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A dual-axis, high-sensitivity atomic magnetometer”

Rujie Li(Z=4i74%)7, Wei Quan(4:ff)*, Wenfeng Fan(yti CU%), Li Xing (J§/7),
Zhuo Wang(EH), Yueyang Zhai(Z2#KFH), and Jiancheng Fang(/5 )

School of Instrument Science and Opto-electronics Engineering, Beihang University, Beijing 100191, China

(Received 16 July 2017; revised manuscript received 25 August 2017; published online 20 October 2017)

Atomic magnetometer (AM) operated in a spin-exchange relaxation-free (SERF) regime features superior sensitiv-
ity and non-cryogenic operation, and thus is competitive with the best superconducting quantum interference devices.
Previously, SERF AM with fT/Hz!/2 level sensitivity commonly acted as a single-axis sensor. Here we demonstrate a
dual-axis SERF AM capable of simultaneously and independently detecting x- and y-field components with a sensitivity
of 20 fT/Hz!/2. As there is no necessity to worry about the cross-talk effects arising from field modulations, the dual-axis
scheme proposed here is of particular interest to AM array and hence the biomagnetic applications.

Keywords: optically pumped magnetometers, multi-axis field measurements, high-sensitivity field measure-

ments, polarized atoms
PACS: 07.55.Ge, 07.07.Df, 42.81.Pa

1. Introduction

It has been approximately sixty years since the ap-
pearance of the atomic magnetometer (AM) pioneered by
Dehmelt, Bell and Bloom.!!?! Utilizing the Larmor preces-
sion of an ensemble of electronic or nuclear spins, cell-
based AMs obtain the ability to sense magnetic fields.[>=!
High-sensitivity AMs are valuable in various applications,
covering studies of nuclear magnetic resonance (NMR)
signals,[®! searches for permanent electric dipole moments
(EDM),[”! magnetic induction tomography (MIT),[8! mea-
surements of magnetoencephalography (MEG),"”! and mag-
netocardiography (MCG).['%) With sensitivities of a few
fT/Hz'/2, the traditional superconducting quantum interfer-
ence devices (SQUIDs) operated at cryogenic temperatures
have been used for the most demanding applications. How-
ever, the advances in AMs, especially the development of
spin-exchange relaxation-free (SERF) AM, have enabled the
alkali-metal magnetometer to achieve sensitivity surpassing
that of SQUIDs in both a low-frequency mode!'!! and a radio-
frequency (RF) mode.!'?! Besides, AMs offer other advan-
tages, such as compact package, low-power dissipation and
without the need for complex cryogenic equipment. Recently,
AMs have been used to explore some of the applications pre-
viously dominated by SQUIDs. [13-15]

The SERF AMs, whose sensitivities have reached sub-
fT/Hz'/2 and established the new sensitivity record for AMs
in the low-frequency range,!'!! commonly acted as a single-
axis sensor by using the traditional orthogonal pump-probe

[15-17]

configuration, z-field modulation mode, ' single el-
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liptically polarized-beam design!'®! or parallel (two-color)
pump-probe scheme.[®?°l In most of the cases, single-axis
AMs are just oriented along a certain direction to detect the
projected components of the fields. However, multi-axis AM
will provide a favorable experimental condition for the vector
measurements, and thus improve the signal quality and reduce
the orientation difficulty of the sensor head.?!! Utilizing the
modulation techniques, [*?! Seltzer et al. reported a three-axis
SERF AM with a sensitivity of 1 pT/Hz'/2, dominated by the
fluctuations of the ambient magnetic field, in an unshielded en-
vironment. However, the modulated fields therein will intro-
duce cross-talk effects when AM array is used.[>’] By alternat-
ing the pumping beam direction with a time-divided switcher,
Kim et al. described a multi-channel AM with the ability to
measure two orthogonal fields in a shielded environment. >4
Recently, Morales et al. presents a proof of concept study
which demonstrates for the first time the possibility to record
MCG signals with “He vector optically-pumped magnetome-
ters (OPM) in a magnetically shielded room. [ Via theoreti-
cal analysis on the feasibility of two orthogonal probe beams,
which extended the conventional pump-probe configuration,
here we demonstrate a dual-axis SERF AM capable of simul-
taneously and independently detecting x- and y-field compo-
nents with a sensitivity of 20 fT/Hz!/? in a shielded environ-
ment. The dual-axis, high-sensitivity AM can be of interest to
the investigations on NMR and EDM where vector-field mea-
surements are generally required. As there is no necessity to
worry about the cross-talk effects due to field modulations, the
dual-axis scheme proposed here is especially useful for AM
array and hence the MEG or MCG applications.*¥ Dual-axis
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gyroscopes can reduce the complexity and the cost of Iner-
tial Measurement Unit (IMU), thus the dual-axis probe scheme
proposed here can advance the atomic spin gyroscope (ASG)
pioneered by Kornack et al. by providing an ideal tool for
practical realization of two-axis SERF gyroscope predicted in
our previous work. [26-27]

The steady-state transverse responses of optically

pumped magnetometer are described as!28
g BPR 1)
1+ (B2+B+B7)
R @
1+ (B +B7+5)

where 3 = Y B/Ry,, ¥° is the gyromagnetic ratio of the free
electronic spins, B is the external magnetic field vector, Rf,
is sum of the pumping rate R, and the relaxation rate Ry
sensed by the electronic spins, '] the equilibrium polarization
FP§ along the z axis (pump beam direction) is determined by the
balance of R, and Ry, Py and Py are the projected components
of F§ along x and y axes. If the ambient field B is weak enough
(typically, less than 0.5 nT), such that |3]> < 1, | B:B:] < ’ﬁv ,
and |B,B.| < |Bs/, equations (1) and (2) are simplified, given
by

Py
Po~-2" B 3)
TR

Py
P~ ——Bx, )
YORL T

where the AM is operated in the SERF regime. Equations (3)
and (4) indicate that P{ and Pye, which can be detected by two
separate probe beams propagated along x and y axes, are inde-
pendently sensitive to By and By, respectively. This is also our
initial motivation to design a dual-axis AM with two orthog-
onal probe beams. Note that a weak B, is necessary to keep
BBl < |By| and | B,B.| < |,
a slight cross-talk effect between the two axes due to the term
B:B; in Eq. (1) and the term S, f; in Eq. (2). It should also be
addressed that the cross-talk terms just provide a powerful tool

, and a non-zero B, will lead to

for zeroing the residual fields.*?! In our case, z component of
the field can be easily nulled with an accuracy of better than
0.05 nT.

2. Experimental apparatus

The optical layout of the dual-axis SERF AM is illus-
trated in Fig. 1, while the sensor head is shown in Fig. 2. Atits
heart is a spherical vapor cell with a diameter of 10 mm. The
cell is made from aluminosilicate glass and contains a mix-
ture of K and Rb alkali metals in natural abundance. 50 Torr
1 Torr = 1.33322x 107 Pa) of N; quenching gas and 1.9 amagat
of “He buffer gas also fill the cell during the cell fabrication
process. The cell is heated to 180 °C by running ac current

through a resistor mounted on the exterior of the oven. Using
the laser absorption spectroscopy,!>®! the density ratio of K to
Rb atoms is estimated to be 1:87. The heating apparatus is
mounted inside a 3-layer p-metal magnetic shield with cylin-
drical profiles in order to operate near zero magnetic field and
screen out environmental magnetic noise. In addition to fur-
ther reduce the residual fields, three pairs of orthogonal coils
are also used to provide the calibration signals. The pump
beam, formed by an external cavity diode laser (ECDL) and
turned to the K D; resonance line at 770.1 nm, is introduced
into the system by a fiber feedthrough. The cell is illuminated
by the pump beam with an intensity of 10.2 mW/cm?, thus the
K atoms are polarized along the z direction. Rb atoms are po-
larized via the rapid spin-exchange collisions between K and
Rb atoms.*%) Due to the smaller optical depth of K atoms in
the hybrid scheme, the polarization of alkali-metal atoms are
much more homogenous.

The probe beam is emitted from a distributed feedback
(DFB) laser diode held in the head of prototype AM. It is de-
tuned by about 0.3 nm to the red side of Rb D, resonance line
to increase the AM signals. A photoelastic modulator (PEM)
with a resonance frequency of f,oq = 84 kHz and a modula-
tion amplitude of & = 0.4 rad is used to modulate the polar-
ization of probe beam in order to separate the weak rotation
signal from 1/f noise. The probe beam is initially polarized
by a linear polarizer (LP). The PEM, the quarter waveplate,
the analyzer are oriented at 45°, 0°, and 90° with respect to
the transmission axis of the polarizer, respectively. The probe
beam becomes elliptically polarized light, whose fast axis also
varies with a frequency of f, after passing through the PEM.
A quarter waveplate is generally used to further adjust the po-
larization state of the elliptically polarized light in order to ob-
tain a simplified first-harmonic signal sensed by the detector
after the analyzer, I ~ Iya0sin(27ft), where I is the inten-
sity of the incident light and 6 is the rotation angle induced
by the polarized atoms. Note that the probe beam enters the
cell with elliptically polarized state and the rotation angle 6
can be treated as the rotation of linear components of the el-
liptically polarized beam. Aimed at modulating the two probe
beams in our dual-axis AM with one PEM, here we place the
PEM ahead of the vapor cell and then the modulated beam is
split into two branches by a beam splitter. A theoretical anal-
ysis on the PEM-based probe system has been reported.3!]
As shown in Fig. 1, Chl and Ch2 probe beams continuously
detect the projection of the Rb spin polarization along x and
y axis through optical rotation of the linearly polarized light.
Utilizing a lock-in amplifier with a low-pass filter of 200 Hz
cut-frequency, we could extract the field-induced rotations sig-
nals. The output signals of dual-axis SERF AM are digitized
with a sampling rate of 1 kHz using a 24-bit data acquisition
system.
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Fig. 1. (color online) The optical layout of the dual-axis SERF AM. FI: Faraday isolator, NE: noise eater, BSL: beam shaping lenses, HWP: half
waveplate, PBS: polarizing beam splitter, PD: silicon photodiode, BS: beam splitter, PEM: photoelastic modulator, LP: linear polarizer, QWP: quarter
waveplate, M: reflection mirror, WPP: wedge prism pairs. The pump beam is circularly polarized in order to polarize the atoms. The probe beam splits
into two branches by the BS and the laser intensity of each branch is about 2.1 mW/cm?2. As the optical layout of Ch2 probe beam is the same as Chl
except the orthogonal propagation direction shown in the top inset, the subsequent components after BS in Ch2 have been dropped. Three laser beams
(one pump beam and two probe beams) meet at the cell center, and they are perpendicular to each other. The relaxation rates due to the two off-resonant
probe beams are negligible compared to the pumping effect arising from the resonant pump laser.

M PD HWP NE pump 3. Measurement results
eam
An oscillating field B = B'cos(wr)§ is generally applied
probe to calibrate the AM. This field can be decomposed into two
beam counter-propagating rotating fields, written as
B = ITBI (eia)t + e—ia)t) . (5)

Among them, the component B = iB’e®' /2 induces a preces-
sion projected on the x axis, expressed as

_ FY°B cos (ot + ¢)

e

Fig. 2. (color online) Side view of the dual-axis SERF AM. It has an Px B Zq(PS) 2 5’ ©)
outer dimension of 350 mmx 325 mm x 250 mm and most of the elements (A(D) + (a) - (1)0)

therein are home-built. The probe laser (located at the beginning of the . . . .

pink arrow) has been assembled in the sensor head and it splits into Ch1 which is centered at frequency oy with half width at half
(blue arrow) and Ch2 (green arrow) probe beams, which output the re- maximum (HWHM) Aw = Rteot / LI(PS)’ q(Pg) is the nuclear

sponse of Chl AM and Ch2 AM. The pump laser is introduced into the lowine-d . d s th f d
system by a fiber feedthrough (not shown), and fiber collimator held at slowing-down factor, and @y 1s the resonance frequency due

the beginning of the red arrow output the pump beam. Most of the ele- to the residual fields. A phase shift ¢, which depends on the
ments are made of non-magnetic and non-metallic materials to minimize
the residual field and field inhomogeneities around the vapor cell. Details
of the optical layout are illustrated in Fig. 1. fields, occurs compared to input signal.

relaxation rate of the atoms as well as the frequency of the
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The magnetic field responses of the dual-axis AM to os-
cillating fields are depicted in Fig. 3. To distinguish the re-
sponses from dual channels, two oscillating magnetic fields
with different frequencies (11 Hz for B, 25 Hz for By) are
fed into Chl and Ch2 AMs. RMS amplitudes of both calibra-
tion signals are 40 pT. Due to the higher frequency of B,, the
absolute phase shift of Ch2 is greater than that of Chl.

140 T X TR

— —— Chl AM oscillating input
& - --Ch2 AM oscillating input
< 60Ff
g
o0
&
5 —-20
&
=

—100
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Fig. 3. (color online) Time-varying input (top) and output (bottom) sig-
nals of the dual-axis AM. The initial phases of the input signals are
zeroed, while those of output signals are shifted by —52.1 deg and
—82.6 deg derived from the corresponding fitting curves.

Figure 4 shows the AM frequency response. The fitting
curves based on Eq. (6) yielded that the bandwidths are 9.5 Hz
and 9.3 Hz for Chl and Ch2 AMs. The different response
strength between Chl and Ch2 AMs at the same frequency
is due to the imbalance of the probe beam intensities. By
employing the feedback technique or using a higher-intensity

pump beam, we could increase the bandwidths. 3!

0.7

o Chl AM
0.6 1% < Ch2 AM

0.51
0.4r
0.371

0.2}

Frequency response/V

0.1y

Frequency/Hz

Fig. 4. (color online) Frequency response of the dual-axis AM. Two
magnetic fields, whose frequency varies from 1 Hz to 55 Hz, are ap-
plied to By and B, in order to test the bandwidth of Ch1 and Ch2 AMs.

By dividing the power spectral density (PSD) of 100-s
output signals by the frequency response mentioned above,

we obtain the normalized sensitivity spectrums of the dual-
axis AM, as shown in Fig. 5. The peaks with frequency of
11 Hz in Chl AM and 25 Hz in Ch2 AM represent the calibra-
tion signals, which are referred to the oscillating fields shown
in Fig. 3. Both Chl and Ch2 AMs feature a sensitivity of
20 fT/Hz'/? in the band from 8 Hz to 60 Hz. Also shown
are the traces of probe systems, which give a noise floor of
6 fT/Hz!/2. It is three times lower than the sensitivity of our
prototype AM. The innermost layer of shields with an inner
radius of r = 48 mm and a thickness of t = 2 mm corresponds
to a Johnson noise of 24 fT/Hz'/? in theory, 34! and thus is
the dominant noise source in our measurement. By remov-
ing the shields and placing the sensor head in a magnetically
shielded room (MSR),[%3-%! we could overcome this limita-
tion. The signal with a frequency of 25 Hz (11 Hz) displayed
in Ch1 (Ch2) AM is due to the slight cross-talk effect from the
other channel. This phenomenon what we suspect is due to the
non-orthogonality of the three-axis coils, or the residual mag-
netic field and light shift along the z direction. 36371 Note the
coupling is more than two orders of magnitude weaker than
the calibration signals and 25 times smaller than the 50-Hz
disturbance from the power supply lines. These perturbations
can be suppressed by use of notch filters. Additionally, the
undesired interferences at 19 Hz and 31 Hz in AMs and the
probe systems are the result of the air conditioning fans lo-
cated inside the roof of our laboratory. The much stronger
disturbance in Chl also implies the noise is mainly in the y
direction. This imperfection can be reduced in a gradiometry

t,[811) which is in progress. The response of the

arrangemen
dual-axis AM to the field offset in B, and B, is presented in
Fig. 6. Both Chl (blue line) and Ch2 AMs (red dashed line)
show a linear measurement range of about 1 nT. It implies a
weak field environment, such as a good shielded room or a
proper field-controlling technique, is necessary for the normal

operation of the SERF AM.

10° : :
| —Chl AM
" ---Ch2 AM
104 \ —— Ch1 probe noise 1
' Ch2 probe noise
h )
103 I
1
1
1

102

i I\

?

Sensitivity/(fT/Hz!/2)

|

10! ,\W\ y

10°

0 10 20 30 40 50 60
Frequency/Hz

Fig. 5. (color online) Sensitivity of the dual-axis AM and noise of the
probe beams. Both Chl (blue line) and Ch2 (red dashed line) AMs
feature a magnetic field sensitivity of 20 fT/Hz!/2. By turning off the
pump beam and the oscillation fields, we obtain the spectrums of the
probe beams (black line for Chl and green dashed line for Ch2), which
give a noise floor of about 6 fT/HZ!/2.
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Fig. 6. (color online) The response of the dual-axis AM to the field off-
setin By and By. Both Ch1 (blue line) and Ch2 AMs (red dashed line)
show a linear measurement range of about 1 nT.

4. Conclusion and future work

Via theoretical analysis on the physical model of the
AM, the feasibility of dual-axis measurements has been pro-
posed. Utilizing an artful arrangement of two orthogonal
probe beams, we have demonstrated a dual-axis SERF AM
capable of simultaneously and independently detecting x- and
y-field components with a sensitivity of 20 fT/Hz!/2. This re-
search advances the time-divided magnetometer reported by
Kim e al.”" As there is no necessity to worry about the
cross-talk effects arising from field modulations,?*! the dual-
axis scheme proposed here is of particular interest to AM
array, (23?4 as well as the corresponding potential MEG or
MCG applications. While considerable progress has been
made to reject the unwanted interference by sophisticated
hard- and software solutions, instead of the magnetic shields,
we believe the efforts aiming at the magnetometer with multi-
axis capacity and low cost are also necessary. Further in-
vestigations on the AM operated in an unshielded environ-
ment will contribute to the dissemination of AM-based bio-
magnetic applications. Lacking the need for complex and ex-
pensive cryogenic equipment in SQUIDs, SERF AM also fea-
tures a compact package and low-power dissipation. The op-
tics with microelectromechanical systems (MEMS) technol-
ogy and the techniques first developed for chip-scale atomic
clocks support a high-performance, millimeter-scale micro-
fabricated dual-axis AM. 38401

Even though a dual-axis, high-sensitivity AM has been
reported here, we also identify further improvements. A better
sensitivity can be obtained by removing the magnetic shields
and placing the sensor head in MSR.[?* Utilizing the tech-
nique of real-time closed-loop feedback, we could improve the
AM bandwidth and further suppress the cross-talk effect. 3]
As Cs has a higher saturated vapor pressure than other alkali
metals, Cs-based AM might be specially attractive to applica-
tions requiring lower temperature. [!6]
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