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Analysis of atom detection via the magnetic optical effect∗
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We demonstrated a new method of atom detection by means of the magnetic optical effect. The number density of the
atom cloud was measured by detecting the rotation angle of the polarization plane of linearly polarized probe light when
propagating inside the atomic cloud. Detuning, the magnetic field and light intensity dependencies of the rotation angle
were studied theoretically and experimentally to find the best parameter for atom detection. In this way, we managed to
achieve a rotation angle of 0.22 rad with a signal to noise ratio (SNR) of 75 and a contrast of 87.5%.
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1. Introduction
Atom detection is an important task in cold atom exper-

iments. Two of the most popular ways to detect atoms are
the absorption and fluorescence methods. They are based on
stimulated absorption and spontaneous emission, respectively.
However, atoms not only change the intensity of light, but also
its phase. Hence, we can detect atoms via the phase shift of
probe light. Earlier work such as dispersive imaging done by
Andrews et al.[1] was an excellent demonstration of atom de-
tection by phase shift measurement. They used an off-resonant
light to illuminate an optically dense atom cloud. The atom
cloud, which performs as a lens, can deflect light as a result of
refraction. With the unscattered light blocked by a thin wire,
atom distribution can be revealed by angular distribution of
scattered light. The large detuning ensures a low probability
for absorption, so the detection is almost nondestructive to in-
ternal states. However, the signal is very low (5×106 photons
scattered by 5×106 atoms were detected). Here, we present a
simple method that can detect atoms with high contrast by the
direct measurement of phase shift of probe light.

It is well known that linearly polarized light can be de-
composed into two components with opposing circular polar-
izations. The change in the difference between their phases re-
sults in the rotation of the polarization plane. The best known
phenomenon associated with optical rotation is the Faraday ef-
fect where the rotational angle is proportional to the magnetic
field. In quantum optics, the phase shift of light can be en-
hanced via atom–photon interaction, known as the magneto–
optical effect.[2] With the help of the magneto–optical ef-
fect, both the linear and nonlinear Faraday effect have been
observed in hot vapors and cold atoms.[3–5] Previous work
showed that angles greater than π/2 can be realized in an op-

tically dense system, and the rotation can be easily switched
on or off by turning an external magnetic field on or off. The
large rotation angle showed its potential application in a pre-
cision magnetometer[6] and vacuum squeezing.[7] Aside from
the magnetic field, the rotation angle is proportional to the area
number density of the atomic medium, as in the absorption
imaging method. In our experiment, we directly measured the
rotation angle by detecting its polarization direction. Then, the
area number density can be deduced from the detected signal.

In Section 2, we theoretically calculate the magnetic field
and light intensity dependences of the coefficient of the rota-
tion angle. In Section 3, our experimental setup and procedure
are described. The results are presented and compared with
those of numerical calculations in Section 4.

2. Theoretical analysis
The theory of our method can be briefly expressed as fol-

lows. When linearly polarized (along the x axis) light propa-
gates along the direction of a magnetic field, it can be charac-
terized by a composition of σ+ and σ− light,
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where k0 and ω are the wave number and frequency of the
probe light, respectively. When the light propagates inside an
atomic medium, the amplitude and phase of the two compo-
nents will both be changed differently. Then, the output light
will be
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where OD+ and OD− are optical thickness of the atomic
medium for σ+ and σ−, ϕ+ and ϕ− are the phase shifts of
σ+ and σ−, respectively. It can be seen that 𝐸 is ellip-
tically polarized with a major axis of A0[exp(−OD+/2) +
exp(−OD−/2)]/2 and a minor axis of A0[exp(−OD+/2)−
exp(−OD−/2)]/2, and the major axis is tilted by an angle of
θ = (ϕ+−ϕ−)/2 relative to the x axis.

In our experiment, an atom cloud of 87Rb cooled by
mirror-MOT was detected. The frequency of the probe light
was set to be resonant with the F = 2→ F = 3 transition (see
Fig. 1(a)). Thus, the internal state Zeeman structure is anti-
symmetric for σ+ and σ− transitions, OD+ = OD− = OD,
and ϕ+ = −ϕ− = ϕ . Consequently, equation (2) can be sim-
plified as

𝐸 = A0 exp
(
−OD

2

)
cos(ωt + k0r)

[
cosϕ

i sinϕ

]
, (3)

which means the output of the probe light is still linearly po-
larized. The parameters OD and ϕ are proportional to the real
and imaginary parts of susceptibility, respectively. In the sta-
tionary regime, they can be written as

OD =
2k0nl
ε0h̄ ∑

e,g

d2
egIm(ρeg)
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, (4a)

and
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where deg and Ωeg denote, respectively, the dipole matrix el-
ement and the Rabi frequency for the e→ g transition, which
follow standard selection rules for σ+ transition, ρeg is the re-
lated density matrix element, n is the number density of the
atom cloud, and l is the length of the atom cloud.

F ′=3

′mF =-3 -2 -1 0 1 2 3

F/

mF/↩ -1 0 1 2

polarizer

(a)

(b)

analyzer

B

PD

Fig. 1. (a) Energy level structure of Zeeman sublevel of F = 2
and F = 3 coupled by a linearly polarized light resonant with the
F = 2→ F = 3 transition. (b) Experiment setup, where PD de-
notes the photodiode. The polarization planes of the polarizer and
analyzer are perpendicular to each other.

To calculate ρeg, we solve the optical Bloch equation of
density matrix operator described as follows:

dρ

dt
=

1
ih̄

[Hatom +Hσ+ +Hσ− ,ρ]−∑
i, j

Γi jρi j |i〉〈 j| , (5)

where Hatom is the atom Hamiltonian, Hσ+ and Hσ− are the
Hamiltonians of σ+ and σ− component of the probe field in
the rotating-wave approximation, respectively. The last term
in Eq. (5) describes the relaxation of ρ , where the expression
of Γi j is very complicated. It can be briefly stated as: Γi j =−Γ

if both the i-th and j-th states are excited states; Γi j = −Γ /2
if one and only one state is the excited state; Γi j = −γi j if
i 6= j and they are ground states; Γi j = ∑

e
f 2
eiΓ − γi j if i = j

and they are ground states. Here, Γ is the spontaneous decay
rate of excited states; γ is the relaxation rate of coherence be-
tween ground states, which is negligible for cold atoms; fei is
the Clebsch–Gordan coefficient of the electric dipole transition
e→ g. After the steady-state solution of Eq. (5) was acquired
numerically, the values of OD and ϕ were calculated, as shown
in Fig. 2.
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Fig. 2. Contour plot of (a) OD and (b) ϕ as a function of probe
light intensity and magnetic field. The white areas correspond to
low absorption and a small rotation angle, the dark areas to large
absorption and a big rotation angle. The Isat denotes the saturation
intensity.

It can be seen that OD rises when the probe light inten-
sity and magnetic field decrease (see Fig. 2(a)), which is easy
to understand: a weaker probe light with lower detuning un-
dergoes greater absorption. Decreasing probe light intensity
can also increase the rotation angle (see Fig. 2(b)). However,
the maximum of ϕ appears when B is 2.4 Gs. This value is pri-
marily determined by Γ . Take a two-level system for example,
when the Rabi frequency of a probe field is low, the real part
of susceptibility can be written as

Im(χ) =
nd2

eg

ε0h̄
4δΓ−2

1+4δ 2Γ−2 , (6)

where δ is the detuning of the probe field. It can be seen that
Im(χ) reaches its maximum when δ = Γ /2. In this experi-
ment, with the frequency of the probe light fixed, δ was deter-
mined by a Zeeman shift. Therefore, a proper magnetic field
was required to acquire a high rotation angle.

For most cases, the solution of the optical Bloch equation
is considered precisely and reliably. However, it is not easy to
acquire an analytical solution when multiple states are taken
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into consideration, because optical pumping and coherence be-
tween Zeeman states make things complicated. The former
can redistribute the population of ground states. The latter re-
sults in electromagnetically induced transparency (EIT)[8] and
electromagnetically induced absorption (EIA). As a result, a
simple analytical solution of Eq. (5) is not available, which
makes it inconvenient to deduce information about atoms from
the signal. To overcome this difficulty, we neglect optical
pumping and coherence between Zeeman states in the situa-
tion of low light intensity. If we make a further assumption
that the distribution of population among the ground state sub-
levels is uniform, then the simplified expression can be written
as

ϕ =
2knl
5ε0h̄

2

∑
g=−2

d2
eg

δeg

Γ 2 +4δ 2
eg
, (7)

where δeg = (mege−mggg)µB is the Zeeman-shifted detuning
of each transition, me and mg is the magnetic number of the
excited state and the ground state, respectively; ge and gg are
Landé factors of them. As depicted in Fig. 3, the result from
Eq. (7) coincides well with the numerical solution when light
intensity is low. The difference between them is lower than
13%, which means that the simplified expression is available
in atom detection.
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Fig. 3. Solid line: comparison of ϕ given by the numerical solu-
tion of the optical Bloch equation when the light intensity is 0.01
saturation intensity. Dashed line: simplified expression discussed
in the text.

3. Experiment
The setup of our experiment is shown in Fig. 1(b), which

was described in detail elsewhere.[9] The atom cloud was pre-
viously cooled by mirror-MOT. The mirror-MOT was turned
on after 5 s, typically more than 2×107 atoms with a tempera-
ture of about 200 µK and a Gaussian diameter of about 2.2 mm
were captured. The probe beam was focused with a Gaussian
diameter of about 2 mm. We tuned the position and direction
of the probe beam finely until the best absorption spectrum
of the atom cloud was acquired, which means that the probe
beam and the atom cloud coincided well.

Before the atom cloud was detected, the mirror-MOT
was turned off and the internal states of atoms were almost

equally distributed among Zeeman sublevel states of the hy-
perfine ground state |52S1/2,F = 2〉. The anti-Helmholtz coils
of the mirror-MOT have a large inductance. It lasted 2 ms un-
til the coils were completely turned off. Too long a shut-down
time caused a loss of atoms. We managed to shorten the shut-
down time to less than 1 ms. However, an eddy current of the
environment resulted in a high residual magnetic field that in-
terfered with the orientation of the quantized axis. Thus, 2 ms
was a compromised choice. In the meantime, a bias magnetic
field in the direction of the probe light was applied to generate
Zeeman shifts.

The probe light was turned on when the current of the
anti-Helmholtz coils was completely shut down. To keep
background noise at a low level, we used two Glan–Taylor
prisms as the polarizer and analyzer. The two prisms were
finely adjusted to acquire an extinction ratio higher than 105.
Transmitted light was received by a photodiode. A Keithley
current amplifier was used to convert the photocurrent to a
voltage signal which was recorded by an oscilloscope.

The signal was mainly contributed by the component of
𝐸 along the y axis. For a small OD and ϕ , light intensity de-
tected by a photodiode can be written as

I =
1
2

A2
0ϕ

2. (8)

As a result, the signal to noise ratio (SNR) equals 105ϕ2, and
the contrast is (ϕ2−10−5)/(ϕ2 +10−5). However, a noise of
5 mV was introduced by the current amplifier when the gain
factor was 106 V/A, which limited the SNR of the whole detec-
tion system. We think a charge coupled device (CCD) camera
with a low dark count and high sensitivity would be a good
substitution for the photodiode.

4. Results and discussion
The time dependence of the rotational angle is shown in

Fig. 4(a), when the intensity of the probe light is 5.3 times
the saturation intensity. The signal decays as atoms are con-
stantly heated by the probe light, resulting in their escape from
the probe field. During this time, the center of gravity of the
atom cloud descends 25 µm. Compared with the dimension of
the probing field, its effect on the outcome of detection can be
neglected. When the magnetic field is weak, we can see an ob-
vious oscillation of the signal (solid line). This is mainly due
to the oscillation of the probe field frequency. When the probe
laser is locked, a modulation of the current of the laser diode is
needed to acquire a lock-in signal, which results in an oscilla-
tion of laser frequency. Comparing the signal derived from the
numerical calculation, we managed to determine that the peak-
to-peak value of frequency oscillation is about 3.3 MHz. A
critical problem caused by this oscillation is an uncertainty as
to whether the peak or valley value corresponds to the resonant
frequency. To answer this, we calculated the rotation angle as a
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function of both detuning and the magnetic field. The numeri-
cal solution (see Fig. 4(b)) shows that when the magnetic value
is higher than 6.5 Gs, the peak value corresponds to the reso-
nant frequency, and vice versa. To suppress the oscillation, we
increased the magnetic field because the oscillation of the laser
frequency can be neglected when Zeeman splitting was large.
The oscillation could hardly be seen when the magnetic field
was higher than 20 Gs (dashed line in Fig. 4(a)).
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Fig. 4. (a) Rotation angle versus time, when the magnetic field was
1 (solid line) and 30 Gs (dashed line). The intensity of the probe
light was 5.3 times saturation intensity. (b) the calculated rotation
angle versus detuning, when the magnetic field is 5 (solid line) and
7 Gs (dashed line).

Except for the magnetic field, another parameter that
needs to be configured is the probe field intensity. We de-
creased it from 5.3 times saturation intensity to almost zero,
and found that the rotation angle increases as predicted by our
theoretical analysis (see Fig. 5). The maximum rotation angle
is 0.22 rad, when the magnetic field is 10 Gs. Therefore, the
number density of the atom cloud integrated along the probe
light direction is about 1.3×107 mm2.

If the only source of noise is the finite extinction ratio, the
probe field intensity should be as low as possible. However,
noise brought by the signal amplifier could be comparable to
the signal, if it is too low. An optimized result was acquired

by keeping the probe field intensity higher than the saturation
intensity. Additionally, the maximum SNR and contrast was
75 and 87.5%, respectively.
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Fig. 5. Rotation angle as a function of probe light intensity with a
magnetic field of 10 Gs.

5. Conclusion
In this paper, we report the detection of atoms by means

of a magnetic optical effect. Two different models have been
used to theoretically study this method. In experiments, we
used a mirror-MOT to collect and trap cold atoms. The di-
rection in which the polarization plane of the probe light is
rotated by the atom cloud was detected using polarizing tech-
nology. With the help of the high extinction ratio of Glan–
Taylor prisms, we managed to keep the background noise at
a low level, which makes the SNR and contrast of the detec-
tion signal high. This method of detection has been applied
for precision measurement such as an atomic clock,[10] where
the SNR is an important factor of Allan deviation.
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