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In this work, a single-laser-beam-based atomic Faraday-rotation magnetometer (FRM) scheme is stud-
ied in which atoms interact with a triple-chromatic laser beam. The circularly polarized carrier component
of the beam prepares the atoms while its two orthogonal linearly polarized +1st sidebands are rotated
oppositely and then measured. The study result reveals that the FRM scheme is suitable for implementa-
tion of a compact sensor supported by a fiber-coupled laser and is also suitable for implementation of a
chip-scale sensor with a self-contained light source when using microelectromechanical systems (MEMS)

technology.
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I. INTRODUCTION

A number of different alkali vapor atomic magne-
tometers, including the nonlinear magneto-optical rotation
magnetometer [1,2], the radio-optical double resonance
magnetometer [3,4], the coherent population trapping
(CPT) magnetometer [5,6], and the Faraday-rotation mag-
netometer (FRM) [7,8], have been studied. Among these
magnetometers, mainly due to the better noise suppres-
sion effect [9], the FRM has been studied most exten-
sively [10]. Working in the spin-exchange-relaxation-free
(SERF) regime, FRM has achieved the sub-fT/+/Hz level
of magnetic field detection sensitivity [11]; this order
of sensitivity has only been realized previously when
using superconducting quantum interference devices. Spa-
tial resolution is another important aspect of magnetic field
detection, and magnetometers with chip-scale sensors can
be used to realize high-spatial-resolution detection appli-
cations such as measurements of biological fields [12—14]
and detection of NMR signals [15,16].

In the conventional FRM configuration, the pump and
probe beams are oriented orthogonally with respect to each
other as they interact with the atoms. The resonant cir-
cularly polarized pump beam pumps the atoms into an
anisotropic state and the off-resonant linearly polarized
probe beam interacts with these anisotropic atoms, thus
causing its polarization direction to be rotated because
of the Faraday effect. The amount of rotation is detected
and is used to provide the required information about the
magnetic field.
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The conventional FRM configuration is more difficult
for chip-scale sensor implementation because of the dif-
ficulty involved in coupling the orthogonal beams into a
single optical fiber. Shah and Romalis studied a single-
monochromatic-beam-based FRM scheme that used ellip-
tically polarized (EP) light to interact with the atoms. In
their scheme (which was named the EPFRM scheme),
the circularly polarized component of the EP light was
used as the pump light, while the linear component was
used as the probe light [17]. When using a fiber-coupled
light source, compact and even chip-scale sensors can be
realized using this scheme. However, the use of monochro-
matic light means that the pump and probe light beams
cannot work at their optimal frequencies simultaneously,
and a compromise frequency must thus be chosen to bal-
ance the pumping and probing efficiencies. Johnson et al.
studied a bichromatic-beam-based FRM scheme in which
a linearly polarized bichromatic beam from a polarization-
maintaining fiber was converted into a circularly polarized
and linearly polarized bichromatic beam for use as sep-
arate pump light and detection light beams, respectively,
using an optical polarization converter. In principle, their
scheme is also suitable for chip-scale sensor implementa-
tion. When supported by the use of two independent lasers,
this scheme has the advantage that the pump/probe com-
ponents can be adjusted independently to produce the best
effect [18]; the technique was similarly employed in other
works [19,20].

Here, we present our design for a single-beam FRM
scheme and the results obtained from our experimental
studies of this scheme. In the proposed scheme, a linearly
polarized monochromatic laser beam is converted into a
triple-chromatic laser beam through amplitude modulation
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using an electro-optic amplitude modulator (EOAM).
When the frequency difference between sidebands and car-
rier, f,,, is determined according to application needs and
used as a modulation frequency, the frequencies of the
+1st sidebands of the obtained triple-chromatic laser are
fi1 = fo £ fm, Where fq is the carrier frequency.

II. POLARIZATION CONVERTER

The optical polarization converter (OPC) is designed as
shown in Fig. 1, where an (X + ¥)/+/2 linearly polarized
incident beam is split into X and ¥ linearly polarized beams
of equal intensity at the polarization reflecting surface of
the polarizing beam splitter (PBS).

The initially X linearly polarized beam, after traveling
through the quarter waveplate (QWP1) — mirror (M1) —
QWP1 path, is converted into a y linearly polarized beam,
while the initially y linearly polarized beam, after traveling
through the QWP2 — M2 — QWP2 path, is converted
into a Z linearly polarized beam; the two coherent beams
then combine into a single beam at the polarization reflect-
ing surface of the PBS. However, when compared with the
y polarized combined beam, the z polarized beam is phase
delayed by

AD(f) = 4w ALf/c, (1)

where AL is the optical path difference between the two
combined beams, and f and ¢ are the frequency and the
speed of light, respectively. With regard to the linearly
polarized triple-chromatic incident beam, when A® (fy) =
(2n + %) 7, the AL of the two combined carriers is given
by

AL = (4n+ )c/(8fo) 2)

and the combined carrier becomes a right circularly polar-
ized beam. If f;, is selected to satisfy

AL = ¢/ (8f;), 3)

then by substituting Eq. (3) and f,, = f; — fp into Eq. (2),
AL can be expressed as AL = (4n + 2)c/(8f,); addition-
ally, according to Eq. (1), A®(f;) = (2n + 1)x. Therefore,
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FIG. 1. Optical polarization converter (OPC). PBS denotes the
polarizing beam splitter; QWP, quarter waveplate; M, mirror.

the combined 1st sideband is linearly polarized. Similarly,
AL = 4nc/(8f_1), and AP (f_;) = 2nm can be obtained,
the combined — 1st sideband is also linearly polarized. The
phase difference of = between the combined +1st side-
bands means that they are orthogonally polarized along
(¥ +2)/+/2 and (¥ — 7)/+/2, respectively.

Similarly, when AL = (4n — 1)c/(8fy), with f,, satis-
fying AL = c¢/(8fn), the triple-chromatic beam obtained
is composed of the combined carrier that is left circu-
larly polarized and the combined +1st sidebands where
the 1st sideband is orthogonally linearly polarized along
(¥ — 2)/+/2 and the —1st sideband is similarly polarized
along (¥ +2)//2.

According to Egs. (2) and (3), the f,, can be expressed
as f, = 8fo/(4n + 1), and it is seen that there is no other
restriction to f,, except that » is an arbitrary integer, so that
it can be freely chosen in the range of interest according to
application considerations.

When either of the light polarization combinations dis-
cussed above interacts with the alkali atoms in the mag-
netic field, the pump light’s circularly polarized carrier
prepares anisotropic atoms via resonant pumping, while
the polarization directions of the two linearly polarized
sidebands that act as the probe light are rotated because
of their interactions with the anisotropic atoms. Because
the rotated angle roughly satisfies the relation 6 o (f —
1/ —fo)? + F}%], where I'; is the linewidth [half width
at half maximum (HWHM)] of the Doppler-broadened
transition spectral line, the two sidebands rotate in oppos-
ing directions. This opposite rotation effect is used to
realize FRM in the scheme studied in this work (which is
defined as ORFRM).

II. EXPERIMENT

Under the existing conditions in our laboratory, we set
up the tabletop single-beam FRM apparatus shown in
Fig. 2. An external-cavity diode laser (ECDL) provides the
795-nm linearly polarized laser beam and an electro-optic
phase modulator (EOPM) (NIR-MPX800-LN-10, iXblue)
is used instead of the EOAM to modulate the light, so
the laser beam is converted into a frequency-modulated
multichromatic beam rather than the ideal triple-chromatic
beam. For this application, the modulation is not strong
and the higher-order sidebands share limited power, so the
beam can be considered a pseudo-triple-chromatic beam.
The sheet linear polarizer P1 is used to ensure perfectly lin-
early polarized light, and the half waveplate (HWP) is used
to enable convenient rotation of the polarization direc-
tion during the experiments. After it is transmitted from
the HWP, the linearly polarized pseudo-triple-chromatic
beam is converted by the OPC into the required beam
with the circularly polarized carrier and the orthogonal
linearly polarized +1st sidebands. The beam splitter BS1
is arranged to split the beam for monitoring and analysis
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FIG. 2. Experimental setup. ECDL denotes the external-cavity
diode laser; OI, optical isolator; EOPM, electro-optic phase mod-
ulator; f,,, microwave source; MWAMP, microwave amplifier;
P, polarizer; HWP, half waveplate; PBS, polarizing beam split-
ter; QWP, quarter waveplate; M, mirror; LCR, liquid crystal
retarder; BS, beam splitter; FP, Fabry-Perot interferometer; PD,
photodetector; A, attenuator; I, iris; Cell, 8’Rb vapor cell; C,,
Helmholtz coils; C,, solenoid; Magnetic shield, permalloy shell
shield; rf, radiofrequency source; Lock-in, lock-in amplifier;
Data acquisition, data recording system.

using the photodetector (PD) and the Fabry-Perot interfer-
ometer. The laser beam that is transmitted from the 3’Rb
vapor cell is split by PBS2 and detected using PD1 and
PD2, which are identical PDs.

In the experiments, fy is the 551,(F =2) to 5Py
transition frequency, while f, and AL’ are chosen prelim-
inarily and determined using Egs. (2) and (3) and AL ~
¢/ (8fy) is realized roughly using a precisely adjusted M2.
We then scan the frequency of the monochromatic laser
and obtain the curve shown in Fig. 3 from the output of
the PD behind P2. At the frequency at which the curve
reaches a maximum, the light is linearly polarized along
the optical axis of P2, while at the minimum, it is perpen-
dicularly linearly polarized relative to the optical axis. We
select f,, = Af/2, where Af is the frequency difference
between the frequencies at the maximum and the mini-
mum of the curve, and then the preliminarily chosen AL’
satisfies Eq. (3), i.e., AL’ = AL = ¢/(8f,,). We then leave
the laser frequency at the zero detuning frequency of the
curve from Fig. 3 and modulate the laser at f;, through the
EOPM; the pseudo-triple-chromatic beam is thus obtained
with a circularly polarized carrier and orthogonal linearly
polarized £1st sidebands.

A liquid crystal retarder (LCR) (LCC1111-B, Thorlabs)
is arranged so that A¢, the phase difference between the
two combined light beams, can be adjusted precisely. Dur-
ing the experiment, we check the circularly polarized light
beam by rotating P2 and monitoring the transmissive light.
If the light intensity slightly deviates from the constant,
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FIG. 3. PD output dependence on the laser frequency.

then LCR is used to finely adjust A¢ to reach a constant
light intensity. As fy/f, ~ 10°, we do not modify f,, when
A¢ is adjusted because the experimental accuracy means
that the change caused in AL is so small as to be negligi-
ble and the two sidebands can thus still be considered to be
perfectly orthogonally linearly polarized.

In the experimental setup, the laser beam is reflected
by M3, as shown in Fig. 2, which means that the two
sidebands become (X + §)/+/2 [or (X F §)/+/2] linearly
polarized. If there were no light-atom interactions, both
sidebands would be split equally by PBS2; however,
the light-atom interactions in the magnetic field cause
the sidebands to rotate in opposite directions because of
the Faraday-rotation effect. As a result, they both increase
their contributions to one of the split beams and reduce
their contributions to the other beam. In the experiments,
the differential signal is obtained by subtracting the output
from one PD from that of the other PD. The contributions
to the differential signal should basically be from the +1st
sidebands because the carrier and the even-order sidebands
are circularly polarized, thus meaning that they are split
equally, while the contributions from the odd higher-order
sidebands are very limited.

The cylindrical glass cell used in the experiment is
10 mm long, has a diameter of 25 mm, and contains 8’Rb
and a buffer gas composed of N, and CHy4 with a ratio of
N,:CHy = 1:2 at a pressure of 28.2 Torr. During the exper-
iments, the cell temperature is stabilized at 85°C. The
solenoid C, provides a static magnetic field, B;, and the
Helmbholtz coils C, provide the radiofrequency (rf) mag-
netic field B, (). The outermost cylindrical permalloy shell
shields the cell from any stray magnetic fields.

IV. RESULTS AND DISCUSSION

In the experiments, the ECDL provides a laser beam
at the 58;,(FF =2) to 5P, transition frequency, and
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because the bandwidth of the microwave amplifier (ZHL-
1042J+, Mini-Circuits) used in the experiments is 0.01-4.2
GHz, we study the f,, < 4 GHz range. The experimental
results show that when f,, is close to 3.4 GHz, the dif-
ferential signal intensity obtained is reduced; this can be
attributed to the 551,2,(F = 1) to 5P;, reverse pumping
effect from the second sideband.

The sensitivity (6B) corresponds to the smallest
detectable change in the magnetic field is given by Ref.
[2116B=1/y(Av)/(S/N) = N/y Av/S, where the mag-
netic resonance linewidth (Av) is measured as HWHM, y
is the gyromagnetic ratio of the working atom, and S/N
is the amplitude ratio between signal and noise. As the
noise amplitude remains basically unchanged when f,, is
varied in a small range, the optimized f,, is decided as
Jfm = 2 GHz according to the least Av/S. Also, the noise
amplitude remains basically unchanged when the EOPM
input microwave power is varied, so the optical power
distribution is also optimized by changing microwave
power to reach the least Av/S, with an 18-uW/mm?-
intensity pseudo-triple-chromatic incident beam. The opti-
mized power distribution is that the carrier, the +-1st side-
bands, and the higher-order sidebands share 0.39, 0.54, and
0.07 of the total power respectively.

For comparison, we also study the EPFRM experimen-
tally using the setup shown in Fig. 2. In the EPFRM
study, the laser is not modulated and the monochromatic
linearly polarized laser beam that is coupled out of the
fiber is converted into an EP beam using the OPC. The
ellipticity of the EP light is dependent on A¢, which is
adjusted in the experiments using the LCR. Also, with an
18- W /mm?-intensity monochromatic incident laser beam
and parameters optimized according to the least Av/S, the
obtained ellipticity is 0.4, and the optimized frequency is
red-detuned by approximately 1.2 GHz from the central
frequency, which is the frequency at which the maximal
amplitude of the Doppler-broadened signal occurs.

Showing consistency with the independent elements,
the OPC is sensitive to environmental vibrations, and we
made considerable efforts during the experiments to sup-
press the vibrations and thus reduce the noise caused. This
noise should be greatly reduced when the independent ele-
ments are integrated to form an integrated OPC device. We
want to mention that in this experiment probe light detun-
ing is chosen as 2 GHz on the consideration of a ’Rb
ground state hyperfine energy level split and the bandwidth
of the used microwave amplifier. When the detuning is
far larger than the hyperfine split of the working atom, a
better effect can be expected. For example, if potassium
were used as the working atom, with its several-hundred-
MHz hyperfine split, the light detuning quantity would
be selected more freely, a large detuning would be used
for a better Faraday-rotation effect, the OPC device size
would be smaller, and the vibration noise would be less
coupled.
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FIG. 4. The best differential detection signal curves of the
ORFRM and EPFRM schemes obtained when the microwave
power is input to EOPM is about 16 dBm and the incident laser
intensity is 18 W /mm?. The ORFRM curve is recorded when
the carrier, the £1st sidebands, and the higher-order sidebands
share 0.39, 0.54, and 0.07 of the total power, respectively; the
EPFRM curve is recorded when the ellipticity of the EP light is
0.4 and the frequency is 1.2 GHz red-detuned.

Figure 4 shows the magnetic resonance signal curves
that are obtained experimentally from the two schemes by
recording the differential signal while slowly ramping the
static magnetic field B, around 5.0 «T. The dispersive sig-
nal curves are also obtained through shallow modulation
of the frequency of the rf field B, (¢) at an audio frequency
and recording the phase-sensitively demodulated output
signal from the lock-in amplifier. The power spectral den-
sities are then obtained by processing the data from the
dispersive curves using a fast Fourier transformation, and
Fig. 5 shows the power spectral densities that are recorded
at magnetic resonance, that is, recorded at the maximal
amplitudes of the two curves presented in Fig. 4.

It can be seen that the magnetic field sensitivity that
is achieved using the ORFRM scheme is approximately
20 fT/+/Hz, while with the EPFRM scheme, it is approxi-
mately 100 fT/+/Hz; over the entire range of these curves,
the sensitivity of the ORFRM is approximately five times
better than that of the EPFRM.

The EPFRM is accompanied by a significant light shift
effect because of the off-resonant light [17], while the light
shift effect of the ORFRM, with its resonant pump light and
symmetrically distributed probing light beams, should not
only be much weaker than that of the EPFRM, but should
also be weaker than that of the conventional FRM with its
single off-resonant probing light beam [22].

The sensor of the EPFRM, for which the minimum vol-
ume is mainly restricted by the OPC, the glass cell, and
PBS2, is not difficult to fabricate as an approximately
10-cm® compact sensor supported by a fiber-coupled laser.
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FIG. 5. Magnetic field noise for the ORFRM and EPFRM

schemes. The signal bandwidth is 200 Hz, which is set using the
integration time of 5 ms. The signal recording time is 40 s, with
a sampling rate of 2000 Hz. The other experimental parameters
are the same as those used to produce Fig. 4.

Using microelectromechanical system (MEMS) technol-
ogy, the sensor can be fabricated on the chip scale [23,24].
Because a vertical-cavity surface-emitting laser (VCSEL)
can provide a frequency-modulated multichromatic lin-
early polarized divergent laser beam, it is also feasible
to realize a chip-scale sensor with a self-contained light
source.

When converting the divergent beam into the parallel
one using the method that Fig. 2 of Ref. [25] described, a
20° divergent beam, a typical output beam of the VCSEL,
can be converted into a 3-mm-diameter parallel one within
20 mm?>. Suppose that the two PBSs are both 3 x 3 x
3 mm?® cubes; then, through integration of a chip vapor
cell, the detecting PBS, PDs, and other components, it is
feasible to realize a chip-scale sensor with a volume of
approximately 100 mm? and a self-contained light source.
We should also note here that the laser frequency jitter-
converted amplitude noise (FMAM noise), which will be
significant in the chip-scale sensor, can be reduced con-
siderably through a subtraction process using differential
detection technology [26].

V. CONCLUSION

In conclusion, we propose and investigate a Faraday-
rotation magnetometer scheme in which an amplitude-
modulated triple-chromatic laser beam interacts with
atoms. The circularly polarized carrier of the beam pre-
pares the atoms. Then the orthogonal linearly polarized
+1st sidebands are detected and their opposing Fara-
day rotations are extracted through a subtraction scheme
(defined as the ORFRM scheme). The practicability of
the scheme is studied experimentally using a frequency-
modulated pseudo-triple-chromatic laser beam that is

obtained through frequency modulation of a monochro-
matic laser. Using the laboratory apparatus, detection sen-
sitivity of 20 fT/+/Hz is achieved, which is five times
better than the sensitivity of another single-beam scheme
that was obtained under the same experimental conditions.
The ORFRM sensor can be fabricated as a compact sensor
when supported by a fiber-coupled laser beam, while use
of MEMS technology could allow it to be fabricated as a
chip-scale sensor with a self-contained light source.
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