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The method is presented for converting a coherent population trapping (CPT) atomic clock into a CPT vector
(compass-) magnetometer without mechanically moving parts through a relatively simple add-on. The system
of 3D Helmholtz coils was used for compensation of the external magnetic field, allowing measurement of both
strength and direction of a magnetic field at the sensitivity level of sub−nT/Hz1/2 within a 10-Hz bandwidth.
Angular resolution of the developed vector magnetometer amounts to about 10−2 degrees. ©2022Optica Publishing

Group
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1. INTRODUCTION

The functional similarity of the physical principles of oper-
ation between quantum frequency standards and quantum
magnetometers results in any progress made in one of these
fields immediately reflected in the other. For example, the
development of a miniaturized atomic clock based on coherent
population trapping (CPT) [1,2] led to the introduction of an
atomic magnetometer relying on the same effect [3–5]. The
primary difference between the clock and the magnetometer is
that in the atomic clock, the reference CPT resonance is excited
on magnetically insensitive transitions between the energy
levels of hyperfine structure (HFS) in alkali metal atoms, thus
ensuring the highly stable spectral position of the resonance
[6,7]. In contrast, in atomic magnetometers, sublevel transitions
are used that undergo a Zeeman shift in an external magnetic
field [8]. One of the drawbacks of such a magnetometer is that,
generally, only the absolute strength of the magnetic field is mea-
sured and not its spatial components, which would be necessary
to determine the direction of the field. Various methods are
conventionally used to measure the direction of the magnetic
field, of which the simplest involve mechanical movement of
the entire magnetometer [9] or some of its parts [10]. However,
mechanical motion is not the preferred way of modern research
and development. An alternative approach would be creating
an ultra-sensitive atomic three-axis chip-scale magnetom-
eter free of any mechanically displaced parts or, in more basic
implementation, a magnetic gradiometer/variometer [11].
Realizing a three-axis magnetometer free of mechanical motion
is practically possible, but requires either more complicated
polarization techniques, nonlinear magneto-optical rotation,
a multi-pass cell, or based on modeling only [12–15]; and/or it
may necessitate a system of compensation solenoids [16–20].
Similar (compensation) solenoid coils have also been sometimes

used in scalar CPT magnetometers without µ-metal shielding
for compensation of external stationary magnetic fields [21].

Earlier on, this approach was applied both to measurement
of the strength and direction of stationary or slowly varying
magnetic fields on the basis of the Hanle effect [16], in which
a resonance in transmitted radiation is observed at complete
cancellation of the external field and to the Mx configuration
[17] where the magneto-optical resonance is excited in an opti-
cally pumped medium by RF radiation at the Larmor frequency.
Application of compensation coils has allowed development of
vector atomic spin-exchange relaxation free magnetometers,
designed according to the pump–probe [18] and single-beam
configurations [19,20]. Thus, it was earlier demonstrated that
the compensation approach can be used for measurement of
the magnetic field along three axes. We found it promising to
implement this idea in a compact device on the basis of a CPT
atomic clock.

This year, virtually at the same time, the idea of making a
magnetometer on the basis of a CPT atomic clock by addi-
tion of electromagnetic coils for compensation of the external
magnetic field in order to keep the spectral position of the
CPT resonance constant was demonstrated in [22,23]. These
works differ in that one of them (written by the authors of
the present article) [22] employs this approach to develop a
vector magnetometer, whereas the other [23] uses an analo-
gous one to create a scalar magnetometer with an attempt to
make it compact. The demonstrated sensitivities of magnetic
strength measurement are quite close in both cases at around
300 pT/Hz1/2. The possibility in principle to build a vector
magnetometer using this approach was proven somewhat later
in [24], but in that publication no data are provided about the
achieved sensitivity. Furthermore, the experiment discussed
in [24] was conducted on the basis of a relatively large optical
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cell (∅25.4 mm× 50 mm), that is why work [24] cannot be
called a practical demonstration of conversion of commercial (or
small-footprint) CPT atomic clocks into CPT magnetometers.

The effect of magnetic field deviation upon the amplitude
of CPT resonances has long been discovered [4]. It was not,
however, known how precisely this effect may be used for mea-
surement of magnetic field direction, neither has this effect
been actually used in practice for this purpose. As the studies
presented in the following demonstrate, this dependence can be
used for precise measurement of the magnetic field direction.

In the present work, a system of compensation-modulation
magnetic coils was used, to our knowledge, for the first time for
conversion of a CPT-based laboratory small-footprint atomic
clock [25,26] (or commercial CPT atomic clock) into an atomic
vector magnetometer. The advantage of this configuration
is that many atomic clock components may be used without
modification. CPT-based atomic frequency standards have
advanced to very compact dimensions, and they may be also
very light and consume little energy. If the magnetic shield of
an atomic clock is replaced with a system of external magnetic
field compensation (compact 3D coils around the optical cell),
one obtains a configuration for vector measurement of magnetic
field that conserves all the advantages of a CPT-based atomic
clock: compact dimensions, low energy consumption, and light
weight. The aim of the present work is the study of a vector
magnetometer fabricated from unmodified components of a
CPT atomic clock.

2. EXPERIMENT

The principle of the proposed compensation vector CPT
magnetometer consists in the following: a special station-
ary magnetic field is created around the optical cell with the
help of three-axis Helmholtz coils. Our work did not aim to
demonstrate the smallest possible size of the device. The magne-
tometer’s dimensions were relatively small and close to those of
commercial CPT clocks. For illustration, we added a photo of
self-fabricated Helmholtz coils (Fig. 1) (which could have been
made yet slightly smaller). The typical size of the coils may be
judged by comparison with a coin placed beside. The optical
cell size was ∅8 mm× 5 mm, and that of the coil frame was
35× 35× 35 mm3.

It is also necessary to make a clarification of the employed
terminology: in this work we chose to utilize the term “CPT
magnetometer,” even though sometimes such devices are called
“coupled dark state magnetometer” [27].

The current flowing within the coils is determined by taking
into consideration these factors: the magnitude of the CPT
resonance depends [28] upon the presence of the magnetic field
component orthogonal to the laser beam, while the spectral
position of the CPT resonance is governed by the strength of
the magnetic field. Compensation of the external magnetic field
was done with the three-axis Helmholtz coils considering this
duality of the effects produced by the direction of the magnetic
field. Correspondingly, as the first step, the magnitude of the
CPT resonance is maximized (since this magnitude reaches
its maximum in the absence of the magnetic field component
orthogonal to the laser beam). That is, two pairs of Helmholtz
coils whose axes are normal to the laser beam are used to cancel

Fig. 1. Self-fabricated Helmholtz coils on a 3D-printed frame.

out the magnetic field component orthogonal to the beam.
Operation of two pairs of these coils cancels out both compo-
nents of the external field orthogonal to the laser beam. The
presence of the third field component parallel to the beam does
not affect the magnitude of the CPT resonance but modifies
its spectral position. Compensation of the third magnetic field
component (parallel to the laser beam) is done by attaining a sta-
tionary position of the CPT resonance. Therefore, the principle
of error signal formation is different for the coils that generate
compensating fields respectively parallel and orthogonal to the
beam. Compensation of all three magnetic field components
may be performed electronically via three feedback loops oper-
ating on different aliquant frequencies. This technique of vector
CPT magnetometry has been proposed here for the first time.

The proposed approach consists of simultaneous compen-
sation of the external field by a magnetic coil system used to
maintain constant magnitude and spectral position of a CPT
resonance (87Rb) and achievement of comparatively high
device sensitivity. The measured sensitivity of the developed
atomic magnetometer amounted to 300 pT/Hz1/2 within a
10-Hz bandwidth for components normal to the laser beam
and 400 pT/Hz1/2 within the same bandwidth for the magnetic
field component parallel to the laser beam.

Figure 2 describes the experimental setup of the studied
CPT vector magnetometer. The radiation source used was
a vertical-cavity surface-emitting laser (VCSEL) (795 nm).
The injection current of the laser was modulated at the fre-
quency equal to half the frequency of the hyperfine splitting
fRF = νhfs/2 = 3.417 GHz using a frequency synthesiser.
Thus, the first-order sidebands of the radiation spectrum excited
the CPT resonance. The radiation was collimated by pass-
ing through a lens and acquired circular polarization passing
through a quarter-wave plate (λ/4). Next, the radiation passed
through a cylindrical cell filled with 87Rb vapor. This cell was
fabricated according to the cold optical contact technology
and had the following internal dimensions: length of 5 mm
and diameter of 4 mm. The composition and pressure of the
buffer gas mix were optimized for the working temperature
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Fig. 2. Experimental setup.

of 70◦C [29]. The cell was placed into an aluminum holder
heated with a thermoelectric cooler (TEC) inside a multi-layer
magnetic screen. The cell temperature was measured by means
of a 10−k� platinum thermo-resistor, also placed inside the
magnetic screen. The vapor-cell was placed inside three-axis
Helmholtz coils. The system of three Helmholtz coils was
self-made: the coils were wound with copper wire on a frame
fabricated with a consumer-grade 3D polymer printer. The
coil system and the optical cell were located inside a removable
magnetic shield. This made it possible to perform calibration
with the magnetic shield on and to measure the vector of the
external magnetic field without it. The photodetector measured
the transmitted radiation. To stabilize the laser current on the
Rb absorption line, a lock-in amplifier was used at the frequency
of 10.1 kHz.

The relationship between the current flowing through the
Helmholtz coils and the magnetic field that they create was
determined. To do this, the respective spectral position of the
CPT resonance was measured at different current values. These
measurements were conducted in the approximation that the
CPT resonance position is a linear function of the magnetic
field strength. Such measurements were done for each axis inde-
pendently. The coupling factor of the magnetic field and the
Helmholtz coil current was found to be 244 nT/mA for the X
axis, 279 nT/mA for the Y axis, and 216 nT/mA for the Z axis.
The observed difference of this factor among the three axes arises
from differences in the winding of the Helmholtz coils. The
current sources were the PXIe-4145 (National Instruments).
The noise of the current source is 100 nA; thus, the error caused
by the current source was minimal.

The CPT resonance was scanned along each of the three coor-
dinates to measure the magnitude and direction of the external
magnetic field. Z-axis (parallel to the beam) scanning was done
in frequency, whereas scanning along the other two coordinates
(X , Y normal to the beam) was performed by adjustment of
magnetic field arising from alternating current flowing through
the corresponding Helmholtz coils. The resonance scanning
along the Z axis was performed in frequency to avoid adding
yet another AC magnetic field to the system, thus increasing
interference. The position of the resonance corresponding to

the Z axis was determined by the lock-in amplifier at the fre-
quency of 2 kHz by modulating the frequency of the frequency
synthesizer. Modulation frequencies of the resonance position
corresponding to the X and Y axes were set at 1.5 and 1.7 kHz,
respectively, by modulation of the current flowing through the
corresponding coils. To do this, sine-wave signals were amplified
using the current amplifiers and mixed with the DC current;
the resulting current was fed to the coils. Different aliquant
modulation frequencies were chosen to avoid interference. The
difference and aliquancy of the modulation frequencies allowed
using all the control loops at the same time to measure all three
components of the magnetic field simultaneously. The resulting
detuning from the resonances was compensated by current
sources that control the currents fed to the Helmholtz coils
(to X , Y , Z in Fig. 1). The current in each pair of the coils was
proportional to the corresponding component of the measured
magnetic field vector.

3. RESULTS

Figure 3 shows the sensitivity of the developed CPT vector
magnetometer along different coordinates. It can be observed
that the Z-axis sensitivity amounts to 300 pT/

√
Hz at 10-Hz

bandwidth, while the X - and Y -axes sensitivity was 400 and
300 pT/

√
Hz, respectively. The 10-Hz limitation was imposed

by the capabilities of our apparatus. The integration time of
the photodetector signal in the lock-in amplifier was 50 ms,
which limited the bandwidth of the feedback control loops to
10 Hz. We believe that broadening of the frequency bandwidth
is possible, but it will not likely lead to significant sensitivity
improvement.

The difference in the magnetometer sensitivity along dif-
ferent axes comes, most probably, from different modulation
methods and imperfect manual winding of Helmholtz coils.

It is important to point out that the data of Fig. 3 are given
for a 10-Hz bandwidth. The magnetometer sensitivity should
be even higher within narrower bands (<10 Hz), even though
this needs additional research because technical noises tend to
increase as the bandwidth becomes narrower.

Fig. 3. Axial component sensitivity of the vector magnetometer.
X -sensitivity corresponds to the red curve, Y — to the green curve, and
Z — to the blue curve.
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Fig. 4. Measurement of the Earth’s magnetic field by the commer-
cial magnetometer MR3 by AlphaLab Inc. (red trace) and the proposed
CPT-based vector magnetometer (blue trace).

Tuning the developed CPT vector magnetometer consisted
of calibrating the measured quantities governed by the relation
|B | =

√
(B2

x + B2
y + B2

z ). For this purpose, a commercial
device by AlphaLab, Inc. was used (3-Axis Magnetoresistive
Milligauss Meter MR3). The specified sensitivity of this device
is 0.01 mG. Presented in Fig. 4 is a comparison of measurements
of the Earth magnetic field taken with the studied CPT vector
magnetometer and the commercial device. The commercial
magnetometer was placed 10 cm above the studied system;
therefore, their mutual interference may be neglected. The
optical part of our system and the commercial magnetometer
were placed inside the thermostat, significantly reducing the
Earth’s natural magnetic field. The thermostat is not an essential
component for functioning of the magnetometer. In this case, it
was used in order to eliminate the effect of ambient temperature
fluctuations on the magnetometer stability. Figure 4 confirms
that the developed CPT vector magnetometer measures the
Earth magnetic field correctly.

It is necessary to note that the data in Fig. 4 are provided for
demonstration of feasibility and sensitivity of the proposed mag-
netometer and do not refer to any calibration.

For measurement of the field direction, the data of Fig. 4 were
expressed through angular parameters θ and ϕ, of which θ is
the inclination or the angle between the Z axis (Fig. 1) of the
magnetometer and the magnetic field direction, whereasϕ is the
azimuth or the angle between the X axis of the magnetometer
and the projection of the magnetic field vector onto the X Y
plane. The respective dependencies are shown in Fig. 5. As it
may be seen from Figs. 5(a) and 5(b), fluctuations of the mag-
netic field direction in the azimuthal coordinate are substantially
smaller and comparable to the measurement noise. The mag-
nitude of this noise is approximately 0.2 mrad, corresponding
to magnetometer’s angular resolution of ∼0.01◦. Essentially,
the angular resolution limit of the proposed magnetometer
is determined by the system noise floor. In this particu-
lar case, the fundamental limitation is set by the shot noise
of the photodetector, which determines the signal/noise ratio of
the spectroscopic signal. However, we believe, in general, that
the major contribution to the noise floor comes from technical
sources of noise, which may be reduced by proper engineering

Fig. 5. Fluctuations of the direction of the Earth’s magnetic field
measured with the proposed magnetometer: (a) θ–inclination or
the angle between the Z axis of the magnetometer (Fig. 1) and the
magnetic field vector; (b) ϕ–azimuth or the angle between the X axis of
the magnetometer and the projection of the magnetic field vector onto
the X Y plane.

(reduction of the device footprint, better shielding of the control
electronics, etc.).

It is necessary to remark that an optical vector magnetometer
with similar angular resolution and relatively small dimen-
sions may be implemented on the basis of a different principle
[30], the common factor among these attempts is to make a
highly sensitive magnetometer using commercially available
components as much as possible.

4. CONCLUSION

A CPT vector magnetometer can be easily created out of a CPT
atomic clock with an additional system of 3D Helmholtz coils
for compensation of the external magnetic field. Such a system
does not have any moving parts. It allows measurement of the
strength and direction of the external magnetic field at the
sensitivity level of sub−nT/Hz1/2 within a 10-Hz bandwidth.
Angular resolution of the developed vector magnetometer
amounts to about 10−2 degrees. Among the advantages of the
proposed magnetometer are its fairly high sensitivity within
small dimensions, the absence of blind spots, and compatibility
with magnetic fields of broad strength range.
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