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A scalar magnetic field sensor based on a millimeter-size ¥ Rb vapor cell is described. The magnetometer uses
nearly copropagating pump and probe laser beams, amplitude modulation of the pump beam, and detection
through monitoring the polarization rotation of the detuned probe beam. The circularly polarized pump laser
resonantly drives a spin precession in the alkali atoms at the Larmor frequency. A modulation signal on the probe
laser polarization is detected with a lock-in amplifier. Since the Larmor precession is driven all-optically, potential
cross talk between sensors is minimized. And since the pump light is turned off during most of the precession
cycle, large offsets of the resonance, typically present in a single-beam Bell-Bloom scheme, are avoided. At the
same time, relatively high sensitivities can be reached even in millimeter-size vapor cells: The magnetometer
achieves a sensitivity of 1 pT/Hz'/? in a sensitive volume of 16 mm?, limited by environmental noise. When
a gradiometer configuration is used to cancel the environmental noise, the magnetometer sensitivity reaches
300 fT/Hz!/2. We systematically study the dependence of the magnetometer performance on the optical duty
cycles of the pump light and find that better performance is achieved with shorter duty cycles, with the highest

values measured at 1.25% duty cycle.
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1. INTRODUCTION

Optically pumped magnetometers (OPMs) have generated
renewed interest over the last 15 years, in part due to their in-
creased sensitivity, when operated in the spin-exchange relaxa-
tion free (SERF) regime [1]. Good fundamental sensitivity was
experimentally demonstrated [2], rivaling that of the best
superconducting quantum interference device magnetometers
[3]. SERF magnetometers have been used for a variety of ap-
plications ranging from imaging the brain [4-9] and fetal heart
[10,11] to nuclear magnetic resonance [12,13] and magnetic
resonance imaging [14,15]. These applications require very
high-performance sensors that can get very close to the samples
and can tolerate measurements inside a shielded environment.

For many applications outside shielded environments, espe-
cially those where the sensors are not stationary, scalar OPMs
are often favored because they are less sensitive to mechanical
noise of the mounting platform, which leads to changes of their
orientation with respect to the ambient field. First imple-
mented in the 1970s [16], they have since developed into
rugged commercial products. They are routinely used for mag-
netic anomaly detection, unexploded ordinance detection, and
geophysical surveying for archeology [17] or mineral and oil
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exploration [18]. Recently, airborne mapping with unmanned
autonomous vehicle planes has become possible with smaller,
lighter, and lower power magnetometers and has generated
renewed interest in device miniaturization.

During the last 10 years, substantial progress has been made
on reducing the size of OPMs, since smaller sensors can allow
for lower power consumption. Discharge lamps have been re-
placed by low-power diode lasers [19]. Furthermore, less power
is needed to heat smaller vapor cells [20]. Vacuum packaged
atomic devices have been shown to consume powers as little
as 10 mW [21].

The background environmental noise level in an unshielded
environment could be above 10 pT/Hz!/? below 10 Hz,
especially in urban environments [22]. While this would limit
the performance of magnetometers, much of this noise can be
suppressed using multiple sensors in a gradiometer configura-
tion [23,24]. Therefore, when operated in noisy environments,
smaller magnetometer size and better sensitivity can allow for
gradiometers with shorter baselines.

Simultaneously, there has been substantial effort in
improving the sensitivity of miniaturized scalar OPMs. For
DC magnetic field detection with continuous pumping, the
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fundamental limit set by spin-exchange collisions, photon shot
noise, and quantum back-action noise is on the order of
0.5 fT cm®?/Hz'/2 [25]. In pulsed operation and using
quantum nondemolition measurement, a scalar gradiometer
sensitivity of 0.54 fT/Hz!/? has been experimentally demon-
strated with multipass cells in a sensitive volume of 350 mm?
[26]. Under continuous operation, several groups have
shown sensitivities below 1 pT/Hz!/? in centimeter-size cells
[24,27-30]. Microfabricated scalar sensors have reached
sensitivities of 5 pT/Hz!'/? in a volume of 2 mm? with a band-
width of 1 kHz [31]. Using the effect of light narrowing, sen-
sitivities of 42 fT/Hz!'/? in an active volume of 9.3 mm?> and
10 fT/Hz'/? in 50 mm? were predicted, if the noise were pho-
ton shot noise-limited [28,29]. In an actual measurement, a
good sensitivity of 320 fT/Hz!/? was reached in a relatively
small cell of 50 mm? [32]. It was operated as an all-optical
Bell-Bloom magnetometer [33], when the laser intensity noise
was cancelled with a secondary light monitor.

Scalar magnetometers have in most cases used field coils or
modulated pump light to drive the Larmor precession. All-
optical schemes are often favored when cross talk between sen-
sors can be an issue, since they do not produce external magnetic
fields except the one caused by the atomic magnetization pre-
cession. When implemented as a single-beam version, they can
also have reduced heading errors compared to their coil-driven
Mx counterpart, for example, that arise from misalignment of
the RF coil with the light axis in combination with the non-
linear Zeeman effect. Nevertheless, many scalar OPM sensors
in applications use the Mx scheme, partially because it can be
very tedious to optimize the control electronics for Bell-Bloom
operation due to large offsets of the signal due to the pump
modulation. Here we investigate an all-optical Bell-Bloom
scheme with separate, nearly parallel pump and probe laser
beams in which the offsets are largely suppressed using polar-
imeter detection and intensity modulation at a subharmonic of
the Larmor frequency. We investigate the magnetometer per-
formance as a function of duty cycle. In contrast to single-beam
experiments [32], the two-beam setup favors a smaller duty
cycle which reduces power broadening of the resonance.
Finally, we demonstrate a scalar magnetometer with a 16 mm?
active volume in a pulsed mode of operation. A sensitivity as
low as 300 fT/Hz!/? is achieved, and a potential photon shot
noise-limited sensitivity below 200 fT/Hz!/? is demonstrated.
A gradiometer configuration was used to assess the magnetom-
eter sensitivity.

2. EXPERIMENTAL SETUP

The scalar magnetometer uses a cylindrical glass vapor cell with
inner diameter and length of 3.3 and 3.8 mm, respectively. The
cell is filled with isotopically pure 8 Rb and contains nitrogen as
a buffer gas with a pressure of 66.7 kPa (500 Torr). The cell is
mounted in a cylindrical aluminum housing (25.4 mm diam-
eter, with 5 mm diameter opening for the cell) with on-axis
optical ports. The aluminum is heated with flexible heaters
placed several centimeters away. The resonant optical depth
of the cell is 0.7 at 358 K (85°C). The cell is placed inside
a magnetic shield chamber to reduce the effects of ambient
magnetic fields on the sensor evaluation. A static magnetic field
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By = 14 pT is applied at the cell position, perpendicular to the
optical axis, created by a pair of Helmholtz coils driven by a
DC current source with a current noise below 50 pA/Hz!/?
(corresponding to 30 fT'/ Hz!/? at 24 mA) at frequencies above
10 Hz except for 60 Hz harmonics.

The atomic spin precession is resonantly driven all optically
[33]. In the past, frequency, amplitude, or polarization modu-
lation has been used [34]. The scalar magnetometer described
here is based on the Bell-Bloom optically driven spin-precession
scheme [33], where a spin precession in a static magnetic field
is induced by a pump laser beam, amplitude-modulated (AM)
at the Larmor frequency or a subharmonic of it. We use
amplitude instead of frequency modulation to minimize the
noise resulting from the presence of pump light during the
precession cycle. The spin precession causes rotation of the lin-
ear polarization of a far-detuned probe beam [35,36]. The
polarization rotation is detected with a balanced polarimeter.
The magnetometer implementation is similar to the sensor
geometry which uses nonlinear magneto-optical rotation and
amplitude modulation [37,38]. In this work, the polarization
rotation is due to a precessing atomic orientation, in contrast to
[37,38] where atomic alignment was used. For this reason, it is
difficult to make performance comparisons with work based on
atomic alignment.

In this experiment, we use a modulation at half of the
Larmor frequency, and phase detection at the Larmor
frequency. The modulation at half of the Larmor precession
frequency reduces the power broadening from the pump laser,
at the expense of a slightly reduced signal size (~10%). Direct
detection of scattered light from the pump laser does not create
a background signal, and the phase detection is performed at a
higher frequency, where the technical noise is reduced.

The magnetometer uses two diode lasers (pump and probe)
with wavelengths near the 8 Rb D1 resonance (795 nm). Both
lasers have linewidths on the order of 1 MHz. The magnetom-
eter setup is shown in Fig. 1.

The pump laser light passes through an acousto-optic
modulator (AOM), and the first diffraction order is coupled
into a polarization-maintaining (PM) fiber (not shown). The
collimated fiber output has a waist of 3 mm and is circularly
polarized. The pump beam frequency is in resonance with
the buffer gas pressure-broadened ~11.5 GHz wide Rb D1
resonance, which is red-detuned by ~1.2 GHz from the
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Fig. 1. Sensor setup. The AM pump beam propagates through the
vapor cell at a small angle with respect to the probe beam in a plane
perpendicular to the static magnetic field B, inside the vapor cell. The
probe beam is split geometrically for two-path detection by the polar-
imeters P1 and P2 and demodulated with a lock-in amplifier. PBS,
Glan-Taylor polarizer; PD, photodetector; M, mirror.
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unperturbed F =2 -F' =1 optical transition and corre-
sponds to a wavelength of 780.249 nm. An 80 MHz RF carrier
signal for the AOM is generated with an arbitrary function gen-
erator (AFG) and is amplitude-modulated at 100% and 49 kHz
with a pulse train waveform of adjustable duty-cycle. The
80 MHz pulses delivered to the AOM and the AOM response
allow optical pulse lengths of 1 ps or longer, with an average
power of more than 500 pW. The average pulse train power is
varied by adjusting the amplitude of the 80 MHz carrier signal.
The AM frequency v,, is also used for phase detection with a
digital lock-in amplifier.

The probe laser beam is coupled into a PM fiber. The colli-
mated output has a 3 mm waist diameter and is linearly polar-
ized. The probe laser is red-detuned from the unperturbed
F =2-F"=1 optical transition resonance by ~9.2 GHz
and corresponds to a wavelength of 780.266 nm.

The pump and the probe laser beams propagate almost par-
allel in a plane perpendicular to By. The beams cross at a small
angle (~5 mrad) at the cell position to allow for independent
spatial detection of the probe beam only. The probe beam is
geometrically split, and the two halves of the probe beam
are detected by independent polarimeters (P1 and P2 in
Fig. 1) using Glan—Taylor polarizers and balanced photodetec-
tors. The polarimeter signals are sent to the two inputs of the
lock-in amplifier for phase-sensitive detection at half the
Larmor frequency. A gradiometer configuration can be realized
by subtracting the two polarimeter signals electronically using
the two inputs of the lock-in amplifier. It is implemented here
to suppress the environmental noise, stemming mostly from
nearby components.

3. RESULTS

A. Resonance Linewidth and Magnetometer
Bandwidth

The AM circularly polarized pump beam creates an atomic
polarization through the process of optical pumping, which
in turn leads to a rotation of the linear probe polarization.
For the geometry of Fig. 1, the presence of the static magnetic
field By, orthogonal to the direction of the circularly polarized
pump beam, causes the atomic polarization to precess at the
Larmor frequency around the direction of By in a plane
perpendicular to Bj. The precession leads to a modulation
of the probe polarization, which is detected by the polarimeters.
A resonant condition occurs when the Larmor frequency
matches the AM frequency v,, or any of its harmonics. In this
work, the Larmor frequency was twice as high as the modula-
tion frequency, and the phase detection was performed at the
second harmonic of v,,.

The resonance is shown in Fig. 2 [curves (a) and (c)] as in-
phase and quadrature lock-in output of polarimeter P1 as a func-
tion of the magnetic static field By in the interval 14 £ 2.6 pT.
No offset subtraction was necessary for the signals.

To calibrate the magnetic field B, scale, the modulation
frequency v,, was changed by 1 kHz from 49 to 50 kHz.
Therefore, the resonance occurred at a higher magnetic field,
corresponding to a Larmor frequency change from 98 to
100 kHz, as can be seen from the horizontal offset of curve
(b) in Fig. 2. The Larmor frequency shift of 2 kHz corresponds
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Fig. 2. Lock-in amplifier output as a function of the magnetic field
By for polarimeter P1. The modulation frequency v,, was 49 kHz
[curves (a) quadrature signal and (c) in-phase signal] and 50 kHz
[curve (b) quadrature signal]. The Larmor frequency is given (top
x scale) as a deviation from 98 kHz.

to a magnetic field change of 0.28 pT (using the gyromagnetic
ratio y = 2z x 7 Hz/nT for ¥ Rb). The calculated magnetic
field change was used to calibrate the lower horizontal axis.
The full width at half maximum of the spin precession res-
onance is 0.28 pT (or 2 kHz), determined by a combination of
optical power broadening, spin exchange broadening (~500 Hz
at 358 K or 85°C), optical power broadening (~1 kHz from the
probe and ~500 Hz from the pump beam), buffer gas pressure
(~20 Hz at 66.7 kPa), and wall collisions (~30 Hz) [39].
The magnetometer bandwidth is determined by the
transverse relaxation time 77, of the atoms and is therefore
directly related to the width of the spin-precession resonance.
Measurement of the magnetometer frequency response to a
fixed-amplitude sine-wave magnetic field modulation at
frequencies in the range of 40 Hz—2.5 kHz was used to calcu-
late the magnetometer bandwidth. The resulting 3 dB magne-
tometer bandwidth was 750 Hz, in agreement with the
experimentally measured spin-precession resonance linewidth

of 2 kHz.

B. Magnetometer Performance

The magnetometer performance was optimized against the al-
kali atom density (determined by the cell temperature), as well
as frequency detuning and power of the pump and probe
beams. These parameters were kept constant and optimized in
a range very similar to those of the single-beam Bell-Bloom
magnetometer.

The magnetometer performance was studied as a function of
duty cycle (ratio of the pumping duration to the duration of the
modulation period) of the pump laser, where the average pump
laser power per Larmor period was kept the same for each duty
cycle. In a single-beam Bell-Bloom magnetometer a duty cycle
of 0.5 usually gives the best performance [32]. With separated
pump and probe beams, it is found here that shorter pump
pulses give better results.
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Figure 3 shows the dependence of the measured magnetom-
eter resonance amplitude (middle) and resonance linewidth
(bottom) when the pump duty cycle was varied between
1.25% and 50%. It can clearly be seen that the amplitude in-
creases and linewidth decreases with short duty cycles. The
probe beam power of 4.35 mW and the pump power of
0.73 mW were kept the same for all duty cycle measurements.
Since the average power is kept the same, and the power broad-
ening contributes to only 25% of the resonance linewidth, it is
expected that the resonance linewidth would depend weakly on
the duty cycle. On the other hand, the increase of the duty cycle
leads to a wider spread of precession angles in the plane
perpendicular to By, caused by the simultaneous actions of
the optical pumping and Larmor precession, and results in de-
creased signal amplitude. For 50% duty cycle, the precession
angle spread is 27, and the signal amplitude is zero. As seen
from Fig. 3, the resonance linewidth broadens almost linearly
with the duty cycle for small duty cycles, while the resonance
amplitude remains nearly constant and drops off rapidly after a
duty cycle of 20%.

The broadening and amplitude reduction of the spin-
precession resonance with longer pump pulse duration also
leads to a significant loss of sensitivity (top of Fig. 3). The mag-
netometer sensitivity was determined as follows: A fast Fourier
transform spectrum analyzer measures the voltage noise (in
units of V,,,,/Hz'/?) at the output of the lock-in amplifier.
The voltage noise is converted into magnetic field noise
through the slope of the dispersion curve [Fig. 2(a)] near
the center of the resonance. The magnetic field noise as a func-
tion of frequency is normalized by dividing the magnetic field
noise frequency spectrum by the measured magnetometer fre-
quency response. The sensitivity is estimated from the normal-
ized magnetic field noise level. It can be seen from Fig. 3 that
the sensitivity degrades rapidly at duty cycles longer than 20%.

The magnetic field noise measured by a single-channel mag-
netometer (using the signal from polarimeter P1 only) is shown
in Fig. 4, curve (a). A similar result is obtained using the signal
from polarimeter P2. From the noise level, a sensitivity of
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Fig. 3. Single-channel sensor sensitivity (top, gradiometer mode),
resonance amplitude (middle), and width (bottom) as a function of
the AM duty cycle. The average pump laser power per Larmor period
was kept the same for each duty cycle.
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1 pT/Hz!/? for frequencies between 100 and 500 Hz [Fig. 4,
curve (a)] is estimated. The sensitivity degrades at higher
frequencies due to the limited magnetometer bandwidth. The
peaks are due to magnetic field noise in the laboratory. The
origin of sensitivity degradation below 100 Hz is discussed
subsequently.

A magnetometer’s sensitivity is limited by a combination of
environmental (Earth’s field noise, bias field noise, Johnson
noise from nearby conducting surfaces) and intrinsic noise
(photon-shot noise, spin-projection noise). For that reason,
it is important to shield the magnetometer from noisy magnetic
field environments during its sensitivity evaluation.

When the environmental magnetic field noise limits the sen-
sitivity, the intrinsic single-channel magnetometer sensitivity
can be assessed using the gradiometer mode of operation. In
this mode, common-mode noise (such as environmental
magnetic field noise) is largely rejected, and the measured noise
level is determined by the uncorrelated intrinsic noise of the
single sensors. However, field inhomogeneities over the vapor
cell volume are not removed and could lead to a decreased
sensitivity.

By applying a sinusoidal modulation to the static magnetic
field By, a common-mode rejection ratio of 20 was measured in
the gradiometer mode in the range 40 Hz—2 kHz. Assuming
the intrinsic noise of the single sensors is uncorrelated, the
single-channel magnetometer sensitivity was estimated by di-
viding the gradiometer signal by the square root of two. In the
gradiometer mode, sensitivities around 300 fT/Hz!/2 for
frequencies between 40 and 500 Hz are demonstrated [Fig. 4,
curve (b)].

The single polarimeter noise floor [electronic and probe
laser photon shot noise, Fig. 4, curve (c)] is determined by
blocking the pump laser beam and measuring the noise spec-
trum at the output of the lock-in amplifier. The noise spectrum
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Fig. 4. Sensor sensitivity as a function of measurement frequency.
Curve (a) single channel, magnetometer mode; curve (b) single chan-
nel, gradiometer mode; curve (c) single channel, system noise (pump
laser off). Calculated sensitivities of 300 fT/Hz'/? and the photon
shot-noise sensitivity are shown with dashed and dashed—dotted
lines, respectively. The inset shows the data in the frequency range
0-100 Hz.
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at magnetic fields far detuned from resonance is also at the
same level.

The calculated photon shot noise level for a single polarim-
eter is shown with the orange dashed—dotted curve and is below
200 fT/Hz'/? at frequencies between 40 and 100 Hz. It is
slightly above the measured noise floor with the pump laser
off, which could be due to imperfect photocurrent calibration.
Since the measured noise floor [curve (c)] includes the photon
shot noise of the probe laser, it shows that it should be possible
to reach sensitivities below 200 fT/Hz!/? with a single-channel
magnetometer.

The dashed curve in Fig. 3 represents a sensitivity of
300 fT'/Hz!'/? normalized for the magnetometer bandwidth.
It matches the intrinsic single-channel magnetometer perfor-
mance in gradiometer mode for frequencies above 1 kHz.
At frequencies below 500 Hz, the measured noise spectrum lies
slightly above the measured gradiometer sensitivity. The addi-
tional low-frequency noise could be caused by residual localized
environmental magnetic field fluctuations not completely
canceled by the gradiometer, or a deviation from first order
filter response.

We suspect that local inhomogeneities in the magnetic field
noise are caused by Johnson noise of the aluminum housing.
The contribution from the housing was estimated at the cell
position using the formalism in Ref. [40], resulting in the same
order of magnitude as the noise measured with the magnetom-
eter below 500 Hz, and has a cutoff frequency on the order of
100 Hz. The aluminum housing is in contact with the vapor
cell, which has submillimeter wall thickness, and it is expected
that the local field noise is not entirely correlated between the
two polarimeter channels, each using a geometric half of the
laser beam propagating through the vapor cell. We therefore
expect slightly better performance if the cell heater was replaced
with a nonconductive version.

One advantage of the single-beam Bell-Bloom magnetom-
eter is the low cross talk due to the all-optical scheme. Another
advantage is the possibility of reducing heading errors from
misalignment of the RF coil, which is of importance for appli-
cations on moving platforms [41]. The current setup uses a
small angle between pump and probe and with that introduces
some potential heading errors. This could be mediated by over-
lapping the pump and probe completely. This could be done,
for example, by shifting the wavelength of the probe light to the
87Rb D2 resonance at 780 nm. The setup could then be sim-
plified and its footprint reduced by using the same PM fiber for
the probe and the pump beams. The necessary polarizations
could be created with a multiorder wave plate, and with the
pump beam blocked by an interference filter [6,24].
Alternatively, a single laser could be used as pump and probe,
where the frequency and polarization of the laser are modulated
simultaneously in such a way that it serves as the pump during
the first short part of the cycle and as the probe for the rest.
Data is only collected during the “probe cycle.”

4. CONCLUSIONS

A pulsed scalar Bell-Bloom magnetometer with Rb vapor cell
with 16 mm? internal volume is described. Resonant pump
light is circularly polarized and pulsed at half the Larmor

frequency. A continuous probe beam detects the atomic preces-
sion on a balanced polarimeter. It is found that shorter duty
cycles of the pump light lead to better performance, most likely
due to reduced spread of polarization angles due to the simul-
taneous action of optical pumping and precession. The mag-
netometer has a bandwidth of 750 Hz. A magnetometer
sensitivity below 1 pT/Hz!/? was demonstrated. The mea-
sured sensitivity was limited by environmental magnetic field
noise, most likely due to Johnson noise of the cell heating hous-
ing. The magnetic field noise was reduced by using two sensors

in a gradiometer mode, achieving intrinsic single-channel sen-

sitivity below 300 fT/Hz!/? in a sensitive volume of 16 mm?.

A photon shot noise-limited sensitivity below 200 fT /Hz!/?
seems possible.
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