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A miniature quad-channel optically pumped atomic magnetometer (OPM) has been developed based on the spin-
exchange relaxation-free (SERF) mechanism. With a vapor cell of size 8 mm×8 mm×8 mm, we have incorporated four
SERF magnetometer channels, which provides sufficient spatial resolution for magnetoencephalography (MEG). The four
channels share the same laser beam for the best cancellation of common mode noise due to laser fluctuations. With gradient
measurement, the sensitivities of the four sensors are better than 6 fT/Hz1/2, which is also good enough for MEG measure-
ment. The vapor cell is heated to 160 ◦C by a novel nonmagnetic current-heating structure. Our sensor with high spatial
resolution and compact size is particularly suitable for MEG systems.

Keywords: multi-channel, spin-exchange relaxation-free, optically pumped atomic magnetometer, magne-
toencephalography
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1. Introduction
Precision measurement of weak magnetic fields has many

important applications.[1] Different types of magnetometers,
such as the fluxgate magnetometer, optically pumped mag-
netometer (OPM), and superconducting quantum interference
device (SQUID), are widely used in geophysical mineral and
oil exploration,[2,3] underwater ordinance detection,[4,5] nu-
clear magnetic resonance,[6,7] and biomagnetism.[8,9]

Magnetocardiography (MCG) and magnetoencephalog-
raphy (MEG) are two important biological applications which
have attracted significant research and clinical effort in the past
two decades. The mainstay technology for MCG and MEG is
the low temperature SQUID magnetometer, which can reach
a sensitivity of 1 fT/Hz1/2.[10,11] However, it has to be main-
tained in a liquid helium dewar, which is expensive to man-
ufacture and difficult to service. The dewar also limits the
distance between the superconducting quantum interference
device (SQUID) sensor and the human brain, which compro-
mises the spatial resolution of the measurement. Moreover,
the boiling of liquid helium introduces mechanical noise to
the MCG and MEG systems.

The OPM, which uses optical interrogation of the spin of
alkali atoms to detect magnetic fields,[12] is another type of ul-
trahigh sensitive magnetometer, although its sensitivity is lim-

ited by spin-exchange collisions. In recent years, a special type
of spin-exchange relaxation free (SERF) OPM[13] has been
developed, where this limitation is completely eliminated by
operating at high density and zero magnetic field.[14,15] The-
oretically, its sensitivity limit can be as low as 2 aT/Hz1/2

in a 7-cm3 cell.[16] The best sensitivity achieved so far is
0.16 fT/Hz1/2, in a gradiometer arrangement,[17] which sur-
passes that of SQUIDs. Exhibiting many desirable quali-
ties such as low power consumption, low cost, and high re-
liability, the OPM has the potential to take the place of the
SQUID for biological field applications.[18] The OPM system
can offer sufficient sensitivity,[13] bandwidth,[19] and spatial
resolution[20] for MEG and MCG measurements.[21–23] Even
more importantly, the OPM sensor can be placed closer to
the human head compared with an SQUID, which can signifi-
cantly increase the MEG signal strength.

For applications such as MEG and MCG, not only the
sensitivity of the sensor, but also the size, weight, power re-
quirements, and spatial resolution are crucial. With a mi-
crofabricated vapor cell, a sensitivity of 5 fT/Hz1/2 can be
reached in a measurement volume of 1 mm3.[24] A low-power,
high sensitivity micromachined optical magnetometer, the vol-
ume of which is 0.36 cm3, has been demonstrated which runs
on 140 mW of heating power and achieves a sensitivity bet-
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ter than 20 fT/Hz1/2.[25] More recently, atomic magnetome-
ters of various designs have been fabricated, with multiple
channels or sensor arrays for measuring the biological mag-
netic field.[9,26,27] For the detection of fields where the tar-
get distance is on the millimeter to centimeter scale, some
microfabricated magnetic gradiometers with improved spatial
information and common noise cancellation have also been
reported.[28,29] High spatial and temporal resolution MEG is
a direct means of measuring brain function, and has been ap-
plied in epilepsy surgery and pre-operative brain mapping.[30]

In this work, we report a miniature quad-channel SERF
magnetometer for MEG measurement. Miniaturization of the
sensor is realized by using a single circular-polarized beam.
The four channels of the magnetometer share a single beam
which is detected by a quadrant photodiode, thus greatly sim-
plifying the gradiometer measurement. The quad-channel sen-
sor operates well as a gradiometer since the common mode
noise due to the laser fluctuations is canceled effectively. As
part of the design, we have developed a novel current-heating
structure which reduces the magnetic field from the heating
current at the vapor cell by several orders of magnitude. This
type of cluster sensor is extremely suitable for image recon-
struction in MEG systems.

2. Experimental setup
Our miniaturized quad-channel OPM operates with a sin-

gle laser beam for both pumping and probing the atomic po-
larization. Its high sensitivity results from a combination
of an SERF mechanism and zero-field level crossing reso-
nance. The main components of such a sensor head are:
an optical section, a potassium vapor cell, a photodetec-
tor with a low noise preamplifier, and a heater. Figure 1
shows an actual photo of the sensor, which has dimensions of
190 mm×40 mm×20 mm. All the structural components of
the sensor module are fabricated out of polycarbonate plastic
using a three-dimensional (3D) printer.
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Fig. 1. Photo of the magnetometer sensor head. 1: Five sets of
Helmholtz coils; 2: optical section; 3: low noise preamplifier; 4: heaters
covered by Kapton tape; 5: optical fiber; 6: Farrow cables.

The optical housing is of size 90 mm×20 mm×19 mm,
and contains the fiber port, lens, polarizing beam splitter

(PBS), reflecting prism, and quarter-wave plate. The opti-
cal layout is illustrated in Fig. 2. The single laser beam at
770 nm used for the optical pumping is generated by an exter-
nal cavity diode laser (ECDL, model #ECL801), and is sent to
a small nonmagnetic fiber port through a 5-m long polarization
maintaining fiber. The output beam is collimated to a diame-
ter of 5.2 mm before passing through a PBS, reflecting prism,
and quarter-wave plate. The circularly polarized pump beam
is detected after the potassium vapor cell by a four-quadrant
photodetector, each element of which has an active area of
4 mm×4 mm.

The atomic polarization is given by Px = 2〈Sx〉, deduced
from the Bloch equation,[31] where Sx is the electron spin po-
larization along the laser beam. When a magnetic field modu-
lation of amplitude Bm and frequency wm perpendicular to the
laser beam is applied in the dynamic regime, the polarization
is given by[32,33]

Px(wm) =
RpγeB0 sinwmt

(Rp +Rrel)2 +(γeB0)2

×J0

(
γeBm

qwm

)
J1

(
γeBm

qwm

)
, (1)

where, γe is the electron gyromagnetic ratio, q is the nuclear
slowing-down factor, J0 and J1 are Bessel functions of the first
kind, Rp is the pumping rate, Rrel is the spin relaxation rate,
and B0 is the offset field parallel to the modulation field di-
rection. Thus, we can obtain the atomic polarization from the
pump beam absorption as a result of the interaction between
the light and atomic assemble.
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Fig. 2. Schematic diagram of the optical paths inside the OPM sen-
sor and the electrical signal connections (heating coils not shown). PM:
polarization-maintaining optical fiber; F: fiber port; L: lens; PBS: polariz-
ing beam splitter; P: reflecting prism; Q: quarter-wave plate; C: potassium
vapor cell; H: heat insulation; PD: four-quadrant photodiode; TIA: tran-
simpedance amplifier; Gen Out: function generator; DAQ: data acquisition;
Lock-in: virtual lock-in amplifier.

The core of the sensor head is the alkali vapor cell con-
taining a small droplet of potassium metal in natural abun-
dance. The cell is made from borosilicate glass, and its
outer size is 10 mm×10 mm×10 mm with an interior size
of 8 mm×8 mm×8 mm. The center of the cell is 10 mm
away from the end of the sensor, and is filled with 750 Torr
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(1 Torr = 1.33322×102 Pa) of nitrogen gas. At high buffer
gas pressure, the atoms experience diffusive motion, which
increases their time to reach the cell wall. In addition, the
nitrogen gas can assist in the pumping process by quenching
the excited state.[34]

The vapor cell operates at 160 ◦C, which corresponds
to a potassium density of 1013 cm−3. The temperature is
maintained through continuous electrical heating, as shown in
Fig. 3. Four ceramic coated heating coils, each 78-mm long
and 4 mm in diameter, have a resistance of 12 kΩ and maxi-
mum rating of 20 W. The heating coils are connected in series
such that their magnetic fields are opposite in direction. The
heat generated is transferred effectively to the vapor cell by a
150-mm long highly efficient heat pipe. The four heaters and
heat pipe are housed in an aluminum heatsink. For the cell
and heat pipe enclosure, a boron nitride heatsink is used as its
Johnson noise is very low, even better than aluminum. At the
cell, the magnetic field due to the heaters has decayed by 1/r3

to less than 1 nT, where r is the distance from the center of the
coils. This remaining field can then be compensated by a set
of Helmholtz coils. The entire heating structure and vapor cell
are housed in aerogel insulation.

The most important factors of the heater system are how
to maintain the required temperature and how to minimize the
power consumed, so we first perform a simulation by COM-
SOL Multiphysics. The experimental results agree well with
the simulation. At thermal equilibrium, 4.5 W of heater power
is required. There is no detectable difference between the mag-
netic noise levels when the heating is turned on and off.

ceramic heaters 

aluminum heatsink heat pipe
boron-nitride heatsink

vapor cell

Fig. 3. Structure of the heater.

The set of Helmholtz coils includes three pairs of square
coils, plus two more pairs to provide a modulation field in
the two perpendicular directions of propagation of the pump
beam. Both of the two linearly independent components of the
magnetic field can be adjusted in each magnetometer channel
by simply changing the direction of the modulation. The coils
are soldered to the printed circuit board to prevent instabil-
ity resulting from the long cables. To realize miniaturization
and to prevent interference from external electrical noise at
the photodiode, the low noise preamplifier is also placed on
the circuit board. A 5-m Farrow cable transfers the signals to
a virtual lock-in amplifier, and another one provides the com-
pensation and modulation fields. LabVIEW software is used
to compose a program to implement the virtual lock-in ampli-
fier with a 24-bit data acquisition system.

3. Measurement results
The quad-channel sensor is tested inside a five-layer

cylindrical magnetic shield made of high-permeability µ-
metal, as shown in Fig. 4. The geometry of the shield is
optimized by both theoretical analysis and finite element nu-
merical simulation.[35] The power and detuning of the pump
beam are optimized for the best magnetic sensitivity. The laser
power is approximately 0.4 mW per magnetometer channel,
and the frequency is detuned by 5 GHz from the D1 resonance
line of potassium. No active control of the beam power and
frequency is implemented in our laboratory environment, al-
though we believe such control would be beneficial for im-
proving the sensitivity of our sensor even further.

coil driver electronics

pump laser

5 layer
magnetic
shield

sensor

B

z

x

helmholtz coil

Fig. 4. Schematic diagram of magnetic sensitivity measurements. The sen-
sor is placed in the center and parallel to the field of the Helmholtz coil that
is wrapped around a slotted cylinder made of teflon.

The background magnetic field at the vapor cell is com-
pensated by three pairs of coils. An external magnetic field
provided by a large cylindrical Helmholtz coil is applied per-
pendicular to the pump beam, and its amplitude is swept from
negative to positive. Thus, the transparency of the potassium
atomic assemble changes, and its maximum is observed when
the magnetic field is extremely close to zero. The full width at
half maximum of the zero-field magnetic resonance of chan-
nels A to D are 8.45 nT, 8.51 nT, 8.87 nT, and 11.61 nT, re-
spectively. In Fig. 5(a), we only show the channel B, and the
others are similar to it. The difference is due to the inhomoge-
neous light intensity. To obtain the dispersive resonance line
shape, a modulated transverse magnetic field with an ampli-
tude of 80 nT and a frequency of 1 kHz is applied. Then the
four-quadrant photodiode signal is extracted and demodulated
by the virtual lock-in amplifier, by which means the technical
1/f noise in the electronics can be removed.

Magnetic field measurements, which are based on the lin-
ear portion of the dispersive resonance line shape, are taken by
zeroing the residual magnetic field. Sensitivity is determined
by measuring the power spectral density of the magnetometer
output and dividing it by the slope of the magnetic resonance.
The slopes of the lock-in output signals around zero field value
for channels A to D are 2.8 V/nT, 2.1 V/nT, 3.6 V/nT, and
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5.6 V/nT, respectively. Figure 5(b) shows the frequency re-
sponse of the magnetometer. The data for all channels is taken
simultaneously, and we can see that the field sensitivity of
the four channels are nearly identical, about 40 fT/Hz1/2 over
10 Hz–100 Hz.
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Fig. 5. (a) Magnetic resonance of channel B. The blue trace is the trans-
mission of the pump beam through the vapor cell and the red trace is the
demodulated output of the virtual lock-in amplifier. (b) Magnetic field
sensitivity of the magnetometer.
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Fig. 6. Plot of the gradient field sensitivities of the sensor. For the
channel A–B (blue trace), A–D (red trace), and C–B (yellow trace)
gradiometers, the inferred single-channel sensitivity is 4 fT/Hz1/2–
6 fT/Hz1/2 between 30 Hz and 100 Hz, and that of channel C–D (purple
trace) is 3.5 fT/Hz1/2 over 60 Hz–100 Hz.

The first-order gradiometers, which include two direc-
tions, are formed by taking the difference between adjacent
magnetometer channels, which cancels the common magnetic
field noise. Supposing that the remaining noise is uncorre-
lated, the noise level is divided by 21/2 to obtain the equivalent
single-channel magnetometer sensitivity. Figure 6 shows the
performance of the four synthetic gradiometers. Their noise
levels are less than 6 fT/Hz1/2 over 25 Hz–100 Hz, which is
a great improvement over the single channel sensitivity of our
detector.

4. Conclusion
We have developed a miniature quad-channel OPM with

high sensitivity for the detection of biological fields, specifi-
cally for MEG. It operates in the SERF regime, requires only
a single beam, is compact but can implement multi-channel
measurement, and has enough spatial resolution for MEG
measurement. A novel current-heating structure based on a
heat pipe can eliminate both the magnetic field and noise from
the heating coils. We have achieved gradiometric sensitivities
better than 6 fT/Hz1/2, which is more than sufficient for the
observation of MEG signals. Moreover, the MEG signal of
steady-state visual evoked potentials response has been suc-
cessfully observed from all four channels of this sensor. The
compactness of our design will enable multiple sensors to be
packed densely around the head in an array. The miniatur-
ization and simultaneous detection of two gradient magnetic
fields are most desirable features, and should have important
application in the development of MEG worldwide.
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