1)%, and the
5281/2, F=2to 52P3 ,» ' = 2, 3 crossover transition is
6.7(1)%. It should be noted that the transmitted spec-
tra demonstrates pass bands corresponding to the ®Rb
SAS. However, residual ®Rb atoms in the pure *Rb
would also induce pass bands when heated to a high
temperature, which is disadvantageous for laser fre-
quency stabilization on the *Rb transition line.

In Figs. 3(c) and (d) (partial enlarged), the tem-
perature of the wvapor cell is increased to 85 °C
while other parameters keep the same values. From
Figs. 3(c) and (d), we observe that the transmission of
58, , F=2to 5‘P3/27 F’ = 1, 3 crossover transition
achieves 18.4(2)%, and the transmission of 5°S, ,, F' = 2
to 5°P; ,, F” = 2, 3 crossover transition gets to 18.6(2)%.
Meanwhlle we deduce the full-width at half-maximum
(FWHM) bandwidth of both 5%S 2, F=2to5P, , F'=1,3
crossover transition and 5%S = 2 to 5°P, F "=2,3
crossover transition pass bands to be 24.5 MHz by the
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Fig. 3. Transmitted spectra of 5°S

F’" =1, 2, 3 and 5°S

transition (solid blue line).
red line). The upper dotted curves are reference saturated absorbed spectra collected by PD,:
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2 F=1to 52P F’ =0, 1, 2 transitions at 11 G and 58 °C with pump intensity 0.68 rnW/crn

(b) 58, ,, F'= 2 to 52P3/2, F'=1,2,3 transmons at 11 G and 58 °C with pump intensity 0.68 mW/cm?* (c) 575, ,, F' = 2 to
5P, ., F'=1,2,3 and 5 Sl/z, =1to 5 Py F’” =0, 1, 2 transitions at 11 G and 85 °C with pump intensity 0. 68 rnW/cm
(d) 5 Sl/z, =2to 52P3/2y F’ =1, 2, 3 transitions at 11 G and 85 °C with pump intensity 0.68 mW /cm?.
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frequency reference signal of SAS. The background signal
without pump shown in Fig. 3 is caused by the Fara-
day anomalous dispersion effects of the bias magnetic
field and will disappear if two permanent magnets are
removed. Nevertheless, it will not affect the frequency
stability when applied to laser frequency stabilization.
We also investigate the dependence of the nonlin-
ear optical filter transmission on the parameters of
temperature, pump intensity, and magnetic field for
the Rb vapor cell in Fig. 4. The solid lines represent
the transmission of 5281/27 F=2to 52P3/27 F"=1,3
pass band and dashed lines represent that of 5°S P
F=2to 52P3/27 F’” = 2, 3 pass band. As shown in
Fig. 4(a), when the pump intensity is 0.68 mW /cm? and
the magnetic field is 11 G, the transmission increases
with the temperature of the Rb vapor cell. However,
the transitions reach the maximum at 85 °C, and begin
to decrease when the temperature is increased further.
It means that the increasing absorption of the pump
beam in the cell starts to reduce the dichroism for
the probe beam when the temperature exceeds 85 °C.
Figure 4(b) shows the variations of the transmissions
while changing the pump intensity and the tempera-
ture is kept at 85 °C and magnetic field at 11 G. It is
obvious that the transmissions increase with the pump
laser intensity and get to saturation gradually. Limited
to our laser output power, the pump intensity is main-
tained at 0.68 mW /cm?. Figure 4(d) shows the depen-
dence of the FWHM bandwidth on the pump intensity.
The bandwidth of the Faraday optical filter broadens

(8)

—m— F2>F=13
F=2->F=23

Transmission (%)

—~
o
~—

Transmission (%)

—m— F=2->F=13
@ F=2>F=23

Magnetic field (G)

F = 2 to 5P,

Fig. 4. Dependence of transmission of 5°S A

1/27

27

when increasing the pump intensity. Therefore, there
is a trade-off between the transmission and the band-
width of the Faraday optical filter.

Figure 4(c) shows that the bias magnetic field ap-
plied in the experiment affects the transmissions sig-
nificantly. The temperature is still set to 85 °C and
pump intensity is at 0.68 mW/cm? When changing the
magnetic field intensity, the transmissions begin to in-
crease at first, maintain large values subsequently, and
decrease rapidly at last. The maximum transmissions of
5281/27 F=2to 52P3/27 F’ =1, 3 transition and 5281/2?
F =2 to 5P, ,, F’ = 2, 3 transition are 19.7% and
15.1%, respectively, when the magnetic field is set to 5 G.
Actually, the transmission of the nonlinear Faraday
optical filter is proportional to Av,/[(Av,)* + (I'/2)%],
where Av, is the Zeeman splitting and I' is the frequen-
cy linewidth of pumped atoms. Therefore, the trans-
mission keeps increasing with the bias magnetic field
when Av, is smaller than I'/2. It reaches the maximum
when Av, equals I'/2. The transmission drops out when
Av, further exceeds I'/2 shown in Fig. 4(c). Besides,
the irregular fluctuations of the transmissions may be
caused by the inhomogeneity of the bias magnetic field
which could be improved if the permanent magnets are
replaced by coils. To sum up, the transmissions of the
nonlinear optical filter can be improved with the help
of a bias magnetic field and will be beneficial for laser
frequency stabilization.

In conclusion, we demonstrate an ultranarrow band-
width optical filter at 780 nm Rb transition. The filter
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achieves a peak transmission of 18.4(2)% at 5°S
F=2to 52P3/27

18.6(2)% at 5°S,,, F' = 2 to 5P, ,, F' = 2, 3 cross-
over transition at 11 G and 58 °C with pump inten-
sity 0.68 mW /cm?® Both the transitions have the same
narrow bandwidth of 24.5(8) MHz. It should be noted
that, once the pumping laser is locked to a fixed fre-
quency, there is only one single transmission peak and
the transition bandwidth is exactly the FWHM of peak
transition. We realize an external cavity laser using a
conventional FADOF with gigahertz bandwidth, which
is immune to current and temperature fluctuations.
Based on this work, we can realize an external cavity
laser operating within the frequency range of 20 MHz,
also immune to current and temperature fluctuations.
Additionally, the filter can be applied to laser frequency
stabilization.

12
F’” = 1, 3 crossover transition and of
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