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We report on a single-channel rubidium radio-frequency atomic magnetometer operating in unshielded
environments and near room temperature with a measured sensitivity of 130 fT/vHz. We demonstrate
consistent, narrow-bandwidth operation across the kHz—MHz band, corresponding to three orders
of magnitude of the magnetic field amplitude. A compensation coil system controlled by a feed-
back loop actively and automatically stabilizes the magnetic field around the sensor. We measure
a reduction in the 50 Hz noise contribution by an order of magnitude. The small effective sensor
volume, 57 mm?, increases the spatial resolution of the measurements. Low temperature operation,
without any magnetic shielding, coupled with the broad tunability, and low beam power, dramati-
cally extends the range of potential field applications for our device. Published by AIP Publishing.

https://doi.org/10.1063/1.5026769

l. INTRODUCTION

The ultra-sensitive detection of magnetic fields is a
requirement for an increasing number of applications and tech-
nologies. Atomic magnetometers (AMs),! featuring the optical
pumping and interrogation of an alkali vapor, compete with
superconducting quantum interference devices (SQUIDs)>3
for record sensitivities, without the requirement of cryo-
genic temperatures. This represents an advantage in terms
of functionality and flexibility. Further advantages are low
power consumption and running costs, and the potential for
miniaturization, leading to hand-held devices.*”’

Radio-frequency atomic magnetometers (RF-AMs)® are
tunable over a wide range of operation frequencies and
have applications in magnetic resonance imaging (MRI),!*-12
nuclear quadrupole resonance (NQR),'>!* nuclear magnetic
resonance (NMR),'>!7 and electromagnetic induction imag-
ing (EII),'2Y along with medical applications such as mag-
netocardiography (MCG).?!>2

Several parameters can be used to compare the suitability
of competing RF-AM implementations to practical applica-
tions. These include sensitivity, tunability of operation fre-
quency, operation bandwidth, and modularity. The sensitivity
crucially depends on the magnetic field noise. Therefore, a sig-
nificant difference in performance is associated with AMs in
shielded and unscreened environments.

The majority of previous RF-AMs designs feature multi-
ple layers of mu-metal shielding enclosing the sensor.5%13:23.24
This results in an increased sensitivity, with the atomic vapor
protected against magnetic field noise. However, the cost
and footprint of the sensor are dramatically increased and
such an approach is infeasible for many field applications
(e.g., NQR detection of explosives'“?> or when the required
detection distance is greater than a few centimeters’). As
a result, the practicality of shielded AMs is limited. This
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motivates the development of high-performance unshielded
AMs.

The high-sensitivity operation demonstrated inside mag-
netic shields cannot be directly extended to unshielded envi-
ronments.”’ Previous unshielded devices have only demon-
strated sensitivities on (or below) the order of 100 fT /\Hz with
a multi-sensor gradiometer approach and high-temperature
operation,4-1621.28.29° A gradiometric arrangement is inher-
ently limited to the detection of rapidly decaying magnetic
fields, requiring at least one sensor being in close proximity to
the source. This constrains the maximum detection distance to
a few cm.

Here, we report on an innovative implementation of a RF-
AM for operation in unshielded environments. Our approach
couples a single-sensor RF-AM and an active feedback loop
stabilizing the ambient magnetic field. We show that the dom-
inant noise contribution—the power line noise—is reduced by
an order of magnitude and, as a result, we maintain consis-
tent stable operation and measurement over many days.>® We
achieve sub-picotesla sensitivity near room-temperature, with
a maximum sensitivity of 130 fT/VHz.

In contrast to gradiometric approaches, our implemen-
tation also allows long range magnetic field measurements.
Retaining the ability to detect distant sources has multiple
applications in surveillance, geophysics, and telecommunica-
tions.’!

We also demonstrate the wide tunability of the magne-
tometer operation frequency, with sub-picotesla sensitivity
extending from the kHz to MHz bands. Finally, we note that
our device can easily be commuted between 3°Rb (for a higher
signal-to-noise ratio, SNR) and ®’Rb (for a larger dynamic
range).

Our sensor’s characteristics, coupled with the inher-
ently modular nature of the setup, make it suitable for
multiple applications, from portable healthcare devices to
security screening, non-destructive evaluation, and industrial
monitoring.

Published by AIP Publishing.
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Il. SETUP

The experimental setup is shown in Fig. 1. A 25 mm cubic
vapor cell of natural isotopic rubidium and 20 Torr of N, buffer
gas is temperature controlled by a 1.5 W AC-current heater.
This consists of a thin copper wire wrapped in an anti-inductive
arrangement around the cell. The heater’s current is modulated
by a computer-controlled H-bridge. This allows the heater
frequency to be adjusted to a value far detuned from the magne-
tometer resonance when exploring the large dynamic range of
the device and to momentarily automatically disable the heater
current during data acquisition for further noise reduction.

The atomic vapor is spin polarized by a circularly polar-
ized pump laser beam locked to the |[F' =2) — |F” =3) transition
of the ¥Rb D line.

The operation frequency is set by a DC magnetic field
collinear to the pump beam. This field is actively maintained
by a compensation coil system. This consists of a 1.2 m
square 3-axis coil cage, a fluxgate magnetometer (Barting-
ton MAG690), situated near the cell, and proportional inte-
gral differential (PID) controllers (Stanford Research Systems
SIM960). Along the pump beam axis (Z), the bias field is pro-
vided by either a 1.2 m square Helmholtz coil or a 30 cm
diameter circular Helmholtz coil [for high-field operation, not
shown in Fig. 1(b)]. The PID acts to minimize the difference
between the bias field (B,, measured by the fluxgate) and the
desired operation field. The current supplied to the coils is
regulated by MOSFET whose gate voltage is driven by the
PID output. In this way, ambient magnetic field variations
and oscillating magnetic noise are actively compensated. As
a result, the bias field is locked at the desired set-point. The
performance of this system is evaluated in Sec. III B. Mag-
netic field homogeneity along Z is further increased by field

(a) (b)

Active compensation
system
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gradient compensation with a 1.2 m square anti-Helmholtz
coil. The transverse ambient magnetic fields (along X and §) are
zeroed—by minimizing the Larmor frequency to the expected
value for a given B,—and can be optionally maintained at that
value with two further feedback loops.

The magnetometer is calibrated with a known AC mag-
netic field (Brr) provided by a pair of 18 cm diameter
Helmbholtz coils in the y-direction. This field excites spin
coherences between nearest-neighbor ground state Zeeman
sub-levels, producing a transverse atomic polarization rota-
tion.

The atomic precession is read out via the Faraday rotation
of the plane of polarization of a linearly polarized probe beam.
This beam is produced by a second laser, blue-detuned by
1.1 GHz from the IF = 3) — IF’ = 4) transition of the 3°Rb
D> line and crossing perpendicular to the pump beam at the
centre of the cell. The overlapping region of the beams defines
the sensor volume (a pump beam waist of 5 mm, probe beam
waist of 4 mm, volume of 57 mm?). Retaining high sensitiv-
ity detection whilst significantly reducing the effective volume
(compared to previously reported unshielded magnetometers)
represents an important advantage in many applications. In
particular, this allows an increase in the spatial resolution of
magnetic field measurements. A larger sensor volume would
allow a further increase in sensitivity. However, a smaller vol-
ume is used to increase the spatial resolution of magnetic field
measurements in EII applications.

A polarimeter, consisting of a polarizing beam splitter
and a balanced photodiode, detects the probe beam rotations.
The output of the photodiode is interrogated by a lock-in
amplifier (LIA, Ametek DSP7280) and a spectrum analyzer
(SA, Anritsu MS2718B). The internal oscillator of the LIA
generates By, reducing the footprint of the system.

Spectrum Analyser

Balanced
photodiode

FIG. 1. (a) D; and D, line level diagram of 83Rb; arrows show the pump and probe excitation scheme. (b) Schematic of the unshielded magnetometer setup (not
to scale). Rb vapor is optically pumped on the Dy line with circularly polarized light. A linearly polarized probe beam crosses perpendicularly and is read out by
a polarimeter. Active compensation system [based on a proportional integral differential (PID) feedback loop] maintains the desired DC magnetic field, reduces
noise, and corrects field gradients—see the main text. An RF coil provides a uniform calibration field, Brg. 4/2: half-waveplate, A/4: quarter-waveplate, PBS:

polarizing beam-splitter.
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In Sec. III C, we present a comparison between the high-
frequency operation using 8Rb and 3"Rb. In the latter case,
the corresponding transitions are pump |F = 1) — [F’ = 2)
transition of the D line and probe |F =2) — |F’ = 3) transition
of the D; line. As with the 8Rb, the probe beam is blue-detuned
by 1.1 GHz from the reference transition.

lll. RESULTS AND DISCUSSION
A. Characterization and optimization

A known RF calibration field (Brp) of amplitude 6 nT
is applied to characterize and optimize the performance of
the magnetometer. The operation frequency for the opti-
mization is chosen to be close to 100 kHz (bias field,
B.=2.13x 107> 7).

To optimize the magnetometer’s performance in the
parameter space, we record the in-phase signal amplitude,
the bandwidth, and the out-of-phase gradient from the LIA
response. An example resonance response showing polariza-
tion rotation as a function of the RF frequency is presented in
Fig. 2. The typical operation bandwidth (BW, I') of the sensor
is I' =200-350 Hz. A BW of this scale is suitable for multiple
applications, such as NQR.

The magnetometer performance is further evaluated by
examining the signal amplitude and SNR, along with the con-
tributing factors limiting the noise from the SA. Figure 3 shows
the various noise components around 100 kHz with the mag-
netometer operating at 45 °C. The technical noise (measured
without the probe beam) arises from electrical noise in the
measurement scheme. It is the dominant contribution at low
probe beam powers [see Fig. 4(a)]. The photon-shot noise
is added to this to give the off-resonant (or baseline) noise.

30 T T T T T T T

25 1

20 1

151 1

10 1

Magnetometer Amplitude (mV)

-1000 -750 -500 -250 O 250 500 750 1000
Detuning from resonance (Hz)

FIG. 2. Typical in-phase (blue circles) and out-of-phase (red squares)
response of the magnetometer near 100 kHz (B; = 2.13 x 107 T). Inset:
polarimeter output at the resonant frequency fitted with a sine wave of the
same frequency. Near-optimized conditions: a pump power of 400 uW, probe
power of 70 W, vapor cell temperature of 45 °C.

Rev. Sci. Instrum. 89, 083111 (2018)

Noise
—=== Photon-shot noise

3L i
10 — = Technical noise

A\ 4
o v e .\/,\"’I (Wl =
Ly, oM~y s R
2 17 v RN \/ ’
1091 °* ‘. 1

Magnetic field (fT/+/Hz)

G

0

99.8 99.85 99.9 99.95 100
Frequency (kHz)

100.05

FIG. 3. Magnetometer noise sources around 100 kHz recorded by the SA at
45°C with other parameters optimized. Total noise (solid blue line) mea-
sured with the RF field off and pump beam on. A total noise level of
165 fT/vHz marked by arrows. Dominated by the detection of a 100 kHz sig-
nal and corresponding 50 Hz side-bands. Off resonant noise (dotted-dashed
red line) measured with the bias field off. Dominated by the photon-shot noise.
Technical noise floor (dashed black line) measured without the probe beam.

This is recorded with the bias field detuned from the RF reso-
nance. The photon-shot noise becomes dominant with higher
probe-beam powers, scaling as the square root of the power
[again, see Fig. 4(a)]. The remaining noise terms arise from
resonant noise sources. These include spin-projection noise
and light-shift noise.® The total noise is recorded with the RF
driving off and the bias field on (solid blue line in Fig. 3).

The total noise level describes the magnetometer sensi-
tivity, 0B1. We recorded a total noise floor of 165 fT/VHz at
45 °C—marked by the arrows in Fig. 3. This level is calculated
following the standard approach of calibrating the SA’s verti-
cal scale via the calibration field and the SNR.® The sensitivity
is therefore given by

_ Brr
SNR

Improved values would be quoted if the baseline noise was
used (147 {T, /\/E, in this case); however, this is somewhat less
relevant to practical applications. Therefore, we chose the total
noise as the limiting factor for the AM sensitivity.

The total noise measurement reveals the detection of envi-
ronmental interference at 100 kHz and of an amplitude of
1.4 pT. This signal, and the corresponding 300 fT/VHz
side-bands, originates from a neighboring laboratory.

By examining the LIA and SA measurements through-
out the parameter space, the optimum parameter values can be
set to satisfy the desired requirements of the sensor’s opera-
tion, e.g., narrowest BW and highest sensitivity. As an exam-
ple, the effect of the probe beam power is shown in Fig. 4.
Figure 4(a) presents the results from the SA analysis of the AM
output. The magnetometer amplitude (blue circles) increases
with the probe beam power at a maximum of around 300 yW—
decreasing slightly beyond this. The decrease at higher powers
is due to the probe beam disrupting the population alignment
created by the pump beam (pump beam power of 400 uW).

The total magnetometer noise [red squares in Fig. 4(a)]
is recorded with the bias field on and the RF driving off, as
shown in Fig. 3. The SNR is computed directly from the above

6By ey
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FIG. 4. (a) Magnetometer signal (blue filled circles), total noise—measured with the RF field off (red filled squares), and SNR—the ratio between the previous
results (black open squares) as a function of the probe beam power. Measured by the SA. (b) Magnetometer sensitivity [after Eq. (1), purple filled circles] and
out-of-phase gradient (yellow open squares) as a function of the probe beam power. All results were recorded at 45 °C with a pump beam power of 400 u'W.

measurements. Figure 4(b) displays the magnetometer sensi-
tivity [0B1, see Eq. (1)] and the out-of-phase gradient at the
resonant frequency as a function of the probe beam power.
The behavior of these results is inverted as the sensitivity is
inherently inversely related to the out-of-phase gradient. This
follows from an alternative figure of merit for the sensitivity,

__h T SNR : :
0B, = 25 SNR where == is effectively equivalent to the out-

of-phase gradient.>>3* We note that the same 70 uW probe
beam power maximizes the gradient, sensitivity, and SNR.

The optimized values at 100 kHz require a total optical
power of only 470 uW supplied to the sensor and 29.5 W
supplied to the compensation coils.

Another significant parameter to explore is the atomic
vapor density. The AC current heater allowed control of the
vapor cell temperature from 21 to 60 °C: this corresponds to
densities in the range of 6.1 x 10°-2.4 x 10'! cm™3. This
range is significantly lower than that explored in many pre-
vious studies.!*!>?® The absence of an oven reduces the size
and complexity and increases the ease of operation in practical
applications.

In Fig. 5, we present the magnetometer sensitivity and
out-of-phase gradient as a function of temperature. Increasing

® o 0
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FIG. 5. Magnetometer sensitivity (blue filled circles) and out-of-phase gradi-
ent (red open squares) as a function of the vapor cell temperature. All results
were recorded with a pump beam power of 400 W and with a probe beam
power of 70 uW. A peak sensitivity of 130 fT/vHz was recorded at 60 °C.

the vapor density increases the sensitivity but also increases
the rate of spin-exchange collisions (broadening the BW)
and increases radiation trapping of the probe beam (fixed at
70 uW across the temperature range). Both of these effects
reduce the signal. Nevertheless, in the experimental range,
increasing vapor density had a positive effect on the sensi-
tivity, 130 fT/VHz at 60°C. However, we note that the rate
of improvement slowed above 42 °C. This is mirrored in the
out-of-phase gradient where the steepest response (and also
the narrowest BW) was recorded around 45 °C. Sub-picotesla
sensitivity was achieved with only gentle heating to 29 °C.

B. Active magnetic field stabilization

The consistent high-sensitivity operation of the mag-
netometer (obtained without averaging) in unshielded envi-
ronments is made possible by the active compensation of
stray static and oscillating magnetic fields. Operating without
averaging speeds up practical applications.

The active field stabilization is based around a PID feed-
back loop from a fluxgate sensor. The output of the PID is
used to control the current flowing in the bias field coils by
controlling the gate voltage of a MOSFET. For low-field oper-
ation (v < 200 kHz, B, < 4.26 x 1073 T), the current in the
bias field coils can be supplied directly from the PID output.
We did not record a difference in the sensor’s characteris-
tics between the MOSFET driven and PID only configura-
tions. Furthermore, the results presented throughout this work
used a single feedback loop maintaining B,. The system can
be easily extended to include two more loops maintaining
B, = B, = 0. We found that this approach does not further
improve the sensitivity though it is inherently more suited to
long term data acquisition and field applications.>°

The Fourier transform (FFT) of the PID output is pre-
sented in Fig. 6. This shows the frequencies that the system
is working to compensate—up to the 3 dB bandwidth of the
fluxgate at 1 kHz. As expected, the signal is dominated by the
50 Hz correction from the power line noise and its higher order
harmonics.

The 50 Hz noise contribution is the dominant source
of noise for unshielded operation of atomic magnetometers.
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FIG. 6. FFT of the PID output used to actively stabilize the bias field (B;). The
correction signal is dominated by 50 Hz noise and corresponding harmonics.

In this work, the sensitivity is degraded by an approxi-
mate factor 2 without the active compensation system. Con-
sistent sensor operation is also impossible, with the reso-
nance lineshape severely distorted and non-repeatable (see the
supplementary material). This is due to the distortion of B, at
50 Hz. We call the amplitude of this modulation B3° 2, Without
active compensation, this value was independently measured
by two sensors and found to be 120 nT. For 33Rb, this corre-
sponds to an oscillation of the resonant frequency of 1.1 kHz
(similar to those reported for other unshielded atomic magne-
tometers'#). When the compensation system is active, we can
extract the residual oscillations in the bias field directly from
the LIA. Thisis shown in Fig. 7. In these conditions, the oscilla-
tions are +56 Hz; this equates to an amplitude Bgo Hz ~11.9nT.
The active compensation system reduces the dominant 50 Hz
noise component by a factor ten.

During sensor operation, the effect of the noise is further
reduced by time-gated data acquisition triggered directly from
the power line. In this way, measurements are always taken
at the same point of the 50 Hz oscillations, minimizing the
standard deviation of measured values.

600 _ _ e

400

200

-200

Wy oscillation (Hz)
o

Sensitivity (fT/ +/Hz)

-400

-600

0 50 100 150 200
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FIG. 7. Oscillations in the resonant frequency of the magnetometer. Active
magnetic field locking reduces the 50 Hz noise by an order of magnitude. With
field stabilization, the modulation is +56 Hz (blue line); this corresponds to
BSO Hz — 11.9nT. Without stabilization, Bgo Hz — 120 nT, giving a modulation
of 1.1 kHz—Ievel indicated by the shaded area.
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C. Range of frequency tunability

In this section, we explore the range of the operation fre-
quency of the magnetometer. A broad tunability is a crucial
feature for many practical applications where a range of detec-
tion frequencies are required, for example, the detection of
NQR signals and tuning the penetration depth in EII.

To maintain relevance to these applications, we fix all
parameters at the values optimized at 100 kHz (Brg =6 nT, a
pump power of 400 uW, a probe power of 70 uW, a temperature
of 45°C). We note that tuning Brp across a wide frequency
band requires the calibration of the RF coil across the range,
although this can be performed a priori.

We demonstrate consistent operation without averaging
across three orders of magnitude: from 3.5 kHz to 2 MHz, cur-
rently limited by the LIA bandwidth. This corresponds to bias
fields (B;) from 0.74 uT to 285 uT. This dynamic range is sig-
nificantly greater than those previously reported and confirms
the suitability of our device to multiple applications.

The range of frequency tunability is presented in Fig. 8, in
the case of the 3> Rb RF-AM. We find that the magnetometer
operates with sub-picotesla sensitivity from 30kHzto 1.1 MHz
at 45 °C. This range increases to around 15 kHz-1.4 MHz at
60 °C. The maximum sensitivity is found to be in the range of
100-700 kHz. At lower frequencies, an increase in the techni-
cal noise became the limiting contribution. At higher frequen-
cies, the decrease in sensitivity was due to an increasing BW.

The largest tunability is demonstrated with 8’Rb, which
provides a higher dynamic range, thanks to its larger gyromag-
netic factor (yg7 = 1.49y3gs).

In Fig. 9, the source of the broadening is explored. We
compare the broadening at high B, fields for the 33Rb and the
87Rb magnetometers. The magnetometer HWHM (I'/2) for
each isotope is fitted with a function

F(v)=ass g7 + Bss g1 @ (v), 2)

where ®8-87(v) is the second-order Zeeman effect as a func-
tion of the operation frequency (v). ®¥47(v) is calculated
from the Breit-Rabi formula.>* The best fit parameters are
g5 = 145 HZ, ag7 = 160 HZ, and ﬂg5 = ,887 = 1.6. The
strong agreement with experimental data confirms that the

102 . . .
10 100 1000

Frequency (kHz)

FIG. 8. Magnetometer sensitivity as a function of the operation frequency,
demonstrating consistent operation across three orders of magnitude. Line
serves to guide the eye.
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FIG. 9. Magnetometer HWHM (I'/2) as a function of frequency for both $Rb
(blue filled circles) and 8’Rb (red open squares). Theoretical fits (solid lines)
are calculated from the second-order Zeeman effect as a function of frequency.

broadening results from second-order effects and not from
the introduction of magnetic field gradients when operating
in high fields. An example of the distortion of AM line-
shape due to the second-order Zeeman effect is shown in the
supplementary material at v = 2 MHz, where the ¥Rb AM
exhibits a sensitivity of 4.3 pT/\/E.

IV. CONCLUSIONS

We have demonstrated a single-channel unshielded RF-
AM, operating with sub-picotesla sensitivity near room tem-
perature. Our approach is based on the active locking of the
magnetic field that the sensor operates in. We measured a
resulting order of magnitude reduction in the power-line noise.
The single-sensor approach is applicable to the detection of
both local and remote magnetic field sources. The small effec-
tive volume of the sensor increases the spatial resolution of the
measurement and leads to an improved imaging resolution in
EII applications. We have shown that the operation frequency
of the sensor is tunable across three orders of magnitude. The
performance is degraded, in the MHz range, by the second-
order Zeeman effect. Our current range is only limited by the
bandwidth of the LIA. Operating without any passive magnetic
shielding, the demonstrated flexibility in operating conditions,
and low optical power greatly increase the applicability of our
device to practical applications.

SUPPLEMENTARY MATERIAL

See supplementary material for information on operation
without active field stabilization, and the derivation of the
second-order Zeeman effect fit (®%37(v)) and its impact on
the RF-AM response.
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