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Coherent population trapping magnetometer by differential
detecting magneto—optic rotation effect”
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A pocket coherent population trapping (CPT) atomic magnetometer scheme that uses a vertical cavity surface emitting
laser as a light source is proposed and experimentally investigated. Using the differential detecting magneto—optic rotation
effect, a CPT spectrum with the background canceled and a high signal-to-noise ratio is obtained. The experimental results
reveal that the sensitivity of the proposed scheme can be improved by half an order, and the ability to detect weak magnetic
fields is extended one-fold. Therefore, the proposed scheme is suited to realize a pocket-size CPT magnetometer.
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1. Introduction

Magnetometers play an important role in detecting the
Earth’s magnetic field, space physics, and biomedical and
other fields.!'™* With the development of laser spectroscopy
and quantum optics, highly sensitive magnetometers based
on light-atom interactions have been extensively studied.>~7!
Magnetometers with coherent population trapping (CPT) use

8111 and because of their small size, low

an all-optical system,
power consumption, and low cost, they are competitive.

Small size CPT magnetometers generally use circularly
polarized light that is converted from linearly polarized light
emitted by a vertical cavity surface emitting laser (VCSEL).
A direct current modulated at a microwave frequency of 3.417
GHz drives the VCSEL to emit a multi-chromatic light beam,
and then the multi-chromatic light beam propagates into the al-
kali atom cell. The £1 sidebands of the multi-chromatic light
interact with the alkali atoms, leading to CPT. The magnitude
of magnetic flux density B can be determined by detecting the
transmission light and analyzing the CPT signal (defined as
the prevalent scheme). The achieved miniature CPT magne-
tometer is exactly based on the prevalent scheme.!®! However,
the CPT signal quality of the prevalent scheme is not optimal,
so its sensitivity is reduced.

The main factors affecting the quality of the CPT sig-
nal include the following: 1) only the £1 sidebands of the
multi-chromatic light carry the CPT information, and other un-
wanted sidebands only contribute amplitude noise (AM noise),
which means that the background is much larger than the
CPT signal;[!?! 2) the laser outputted by a VCSEL has a wide
spectral bandwidth of approximately 100 MHz, and the fre-
quency noise from frequency jitter is converted into amplitude
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noise (FM—AM noise). Therefore, the CPT signal has strong
FM-AM noise;!'3 and 3) circularly polarized light pumps the
atoms to the spin-polarized dark state, so the number of inter-
acting atoms will be reduced.!'#!

Linearly polarized light can overcome the problem of the
spin-polarized dark state and produce a better-quality CPT
signal.l'>] Employing a better laser source can also improve
the quality of the CPT signal. Feng’s group used narrow band-
width linearly polarized light!'¢! and Lin’s group also obtained
narrow bandwidth linearly polarized dichromatic light using
an optical phase-lock loop.!!”! They both have observed high-
quality CPT signals. However, these two laser sources have
a large size and are expensive, making it difficult to realize
practical magnetometers.

The magneto—optic rotation effect in CPT has been stud-
ied in Ref. [18], and we have studied a differential magneto—
optic rotation (DMOR) atomic clock scheme that uses lin-
early polarized multi-chromatic light to interact with 87Rb
atoms.!!) Based on this scheme, we also experimentally study
the DMOR CPT magnetometer scheme. The research results
are given below.

In our experiment, 3'Rb is employed as the interact-
ing atom. The linear polarized dichromatic light propagat-
ing along the direction of the magnetic field B can be divided
into left and right circularly polarized components, which in-
teract with 3’Rb as shown in Fig. 1(a). Under a weak B, the
ground state hyperfine energy sublevels linearly shift with B
field and hyperfine level splits are expressed by Breit—Rabi
formula Ay, m, = h o+ (my + my)yB, where m; and my
are respectively the azimuthal quantum numbers for the Fy = 1
and Fy = 2 states, @y, m, is the microwave angular frequency
between two involved sublevels, and 7y is the gyromagnetic
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ratio of the atom. When dichromatic light, with optical an-
gular frequency ®;, and @,, is Raman resonant with atoms
through a A configuration, that is 2@ — h@y = AWy, m, ~
fia o + (my + my)yB, the CPT spectral line can be observed
and thus the B field intensity can be decided.
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Fig. 1. (a) Transition scheme for the linearly polarized dichromatic light
interacting with 87Rb atoms. Panels (b), (c), and (d) respectively rep-
resent the Raman resonance of the A configurations with two hyperfine
ground states satisfying mj +my = —2, my +mp =0, and m; +mp =2.

From Fig. 1(a), it is seen that the dichromatic field can
generate several A configuration CPT resonances. When the
dichromatic field is Raman resonant with two mj > = —1 sub-
states, as shown in Fig. 1(b), it is resonant with m; = 0 and
my = —2 sub-states as well. Therefore, two A configuration
CPT resonances with m; +my = —2 will happen simultane-
ously. When the field is Raman resonant with two m;> =0
sub-states, there exist four A configuration CPT resonances
corresponding to mj +my = 0 as shown in Fig. 1(c). However,
as the CPT resonances of the two A configurations marked
with broken lines are destructive interference, only the CPT
resonances from the other two can be observed. Similar to
Fig. 1(b), when the dichromatic field is Raman resonant with
two mj 2 = 1 sub-states as shown in Fig. 1(d), there appear two
A configuration CPT resonances with m| 4+mp = 2.

2. Experimental setup

Our experimental setup is shown in Fig. 2. A DC modu-
lated at a microwave frequency of 3.417 GHz drives a VCSEL
to emit linearly polarized multi-chromatic light. The proper
DC allows the sideband of the multi-chromatic light to fit the
D1 line of 87Rb, and the proper microwave modulation index

allows the £1 sidebands’ power to become as strong as possi-
ble. The attenuator is used to adjust the laser intensity, and the
A /2 plate is used to rotate the polarization direction of the lin-
early polarized light. The 8’Rb cylindrical cell is 40 mm long
and 25 mm in diameter, containing 4-Torr N,—CHy (the ratio
of N, to CHy is 1:2) as a buffer gas. A solenoid is coiled out-
side of the cell to provide B parallel to the laser beam. The cell
and the solenoid are placed in a 3-layer permalloy magnetic
shield to eliminate any environmental stray electro—magnetic
field. The PBS separates the laser beam that has interacted
with atoms into two beams that are mutually perpendicular.
Two of the identical PDs separately detect the transmission
beam and reflected beam of the PBS. The A/4 plate can be
moved in or out of the light path before the cell as required.
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Fig. 2. Experimental setup. DC: direct current. A: attenuator. A/2:
half-wave plate. A /4: quarter-wave plate. PBS: polarization beam split-
ter. PD1, PD2: photoelectric detectors.

The temperature of the cell and the VCSEL are separately
controlled in the experiment. To stabilize the laser frequency
at the F. = 1 excited state, the temperature of the cell cannot
be too high, to ensure this F; = 1 spectrum line can be clearly
resolved. 2! The cell is stabilized at 45 °C, and the VCSEL is
stabilized at 25 °C.

3. Results and discussion

Under the condition that the multi-chromatic light does
not exhibit Raman resonance with 3’Rb, rotating the A /2 plate
and adjusting the polarization direction of linearly polarized
light can cause the intensity of the two output beams of the
PBS to be equal. Therefore, the differential signal of the two
PDs’ output is almost 0. When the £1 sidebands exhibit Ra-
man resonance with atoms, the polarization direction of the
+1 sidebands will rotate because of the magneto—optic rota-
tion effect. Therefore, their contributions to the two PDs are
not equal anymore and the CPT signal will be detected. How-
ever, the polarization of other unwanted sidebands will not ro-
tate and their contributions to the two PDs will be canceled.
Therefore, the CPT signal in the differential signal of the two
PDs is totally attributed to the £1 sidebands.

The DMOR scheme CPT signal shown in Fig. 3(a) is
the differential signal of the two PDs’ output. To compare
the DMOR scheme with the prevalent scheme, a A /4 plate
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is placed before the cell to convert linearly polarized light to
right circularly polarized light, and the prevalent scheme CPT
signal shown in Fig. 3(a) is the sum signal of the two PDs’
output. Because the right circularly polarized light pumps a
certain amount of atoms to the m = 2 spin-polarized dark state
which reduces the CPT signal amplitude, and the pumping
also causes the m; +my = 2 CPT signal amplitude to be larger
than that of m; +my = —2 in Fig. 3(a). The quality of the
CPT signal is also affected by the strong background signal.
From the Fig. 3(a) prevalent scheme curve, it is seen that the
ratio of the m; +my = 2 CPT signal to its background is ap-
proximately 3%. However, the differential detecting makes
the background of the DMOR CPT signal be nearly 0. In
Fig. 3(a), it is seen that due to the different rotation direction
between m; +my = —2 and m; +my = 2 CPT resonances, the
my +my = —2 DMOR CPT signal and m +my = 2 DMOR
CPT signal have opposite signs. Another characteristic of
the DMOR curve is that the m; +m, = 0 CPT signal is ap-
proximately one order weaker than that of m; +my = £2,
and its amplitude and linewidth are sensitive to B.!'"1 We also
frequency modulate the microwave at 1 kHz and obtain the
differential style lock-in CPT signal using a lock-in amplifier.
Figure 3(b) shows the differential type lock-in CPT signal.

(a) 0.2 T T T T T
DMOR
@ 0 J
E -02
>
'rq-‘: 32 T T T T T
& prevalent
< 31t J
30 1 1 1 1 1
-60 -40 -20 0 20 40 60
Raman detuning/kHz
(b) 6 . . ; . :
DMOR
wn
=
g 0 ~
5
e
—
3
> -6 T T T T T
g
B0 6 T T T T T
‘@
5 prevalent
&
O
o
=

-60 -40 -20 0 20 40 60
Raman detuning/kHz
Fig. 3. The modulation frequency is 1 kHz, the lock-in time constant is
50 ms, the voltage sensitivity of the lock-in amplifier is 5 mV, the laser
intensity is 3 mW/cm?, and B = 3 uT. (a) CPT signal, (b) lock-in CPT
signal.

According to Fig. 3, the DMOR scheme CPT signal amplitude
is larger than that of the prevalent scheme by about 1.8 times
because the linearly polarized light can overcome the problem
of the spin-polarized dark state, and the DMOR scheme has a
better signal-to-noise ratio.

Because the performance of the VCSEL is poor, the
noises from the VCSEL’s light intensity instability and fre-
quency jitter are strong, especially for FM—AM noise. For-
tunately, these noises are all common mode noises, so they
can be suppressed by differential detection. Therefore, the
noise amplitude of the DMOR scheme is lower than that of
the prevalent scheme, as shown in Fig. 4, the microwave fre-
quency was fixed at a zero Raman detuning of m; +myp = 2,
and B was stepped in 6 s intervals with a step length of 4.8 nT.
According to Fig. 4, the prevalent scheme nearly reaches its
limit of resolution. However, the DMOR scheme can measure
smaller variations of B. To compare the noise of these two
schemes, figure 5 shows the power spectrum density of the
two schemes in units of magnetic flux density with a fixed mi-
crowave frequency at a zero Raman detuning of m| +my = 2.
Figure 5 reveals that the DMOR scheme curve presents less
noise in the whole bandwidth range, and its sensitivity is half
an order better than that of the prevalent scheme.
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Fig. 4. The lock-in signal is plotted as a function of time when B is
stepped in 6 s intervals with a step length of 4.8 nT, the other parame-
ters are the same as those of Fig. 3.
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Fig. 5. Power spectral density of the lock-in signal. The lock-in time
constant is 640 ps, with a filter roll-off of 24 dB/octave, the other pa-
rameters are the same as those of Fig. 3.
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The magnetic field can be determined by analyzing the
microwave frequency difference between the nearest CPT sig-
nals. Because the m; +my = 0 CPT signal of the DMOR
scheme can be ignored when B is weak, the DMOR scheme
can extend the ability to detect a weak B one-fold relative to
the prevalent scheme. Our group has proposed an energy level
modulation (ELM) scheme,!®! which obtained a similar CPT
signal to the DMOR scheme. Although the ELM scheme has
the same ability to detect a weak B as the DMOR scheme,
it cannot cancel the background and suppress the noise, and
it requires another solenoid, which increases the volume and
complexity of the system. Therefore, the DMOR scheme has
more advantages.

The CPT magnetometer that uses a VCSEL as the laser
source has the advantages of small size and high spatial resolu-
tion. Compared with the prevalent scheme, the DMOR scheme
only adds a PBS and a photoelectric detector. Its spatial res-
olution remains unchanged and its detector volume slightly
increases. Furthermore, the circuit resource for the DMOR
scheme remains at the same level as the prevalent scheme.

4. Conclusion

We experimentally investigated a CPT magnetometer
scheme based on differential magneto—optic rotation (DMOR)
using a VCSEL as the laser source. The DMOR scheme uses
linearly polarized light to overcome the problem of the spin-
polarized dark state to increase the efficiency of atoms. Be-
cause of the differential detection, the DMOR scheme can-
cels the background and suppresses common mode noise, such
as FM—AM noise. According to the comparison experiment,
the signal-to-noise ratio is improved and the sensitivity of the
DMOR scheme is half an order better than that of the preva-
lent scheme. In addition, the DMOR scheme extends the abil-

ity to detect a weak B one-fold. However, the spatial resolu-
tion, the size, the power consumption, and other resources of
the DMOR magnetometer scheme are almost the same as that
of the prevalent scheme. Therefore, the DMOR CPT magne-
tometer scheme is an ideal scheme to realize miniature mag-
netometers.
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