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We report a novel nonresonant magneto-optical effect in cold atoms and present the optimized parameters of the
biased magnetic field, the incident probe light intensity, and the probe detuning to obtain the maximal signal of
the magneto-optical rotation. This detection scheme may further improve the stability of the cold atom clock.
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The development of atomic clocks has led to many
scientific and technological advances such as the Global
Positioning System (GPS)[1], the Internet (which depends
critically on frequency and time standards), high-
resolution spectroscopy[2], and so on. The most accurate
atomic clock uses cold atoms with a temperature close
to absolute zero as the medium. Generally, the clock sig-
nals are detected by using the absorption method which
produces additional background noise, thereby reducing
the signal contrast and signal-to-noise ratio (SNR)[3]. In
a rubidium atomic clock experimental setup[4], Faraday
rotation is used to detect the clock signal in a vapor cell
to improve its contrast[5,6]. As for cold atom clocks, several
methods for laser cooling of atoms have been reported. In-
tegrating sphere cooling has a simpler structure, occupies
a smaller volume, and does not require precise collimation
in the cooling light[7]. These advantages render integrating
sphere cooling an ideal cold atom source for a compact and
small cold atom clock. We have observed the Faraday
rotation signal in cold rubidium atoms in an integrating
sphere which addressed the previously mentioned problem
by removing the additional background noise[8].
In this Letter, we present a different detection method

with another probe light level, which brings out several
desirable experimental results for rotational signals. In
our previous scheme[8], cold rubidium atoms were first
obtained by a cooling laser (Toptica TA100) locked to
the transition of 5 2S1∕2;F ¼ 2 → 5 2P3∕2;F

0 ¼ 3 and a re-
pumping laser (Toptica DL100) locked to the transition of
5 2S1∕2;F ¼ 1 → 5 2P3∕2;F

0 ¼ 2. The probe laser (Toptica
TA100) transition is from 5 2S1∕2;F ¼ 2 to 5 2P3∕2;F

0 ¼ 3.
In this work, the probe laser transition is from 5 2S1∕2;
F ¼ 2 to 5 2P3∕2;F

0 ¼ 2 and novel nonresonant magneto-
optical effects in cold atoms in the integrating sphere are
observed.
Magneto-optical effects arise when light interacts with a

medium in the presence of a magnetic field B[9,10]. Before
and after the medium of cold atoms, two analyzers are
placed with crossed optical axes acting as a blocker to

the probe light background from the photodetector
(PD)[10,11]. The probe light’s polarization plane is rotated
as it propagates through the atomic medium placed in
the longitudinal magnetic field and then the forward scat-
tering (FS) light is detected without background noise,
which is a result of the birefringence caused by the oppo-
site displacement of the dispersion curves for the two cir-
cular polarizations (σ�)[9,12]. If the biased magnetic field is
zero, no signal can be detected. We assume ideal analyzers
in this content. The FS signals for weak-intensity light can
be written as[8]

IFS ¼ 1
4
I 0ðe−αþωl∕c − e−α−ωl∕cÞ2

þ I 0e−ðαþþα−Þωl∕c sin2
�ðnþ − n−Þωl

2c

�
; (1)

where I 0 is the probe light intensity, ω is the angular fre-
quency, l is the length of the cold atom group, and α�
and n� are the absorption and refractive indices (respec-
tively) for the σ� components of the probe light with
detuning. Since the rotation angle θ is very small, it
can be expressed as

θ ≈
IFS
I 0

: (2)

Equations (1) and (2) show that the signal detected by
the PD depends on the probe light detuning, the magnetic
fields, and the incident probe light intensity. There is a
paramagnetic effect in linear magneto-optics. The popula-
tions of the ground-state Zeeman sublevels that are split
by a magnetic field are generally different in accordance
with the Boltzmann distribution, which leads to a differ-
ence in the refractive indices for the corresponding
light polarization components. This effect can be en-
hanced in the cold atom vapor through a cooling and re-
pumping process by creating a nonequilibrium population
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distribution. The rotation angles’ relationships with the
previously mentioned parameters are studied in this work.
The experimental setup is shown in Fig. 1(a). Similarly

to our previous physical system, the integrating sphere
and the solenoid are placed inside the cylindrical mu-metal
magnetic shield to isolate them from external magnetic
fields. The solenoid wrapping around the sphere produces
the longitudinal magnetic field that provides a quantiza-
tion axis and lifts the Zeeman sublevel degeneracy. The
two analyzers are placed before and after the physical sys-
tem with crossed optical axes acting as a blocker to the
probe light background from the PD. The timing sequence
of this work is shown in Fig. 1(b). As for the probe light
transition of 5 2S1∕2;F ¼ 2 to 5 2P3∕2;F

0 ¼ 2, it is not a
closed transition, because the excited state 52P3∕2;F

0 ¼2
would spontaneously decay to the levels 5 2S1∕2;F ¼ 2
and F ¼ 1, so the repumping light should remain on for
a period of time after the cooling light is off (as well as
in the initial time period of the probe light being switched
on) to keep the atoms in the state of 5 2S1∕2;F ¼ 2 or there
will be no signal. In the experiment, the cooling time tc and
the repumping time tr are 177.5 and 179 ms, respectively.
The probe time tp is 7.5 ms which is switched on immedi-
ately after the cooling light being off.
The power of the two cooling lights which travel along

the opposite directions is 130 mW, and the power of the
repumping light is 5.5 mW. We can explore the rotation
angle versus the magnetic field according to Eqs. (1) and
(2). The probe light’s detuning is set as a red detuning
−3.9 MHz and its diameter is 4 mm for detection. The
magnetic field is from 0 to 34.2 mG. Since the rotation an-
gle depends on the transmitted probe light intensity
(which is obtained through the probe light power divided
by the cross sectional area), the time-dependent signals
(Fig. 2) show that the magnetic field is 20.6 and 0 mG

(solid and dashed lines, respectively). The transmitted
signal is calculated through the maximum minus the
minimum value. It shows that there is repumping light
leakage under the zero magnetic field condition in
which the pure transmitted intensity should be zero.
Then each pure transmitted signal is obtained by sub-
tracting the corresponding zero magnetic field transmitted
signal.

The transmitted rotation angles of the linear probe light
versus the magnetic fields at different intensities of the
probe light are shown in Fig. 3 (where the uncertainty
of the data points is 5%). It is clearly seen that when
the magnetic field is zero there is no transmitted signal,
and the rotation angles decrease as the incident probe

Fig. 1. (a) Experimental setup for magneto-optical detection; (b) timing sequence of the experiment. Cooling time tc and the repump-
ing time tr are 177.5 and 179 ms, respectively. Probe time tp is 7.5 ms which is switched on immediately after the cooling light is
turned off.

Fig. 2. Transmitted probe light intensity when the biased mag-
netic field is 20.6 and 0 mG (solid and dashed lines, respectively).
There is repumping light leakage at B ¼ 0; pure transmitted
probe light intensity is obtained by subtracting such repumping
light leakage.
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light intensities increase. Furthermore, when the probe
light intensity is 0.43 mW∕cm2, the profile is nonlinear
and the largest rotation angle of 0.046 mrad is at about
20.6 mG. When the probe light intensity is greater than
1.39 mW∕cm2, the profile is nearly linear. Equations (1)
and (2) show that θ is linear in accordance with B at small
values of the field, peaks at a value, and falls off in the limit
of large fields. Figure 3 demonstrates such a phenomenon;
with the increase of the incident probe light intensity, a
larger field is needed to reach the peak. As for larger probe
light intensities of 2.19 and 2.46 mW∕cm2, the trend is
nearly linear from 3.5 to 27.5 mG. For a small probe light
intensity, hardly any linear region is seen but the rotation
angle is larger than that of the high intensities, so the
parameters such as the magnetic field and the probe light
intensity need to be optimized to obtain higher rotation
angles that correspond to the magneto-optical effect.
The magnetic field was set as 20.6 mG to investigate the

rotation angle versus the probe light intensity (Fig. 4),
where the uncertainty of the data points is 5%. Figure 4
shows the rotation angle versus the probe light power at
detunings of 0, −3.9, and −6.3 MHz. It can be seen that
the profiles are similar for different probe detunings. The
maximum is at about 0.31 mW∕cm2 and then decreases
slowly.
We then set the magnetic field at 20.6 mG and the in-

cident power at 0.31 mW∕cm2. Figure 5 demonstrates the
rotation angle versus the probe laser detuning where the
uncertainty of the data points is 5%; the profile presents a
broad asymmetric peak shape and the maximum value of
0.087 mrad is at a red detuning −3.9 MHz.
In conclusion, we present nonresonant magneto-

optical effects in cold rubidium atoms in an integrating
sphere. The rotation angle of the linear polarized probe
light at different magnetic fields, the incident probe

power, and the probe detuning are demonstrated. It is
found that the rotation angle profiles versus incident
probe power are similar for different probe detunings,
and the value is nearly fixed from a red detuning
5 MHz to the resonant frequency. The probe scheme of
5 2S1∕2;F ¼ 2 to 5 2P3∕2;F

0 ¼ 2 is insensitive to the power
and frequency of the probe light for cold atom clock signal
detection. This detection scheme may further improve the
stability of the cold atom clock.
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Science Foundation of China (No. 11034008) and the
National High-Tech Research and Development Program
of China (No. 2012AA120702).

Fig. 3. Rotation angle versus the biased magnetic fields at differ-
ent incident probe powers where the uncertainty of the data
points is 5%. Probe light transition is from 5 2S1∕2;F ¼ 2 to
5 2P3∕2;F

0 ¼ 2. Magnetic field is from 0 to 34.2 mG. Incident
probe intensities are 0.43, 1.39, 2.19, and 2.46 mW∕cm2. Largest
rotation angle is 0.046 mrad when the magnetic field is 20.6 mG
and the probe light intensity is 0.43 mW∕cm2.

Fig. 4. Rotation angle versus the probe light intensity where the
uncertainty of the data points is 5% at different detunings 0,
−3.9, and,−6.3 MHz, respectively. Probe light transition is from
5 2S1∕2;F ¼ 2 to 5 2P3∕2;F

0 ¼ 2, and the magnetic field is set as
20.6 mG. Profiles are similar as for different probe detunings;
there is a peak at about 0.31 mW∕cm2 and then decreases slowly.

Fig. 5. Rotation angle versus probe light detuning where the un-
certainty of the data points is 5%. Probe light transition is from
5 2S1∕2;F ¼ 2 to 5 2P3∕2;F

0 ¼ 2. Magnetic field is 20.6 mG and
the incident power is 0.31 mW∕cm2. Maximum rotation angle of
0.087 mrad is at red detuning −3.9 MHz.
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