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Abstract: We present a fast and robust optically pumped
magnetometer that is based on a feedback-controlled spin
ensemble of cesium atoms in spin-polarized vapor. The
table-top system is intended for operation in unshielded
environment, and its design allows conversion into a
handheld sensor head. Under strongly disturbed environ-
mental conditions in the laboratory, the sensor exhibits a
speed of more than 56 kHz, while having a slew rate of
39mT/s and a full dynamic rangeof 10 – 120 μT.Under these
conditionsa sensitivity of 33pT/

���
Hz

√
is reached. By reducing

the speed to 3.6 kHz the sensitivity can be improved to
6 pT/

���
Hz

√
, which is close to the shot noise limit.Wedescribe

the sensor design and its optimization and demonstrate the
performance of the sensor under conditions appropriate for
magnetic susceptometry measurements.

Keywords: high speed; optically detected magnetic reso-
nance; optically pumped magnetometer; phase feedback;
unshielded operation.

1 Introduction

Optically pumped atomic magnetometers (OPMs) repre-
sent a class of quantum sensors that – under suitable
design optimization – can be applied to measure the
magnetic field and its gradients in a broad variety of ap-
plications [1]. Most of these applications rely on operation
of the OPM under magnetically silent conditions, provided
by extensive magnetic shielding and ambient field

compensation, for both applied biomagnetic studies [2–5]
and fundamental physics research [6, 7].

Even a yet broader range of magnetometric applica-
tions would readily profit from robust sensors which are
small, lightweight, and equipped with compact control
and DAQ electronics. Among those are the nonlinear
magnetic relaxometry [8] and susceptometry [9], conduc-
tivity testing [10], magnetic resonance imaging (MRI) [11],
observation of stimulated brain response [12], or space-
borne field mapping [13]. For all of them, promising re-
sults have been demonstrated already. Nevertheless
each of those applications calls for very specific sensor
design and custom experimental environment, which
complicates up-scaling. For example, successful com-
mercial OPMs for geo-prospection (from Geometrics [14],
GEM Systems [15], or Scintrex [16]) did not find broader
applications, and zero-field OPMs from QuSpin [17] are
being evaluated only in selected modalities of magne-
toencephalography [18].

A common difficulty comes from incompatibility be-
tween different field settings for field source and field
sensor and anticipated short source-sensor distance in
view of the cubic decay of the magnetic field. On one side,
strong magnetic fields are needed for sample preparation
or activation, and, on the other side, low and uniform
background magnetic fields are optimal for OPM opera-
tion. For some applications, not only the magnetic com-
ponents or devices within the measurement system itself
may perturb the OPM sensor but also the application site
environment is likely to cause OPMmalfunction or failure.
A good example is the noninvasive testing of rechargeable
batteries [10], when anOPM-based susceptometer becomes
part of a factory production line and thus has to be installed
in close proximity to high-current cables, electric motors or
electromagnets. At the same time high efficiency shielding
cannot be provided because the battery is transported into
the sensor vicinity by a massive conveyor belt. This is
similar to applications in medical diagnosis, which often
rely on equipment infrastructure with fringing magnetic
fields, including high-load elevators or evenMRI scanners,
producing microtesla-scale perturbations tens of meters
away.
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While OPMs feature high sensitivity under shielded
conditions [19], they barely demonstrate the same perfor-
mance in such harsh environments. Nevertheless atomic
spin ensembles in principle can be used for field sensing in
up to 0.4 T fields [20]. To bridge the gap between harsh
conditions and high sensitivity and optimize the sensor
towards improved resilience to perturbations, higher
bandwidth and broader field range, with minimal cost to
sensitivity – it is worth revisiting the operation mode and
design principles of OPMs, as also pursued by other groups
[21–28].

In this paper, we introduce a robust OPM-setup which
is capable to operate in unshielded environment with an
extraordinary bandwidth, slew rate and dynamic range –
whichmake the sensor suitable for application inmagnetic
relaxometry, low field nuclear magnetic resonance (NMR),
or magnetic susceptometry.

2 Robust OPM design principles

Any OPM design is principally based on the coherent pre-
cession (overdamped in case of the ground state Hanle
effect sensors) of an atomic spin ensemble prepared by
optical pumping [29]. The angular frequency ωL of this
Larmor precession is proportional to the instantaneous
magnetic field value

ωL � γFB, (1)

where γF � gFμB/ℏ ≈ 2π 3.5 s−1/nT is the gyromagnetic ratio
(here of the free cesium atom) and B is the modulus of the
magnetic field. In order to interrogate the spin evolution,
changes in the optical properties of the atomic ensemble
are probed by the pump light or by another light beam. To
observe the spin precession effects on transmitted light,
one has to ensure collective atomic spin motion: by
applying a small magnetic field in the case of the Hanle
(zero-field) resonance [30], or by applying a small-
amplitude oscillating magnetic field, commonly referred
to as rf field, in order to excite the MR in nonzero field [31].
The modulus of the magnetic field can be extracted, e.g.,
from the variation of transmitted light’s intensity or its
polarization angle, or alternatively from intensity varia-
tions of the atomic fluorescence. The magnetic field
dependence of the probed light property can be described
by the MR profile S(γFB) � S(ωL) (using Eq. (1)), which, for
fixed angular frequency ω of a weak rf magnetic field and
homogeneous broadening characterized by the spin-
relaxation rate Γ, takes form

S(ωL) � S0
1 − i  ω−ωL

Γ

� S0���������
1 + (ω−ωL

Γ )2√ exp( − i arctan(ω − ωL

Γ
)). (2)

To evaluate the sensor performance we use the
following key parameters:
(1) The sensitivity ρB, which in practice depends on the

steepness of the resonance profile discriminator. In the
typical case of a Lorentzian line shape (Eq. (2)), using
either the quadrature or the phase profile at the reso-
nance as discriminator, one obtains:

ρB � 1
γF

Γ
S/ns

(3)

thus the achievable sensitivity is proportional to Γ and to
the inverse of the signal S and proportional to the noise
spectral density ns.
(2) The accessible spin precession frequency range, which

defines (according to Eq. (1)) the dynamic range aswell
as the sensor bandwidth. Here it is worth noting that a
magnetic field oscillation corresponds to a spin fre-
quency modulation.

(3) The fidelity, which refers to a weak dependence of
systematic effects on changes of the environment,
i.e., the stability of theMRprofile under variation of the
field strength and direction, as well as environmental
perturbations, and robustness of the technique of field
value extraction with respect to such perturbations.
This includes linearity and absence of artifacts in
response to fast field changes.

Ultimately those parameters are limited by fundamental
processes such as the standard quantum limit – here spin-
projection noise limit [32, 33], loss of spin coherence due to
spin exchange [34] and loss of spin polarization due to
spin-destruction collisions [35], light shift and broadening
[36, 37], and photon shot noise at the detector, which can
be observed under optimized laboratory conditions. Pa-
rameters of the sensor dynamics, such as the bandwidth
and thefield range, are fundamentally defined by thewidth
of theMR, i.e., relaxation rate. This dependency is direct for
the simplest conventional (open-loop) sensors, which only
operate in the frequency band spanned by the MR and
becomes indirect for closed-loop sensors, as the one
described in this work, for which it is rather important in
control parameter optimization.

If no precautions are taken, the resonance profile is
broadened and deformed by inhomogeneous (ΔB ≥ Γ/γF)
static magnetic fields and strong (BAC ≥ Γ/γF) oscillating
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magnetic fields, – in general, non-resonant, – which leads
to uncontrollable loss of sensitivity and accuracy [38]. In
urban and industrial environment the performance is
additionally compromised by AC electrical and acousto-
mechanical perturbations.

Homogeneous magnetic perturbations can be
described as slow but large field amplitude drifts, abrupt
field amplitude changes and oscillations (e.g., power line)
and require high field range, high slew rate and high pull-
in limit [39], respectively. Common approaches to respond
to those demands are to artificially broaden the resonance
profile or to introduce a feedback mechanism to trace the
resonance. The former can be achieved in various ways,
e.g., by excessive optical power broadening or buffer gas
collision broadening. However the line broadening leads to
dramatic loss in the sensitivity, in the worst case scaling
quadratically with the resonance line width.

Advanced quantum control methods enable to avoid
such sensitivity loss. Suitable intrinsic or external spin
stabilization methods allow circumventing the negative
effects of the polarization relaxation processes. A prom-
inent example of the intrinsic spin control is the so-called
SERFmagnetometer, which is free of influence from spin-
exchange relaxation [19, 40], with the cost for the oper-
ation field range. Thanks to the simple and yet effective
working principle SERF magnetometers are available as
miniaturized [41] commercial products already since 2016
[17]. A similar approach is implemented in the so-called
light-narrowing technique [40, 42, 43], when by careful
choice of the pump laser wavelength and intensity one
can suppress spin-exchange relaxation and improve
sensitivity. Those techniques nevertheless do not allow
us to reach a bandwidth far beyond 1 kHz while keeping
high sensitivity.

The external control methods, such as feedback-based
operation modes (resonance-lockedMz,Mx [28, 31, 44–46],
or self-oscillating [spin maser] [22, 31, 47] configurations),
rely on active tracking of the instantaneous MR peak po-
sition and “locking” to the resonancemaximum.While not
being directly bandwidth-limited by the spin-relaxation
mechanisms, these approaches permit virtually infinite
field range and bandwidth, constrained only by the
instrumental capabilities of the control electronics to
detect the spin response and adjust the control signal [48].
Feedback techniques are also very attractive, since they are
implemented using an independent electrical subsystem,
which minimally interferes with the optical preparation of
the spin ensemble. The complex subject of interrelations
between the spin ensemble properties, feedback parame-
ters and resulting sensor performance is a great matter in
this paper. We propose and review the model of the

feedback-based OPM below and evaluate the achievable
improvement of the bandwidth and dynamic performance
(pull-in limit and slew rate) of the sensor.

In principle, already the proportional-only (P) controller
is able to track the resonance. However such a basic control
sequence may result in a significant offset of the operation
point with respect to the set-point, i.e., the desired center of
the resonance. In thisway P-only controlled feedback sensor
will principally feature low fidelity. Therefore at least a
proportional-integral (PI) controller is deployed in feedback
loops of OPMs. These are similar to phase-locked loops
(PLLs) in the sense that the process variable is represented
by the phase of the oscillation and the control variable is the
frequency. However, a circuitry proven optimal for PLLs has
only a limited applicability in OPMs. If the amplitude is used
asdiscriminator then it is shapedas the imaginary part of Eq.
(2), or it is arctan-shaped if the phase is used as discrimi-
nator. Both cases represent strongly non-linear dependence,
since the considered process, i.e., the response of the atomic
ensemble is nonlinear.

A feedback design which does not account for such
nonlinearity leads to loss in the spin control under some
conditions (studied in detail below), additional and
narrower than those leading to inherently possible in-
stabilities of PIDs. Since these OPM-specific features of
the feedback control constrain the field range and
bandwidth of the sensor, they are in the focus of this
study.

Following the standard approach of the control circuit
analysis, we can write down the dynamic equations of
phase-feedback sensor with PI control (see sketch in
Figure 2 B).

ϕ(t) � − arctan(Ω − K(ϕ(t) + 1
T

∫ ϕ(t)dt)) (4)

where the ϕ(t) � ϕΦ(t) − ϕ0 is the phase of the loop
oscillation, with the demodulated spin phase ϕΦ(t) and
resonance center phase ϕ0 (set-point), Ω � ω − ωL is the
frequency difference of driving rf field with respect to
resonance center (in units of Γ),K is the amplification of the
control loop (in units of Γ) and T is the time constant of the
integrator (in units of 1/Γ).

In general nonlinear feedback loops hardly can be
evaluated analytically. In our case relations of the form
Ω(ϕ) can be obtained by solving the cubic polynomial
equation after the Laplace transform of Eq. (4). The
resulting expression, in its dependence on the feedback
parameters K and T, is quite complex (see Appendix A). It
can be used to assess the behavior of the feedback loop
qualitatively, see solid trace in Figure 1, and to calculate
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predictions of extreme values of, e.g., the pull-in range, for
fixed parameters values.

To assess the basic dynamic properties of the loop, one
can assume that the argument of the arctan() in Eq. (4) does
not exceed Γ, and replace the arctan() by direct propor-
tionality, which makes the analytical evaluation of Eq. (4)
simpler [39]. For a step-shaped perturbation written as

Ω(t) � Ω̃ θ(t) the solution:

ϕ(t) � Ω̃
K − 1

exp( − t
(1 − 1/K)T) (5)

is obtained, where θ is the Heaviside step function. From
this it follows for small perturbations:
– Speed of the response of the loop is defined in the first

order by the integrator time constant T and does not
depend on the time constant Γ of the spin dynamics.

– For sufficiently large K and T the time of the response
to an abrupt field perturbation is TC = (1 − 1/K)T, which
is even shorter than the delay of the integrator of T.

– For K > 2, the system evolves towards the unperturbed
state ϕ � 0, as if the amplitude of perturbation was
Ω̃
K−1 < Ω̃, hence the sweep time for compensation of the
perturbation is reduced.

However for large perturbations, the linear approximation
is not valid anymore. In the ideal case of a closed linear

feedback loop the frequency range of the response is low-
pass filtered with the pull-in limit as Ωp ∝ K [39]. In the
nonlinear physical system represented by Eq. (4), where
the phase range is asymptotically limited to ϕ0 ± π/2, the
closed-loop circuit stops sweeping the frequency beyond

ΩT→0
p � 2K  cos−1( 1���

2K
√ ) − ������

2K − 1
√

, (6)

indicated in Figure 1 by the empty triangles. For very large
K Eq. (6) reduces to Ωp ≈ πK. For small K, oscillations are
suppressed earlier, e.g., for K = 5.43, as used in the
experiment discussed below, ΩT→0

p ≈ 10.6 and exact solu-
tion for T � 2π/(30Γ) gives significantly smaller
value Ωp ≈ 9.1 (circles in Figure 1). When the perturbation
amplitude reaches this limit the sensor stops working until
the oscillation frequency are externally reset to the vicinity
of the actual Larmor frequency.

The maximal slew rate sB = Ωp/TC of the sensor de-
pends on the pull-in limit and thus is also defined by the
nonlinearity of the feedback loop. For the sensor configu-
ration discussed below the MR line can become extremely
broadened with Γ/2π � 1.3⋅103 s−1. In this case an amplifi-
cation of K = 5.43 Γ = 153 s−1/∘ and an integrator time con-
stant of T � 2π/(30 Γ) � 21 μs lead to a Larmor frequency
sweep rate of 15⋅103 s−1 in 18 μs. The latter corresponds to a
field slew rate of 39 mT/s.

All aforementioned performance indicators increase
with K, however along with an increase in sensor noise.
Indeed, at the resonance the solution of Eq. (4) reflects an
amplification of phase fluctuations to:

δΩ � (2K − 1)δϕ , (7)

compared to δΩ � δϕ for open-loop operation. Thus, the
increase in the pull-in limit by a factor of ≈ (2K − 1)
compared to the open-loop value Γ/γF, comes with the
same increase in the noise level.

To summarize, the choice of the K and T parameters is
based on different logic than for the conventional PLL.
While integrator time constant T (together with K) still
defines the bandwidth of the sensor and its slew rate, the
value of gain K is adjusted by balancing the noise perfor-
mance and the slew rate, or the pull-in limit respectively.

3 Experimental setup

The spin ensemble is prepared in a cubic quartz glass cell
(custom-made, Hellma AG, 15 × 15 × 15 mm3) with 30-mm
long side arm, containing about 10 mg of Cs metal. The
cell’s side walls are optically flat and alter the degree of

Figure 1: The detuning of the feedback frequency Ω(ϕ) in units of
Γ (black solid trace) with respect to the spin oscillation phase in a
feedback loop described by Eq. (4) with K= 5.43 Γ and T � 2π/(30 Γ);
quasi-linear ϕ(ω) dependence (black dotted trace) represents the
linear feedback loop and dashed line representing the P-only
feedback with the same PI parameters. Vertical red arrows and open
circles denote pull-in limits ±Ωp and constrain the gray area repre-
senting the inaccessible perturbation range for the feedback sensor;
open triangles indicate similar limit for the P-only model.
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transmitted light’s polarization by less than 1%. Argon at
90 mbar pressure (≈ 0.1 amg) serves as buffer gas, pre-
venting fast motion of the Cs atoms toward the cell walls.
Buffer gas type and pressure are optimized in order to
minimize the diffusion distance and moderately broaden
theMR linewidth: both effects suppress the influence of the
static and dynamic field inhomogeneity on the spin-
polarized atoms. We analyzed the MR profile of the cell
inside a four-layer magnetic shield (Twinleaf MS-2) and

obtained a spin-relaxation rate Γ � 2π 50 s−1, which is
consistent with literature data on the diffusion-limited
spin-relaxation rate [49] and the geometry of the cell.

The cell is enclosed in a two-compartment custom-
made nonmagnetic oven. Four mutually orthogonal quartz
windows allow light access into the oven in the horizontal
plane through 5 mm diameter apertures. The oven design
allows to warm up the cell up to 100 °C by supplying an
ceramic heater in the upper compartment, above the cubic
part of the cell, with AC or DC electric current. The lower,
convectively heated compartment hosts the side arm of the
cell, which typically is several degrees colder than the
upper compartment, to avoid condensation of cesium
metal drops elsewhere inside the cell. The temperature of
the oven is kept at the valuewhen the (nonspin dependent)
transmission of resonant light is about 50% for the used
cell. We estimate the corresponding vapor temperature to
be about 55 °C and atomic density of ≈ 5⋅1011 cm−3. No
specific measures were taken to stabilize the oven tem-
perature apart from setting the current of the heater with
1 mA accuracy. Monitoring the resonant light transmission
revealed a reproducible optical absorption and settling
time in the order of minutes.

The oven is placed inside a triple of quasi-Helmholtz
coils, which can generate rf fields of up to few μT amplitude
in an arbitrary direction in the sensing volume. Coils are
wound directly on the oven, thus have rectangular shape
and have typical dimensions of 7 × 7 cm, which are large
compared to the probed atomic cloud and thus rf field in-
homogeneity is negligible. The oven is mounted above the
solid aluminumoptical breadboardusingplasticposts,fixed
to the breadboard with aluminum parts and nonmagnetic
bolts in order to avoid systematic field inhomogeneity from
standard steel or brass mechanical structures and fixtures.

3.1 Optical preparation and readout

The cesium atoms are optically pumped into the stretched
spin state by a free running external-cavity diode laser
(CEL002 at 894 nm from MOGLabs Pty Ltd) on the F = 3→
F = 4 hyperfine component of the buffer gas shifted and
broadened D1 (6S1/2→ 6P1/2) transition, with power of 1mW
before entering the cell. Within the duration of a mea-
surement (up to 1min in the spectral sweepmode) the laser
frequency varies negligibly versus the atomic transition
frequency. The spin state of the atomic ensemble is probed
by a second laser beam (CEL002 at 852 nm, MOGLabs)
with power of about 20 μW before the cell, orthogonal
to the pump beam, whose frequency is empirically set to
the maximum of the spin-polarized response, which oc-
curs about 1 GHz blue-shifted from the F = 4→ F = 5D2 (6S1/
2 → 6P3/2) transition.

The use of separate pump and probe beams enabled
independent optimization of pump and probe efficiency.

Figure 2: A Schematic arrangement of
optical components: red arrows denote the
probe light and the pink arrow denotes the
pump light, thin blue double arrows denote
the light polarization orientation (the
multiarrow stars represent unpolarized
light), the green arrow indicates the
direction of the ambient magnetic field
(offset field)B0; green andblue disks depict
waveplates (λ/2 and λ/4 respectively) and
gray disks (“pol”) – polarizers. The light-
blue cube Cs represents the sensor cell and
PD1 and PD2 the photodiodes which form
the balanced photodetector. B) Signal pro-
cessing in the setup: PD1 and PD2 denote
the photodiodes of the balanced photode-
tector; the feedback loop is digitally

implemented in the LIA (lock-in amplifier) and consists of the phase detector (Φ), whose phase output is compared to the set phase at the
actual center of MR, converted to oscillation current and fed back to the vapor cell’s rf coils with a high-bandwidth PI. C) Photograph (top view)
of the assembled optical part of the setup: overlaid red arrows denote the probe light and the pink arrows denote the pump light, inset in the
center shows a photograph of the used vapor cell.
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Even more importantly, in the case of diffusion-limited spin
motion, a highdegreeof spin polarization canbe achieved in
a narrow cylinder along the axis of the pump beam, with a
radius of about the diffusion distance (≈0.3 mm for our
buffer gas pressure and cell size). Both beams are delivered
to the cell via optical fibers, collimated in free space and
polarization-tuned by means of half- and quarter-wave
plates (see Figure 2A and C). The Rayleigh length of the
pump beamwas about 15mm andwaist of about 0.1 mm for
the pump beam, and 50mmand 0.2 mm for the probe beam
respectively. The narrow probe beam then selects a small
fragment of the cylindrical-shaped pumped cloud, thus it
interrogates only a small and compact volume of less than
1 mm3. In this way, field gradients lead only to a moderate
inhomogeneous broadening, corresponding to the field
variation over the small interrogated volume. As a result, the
sensor resilience and fidelity in general are improved.

The configuration and orientation of the waveplates are
kept variable, as OPMs of the studied design feature a pro-
nounced directional sensitivity [50], and the optimal light-
polarization orientations of pump and probe beams are
chosenaccording to theexpectedmagneticfielddirection. In
the measurements presented here, the ambient field direc-
tion was close to vertical (z-direction) under an inclination

angle ϕ ≈ 20°, therefore the pump beam was circularly
polarized and the probe beam was linearly polarized under
45° to the pump direction. This geometry is suboptimal with
respect to the achieving maximal sensitivity because of high
angle between pumping light polarization and ambient
field. We intentionally keep this configuration, given that
under strong external field perturbation not only total field
modulus, but also its direction changes dynamically.
Moreover, reorientation of the offset field could raise the
question of partial or complete compensation of the ambient
field, which demands for the large coil systems supplied
with ampere-scale currents by very low noise (10−7 scale or
better) sources. In experiments reported below, strong field
perturbation is produced by – ideally zero – fringing field of
the self-compensating coil, described in the next subsection.
In practice its strength and direction strongly depend on the
exact mechanical and thermal conditions at the instance of
the measurement and affect the offset field of the sensor
greatly.

While passing through the cell, the probebeamchanges
its polarization angle due to linear birefringence in the spin-
polarized ensemble. The changes in the polarization angle
are measured by a polarimeter, consisting of a polarizing
beamsplitter cube and a pair of balanced photodiodes
(Thorlabs DET36A), protected from room light by

interference filters. An extra half-wave plate in front of the
beamsplitter is used to fine-balance the differential signal.

To ensure that only the signal from the beam overlap
volume contributes to the sensor response and not from
other parts of the cell irradiated by the probe beam, probe
laser power was set to low enough value. Therefore in
absence of the pump beam no resonance signal was
observed (less than 1% of the of the resonance profile
amplitude in presence of the pump).

3.2 Electrical circuit and feedback loop

The output signals of the two photodiodes are separately
amplified by transimpedance amplifiers (FEMTO DLPCA-
200, set to 106 or 107 V/A amplification at up to 400 kHz
bandwidth) and fed to the differential input of a digital
lock-in amplifier (LIA, Zurich Instruments HF2LI), see
Figure 2B. The photoamplifier bandwidth imposes tech-
nical upper limit on the maximal detectable Larmor fre-
quency, and thus the field at the level of 120 μT. The
feedback loop is configured using the LIA’s built-in digital
tool “Phase-locked loop” (PLL), with PI parameters
adjusted according to the theoretical considerations above,
and setting up the oscillator for technically unlimited range
of the frequency excursion. The PI parameters are chosen
based on the typical MR linewidth of up to Γ/π �
1.3⋅103 s−1and a carrier frequency of ≈ 1200⋅103 s−1, corre-
sponding to the Larmor frequency of Cs atoms in the Earth
magnetic field. The set-point phase is chosen by an inde-
pendent scan of the rf frequency over the MR prior to
closing the loop (Figure 3, bottom). The feedback loop is
generating a correction to the oscillator frequency,which is
continuously supplied to the rf coils around the vapor cell.
The amplitude of the rfmagnetic field is as well chosen by a
preliminary scan, such that it maximizes the MR ampli-
tude. Since the phase of the spin precession is used to close
the feedback loop, rf power broadening does not change
the performance of the magnetometer up to the second
order. Thus, quite significant changes of the MR width are
tolerable, e.g., due to a changing resonance width and the
resulting change in rf power broadening. Hence the use of
phase discriminator contributes to sensor resilience.

The feedback loop frequency is continuously recorded
within the LIA at a rate of 115 kS/s and is converted to the
magnetic field units offline. We note that we used digital
notch filters based on the instantaneous mean field values
to suppress the prominent ripple component in all our data.

In order to test the performance of the sensor, we
employed a set of coils used in a former series of
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experiments on magnetic particle imaging [25] for magne-
tization of magnetic nanoparticles, referred to as
“magnetization coils” further on in the text. The choice of
those coils is motivated by the ongoing research in MNP
magnetorelaxometry and NMR relaxometry in our group.
We used the 5 A low-noise current source (HP E3631A) to
supply current to those coils. These self-shielding coil
system then produces magnetic fields of up to 10 mT,
typical for magnetic nanoparticle investigations, and the
sensor was placed in about 8 cm from the point of the
strongest field. Coils’ fringing fields at the sensor position
in the close vicinity are kept at a level of 10−3 or below,
i.e., corresponding to a field variation of up to 10 μT.
Fringing gradients at the sensor position are up to 1 μT/cm.
Dedicated additional electrical circuit is used to enhance
the rate of switching the coils’ current off. As a result,
complete (down to the noise level of the open circuit)
switching of the field of the magnetization coils can be
performed in less than 10 ms, making them a suitable
benchmarking tool for the presented sensor.

4 Results and discussion

To assess the performance of the sensor below,we consider
the intrinsic sensitivity ρB, the slew rate sB and overall
robustness of the sensor.

4.1 Intrinsic sensitivity

In order to estimate the intrinsic sensitivity of the sensor,
we recorded a spectrum of the MR under unperturbed

conditions in open-loop mode, demodulating amplitude
and phase of the MR while scanning the rf frequency
(Figure 3). To fit the demodulated data we use a refinement
of Eq. (2), as described, e.g., in [51], to account for satura-
tion from the rf magnetic field. Since the magnetometer is
operated in the phase-locked mode, we extract the stan-
dard deviation of the residuals from the phasefit anddivide
it by the square root of the sampling rate, to obtain an
estimation of the intrinsic phase noise spectral density of

nϕs � 5 ⋅ 10−3°/
���
Hz

√
. As characteristic phase signal one

considers S = 1 rad ≈ 57°, which, divided by the phase noise
spectral density, gives a signal-to-noise ratio of 12,000 in a
1 Hz bandwidth. According to Eq. (3) and with
Γ/2π � 257 Hz, this results in an intrinsic magnetic field

sensitivity ρB � 6 pT/
���
Hz

√
, near the shot noise limit. Latter

is calculated based on the measured values of DC compo-
nents of photocurrent in both arms of the balanced
photodetector. Although not critical for the phase-locked
operation, it is worth mentioning that we observe a sig-
nificant asymmetry of the amplitude profile in all spectral
scans (Figure 3, top), which we attribute to contributions of
Zeeman transitions at adjacent hyperfine ground state. Due
to the large broadening of the optical spectral lines, pop-
ulation in other level of the hyperfine manifold of the ce-
sium ground state can be readily pumped and detected. To
account for this, we have extended the fit model by intro-
ducing aweighted sumof the contributions from respective
transitions to the steady state spin polarization. Within the
frequency range of interest the difference of Landé factors
gF (0.32%) leads to a difference of Larmor frequencies of up
to 2π 500 s−1, which is comparable to the broadening of the
MR profile due to field gradients or spin relaxation. The
observed asymmetry in the spectral amplitude profile can
be explained by a 5% contribution of transitions to the F = 3
level. However, the phase profile (Figure 3, bottom), to
which the magnetometer is locked to, is very modestly
affected by this asymmetry.

To confirm the high-sensitivity limit in closed-loop
operation, we optimized the PI parameters to achieve a
minimal possible noise floor, while keeping the bandwidth
as high as possible. A feedback loop bandwidth of 3.6 kHz
turned out to be maximal without noise floor increase. We
note here that this bandwidth is much higher than value
expected based on the open-loop bandwidth (see Table 1).
The corresponding noise spectrum, recorded under
ambient lab conditions is plotted as the blue trace in
Figure 4. It is dominated by a number of instabilities and
unharmonic perturbations. The low frequency part from
DC to 100 Hz is subject to 1/f-noise. Also mechanical and
acoustical noise is partially picked up due to imperfect

Figure 3: Spectra of magnetic resonance amplitude (top) and phase
(bottom) in optically pumped atomic magnetometers (OPMs) cell,
obtained by demodulating the cells transmission during the slow
scan of the rf frequency. Black trace: experimental data, red solid
lines: rf power–saturatedmodel ([51]) fit of the data, vertical dashed
lines: resonance position, horizontal dashed line: resonance phase,
extracted from the fit of the phase curve.
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mechanical stabilization of the optical fibers and discrete
optical elements of the setup. Most prominent perturba-
tions are represented by power line noise (50 Hz) and its
higher harmonics. These disturbances had indeed mag-
netic origin, as we were able to suppress those by four
layers mu-metal Twinleaf shield. In the gaps between the

power line harmonics, the noise level drops to 6 pT/
���
Hz

√
, as

expected from the open-loop measurements.

4.2 Large amplitude perturbations

In order to achieve maximal dynamic performance, we
reconfigure the feedback loop for maximum bandwidth
before the feedback loop gets unstable. Maximal nominal
bandwidth of the PLLmodule of theHF2LI lock-in amplifier
is 50 kHz under optimal PLL settings, limited by the inte-
grator gain (or time constant for set proportional gain).
Further tuning of the proportional gainK and time constant
T, we achieved 56 kHz bandwidth at −3 dB level of the Bode

plot of the loop’s transfer function. Respective PI parame-
ters are given in Table 1 for “high bandwidth” mode.
Compared to the sensitivity optimized settings, the noise
floor is now elevated in the flat part of the spectrum by half
an order of magnitude (black trace in Figure 4), to about

30 pT/
���
Hz

√
.

As above, the most prominent continuous perturba-
tions are represented by power line noise and its higher
harmonics. The increase of the white noise level by a factor
of 5.5 is close to the expected increase of 5.8 according to
Eq. (7). Those values agree within their uncertainty, which
arises mainly from the ambiguity in filtering of the power
line harmonics when assessing the broadband noise floor.
In the low frequency range below 30Hz the noise floor even
shows some decrease, which we explain by imperfect
tracking of perturbations at lower bandwidth settings of
the feedback loop.

To demonstrate the bandwidth of the sensor in prac-
tice, and to confirm the absence of overshoots in the step
response, we have recorded a sequence of fast field
changes, using coils with 5 μs response time. We started
with a comparatively small step value of 1.5 μT. In
Figure 5A the recorded magnetic field (filled and open
circles) together with its exponential fits (red solid lines)
are compared with the slope of the coil current (blue line),

Table : Parameters of the two used optically pumped atomic magnetometers (OPMs) configurations: feedback gain K, integrator time
constant T, time constant TC of the closed-loop operation, pull-in limit Ωp, slew rate sB, sensitivity ρB, set bandwidth RC = /TC and
experimentally extracted field change rates Rexp.

Loop parameter K T TC Ωp sB ρB RC Rexp

units Hz=° μs μs 
s� mT/s pT=

ffiffiffiffiffiffi

Hz
p

kHz kHz

high bandwidth        >
high sensitivity    . .  .

Figure 4: Spectra of the measured magnetic field noise obtained in
closed-loop operation of the optically pumped atomic magnetome-
ters (OPMs), for a feedback bandwidth of 3.6 kHz (blue trace) and
56 kHz (black trace). The vertical red-shaded area indicates the
spectral range used for noise estimation of the noise levels (hori-
zontal red lines). Note decaying high-frequency shoulders, reflect-
ing the bandwidth limits of the sensor.

Figure 5: Time series of the sensor response to the step
perturbation: A) 1.5 μT steps, B) 6.5 μT steps. Filled and open circles
represent experimental field data for up and down steps
respectively; solid red traces represent exponential fist of the field
data; solid blue lines represent current in the coils, producing
perturbations.
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measured by a 5 MHz current sensor (Aim-TTi iProber 520).
Transient process was fitted by the single exponential

function Bi(ti) � B0 + BSθ(ti − t0)e−Rexp(ti−t0), with fit pa-
rameters B0, BS, Rexp and t0 freely varied. The extracted
field change rate (speed) of the field detection Rexp was
found to be about 63⋅103 s−1 at falling field slope and about
101⋅103 s−1 at rising slope, although the current is changing
in both cases at the same rate of about 200⋅103 s−1.

The currentmeasurement reflects though only the field
from the coil itself, while the time profile of the total field
may have a different shape. Latter is due to contributions
from magnetization of paramagnetic and ferromagnetic
objects in the coil’s (and the sensor’s) vicinity, including
the fields from eddy currents in conductive parts of the
setup, such as the optical breadboard and other metallic
mechanical parts. This, together with the active field
zeroing at falling slope, may explain the observed asym-
metry in the step response to falling and rising fields, since
induced magnetization may feature different dynamics in
magnetic polarization and relaxation of materials.

We note here that the applied field step amplitude
(1.5 μT) is higher than the pull-in limit (700 nT), and
maximal slew rate of applied field is about 300mT/s, much
higher than the predicted limit of 39 mT/s. Thus short-time
instability of the sensor may occur during the fastest phase
of the field switching, resulting in imperfect field tracking.

To assess the overall robustness under stronger fields,
we analyze the slew rate kHz of the response of the sensor to
fast field steps with high amplitude. We recorded field steps
of about 6.5 μT in the high-bandwidth configuration
(Figure 5B), using the “magnetization coils” described
above. The used coil and current source limited the applied
field’s slew rate to about 3mT/s, well below the sB = 39mT/s
predicted for the sensor. However we remind the reader that
this coil set produces as well the field gradients at the sensor
position, which dynamically alter the MR line width. For
reference, typical peak slew rates of themains power line are
in the order of only 0.03 – 0.3 mT/s in our lab.

The obtained difference of time constant of the coil
current (1.5–2.0 ms) and the sensor-detected field (1/Rexp

≈2.0–2.5 ms) is as small as 0.5 ms. Thus the sensor in its
fastest modality can be readily deployed for the measure-
ment of 6.5 μT magnetic field changes in about half milli-
second with 33 pT sensitivity, that confirms the slew rate of
at least sB ≈ 15 mT/s.

The observed dynamic performance of the sensor
makes it – even with reserves – suitable for operation in
noisy lab environment, as well as in some industrial ap-
plications. Its properties allow operation under fields,
typically produced by the high-current electrical

instrumentation. Those parameters, combined in an
analog to gain-bandwidth product demonstrate the resil-
ience of the sensor to the external perturbations and
exceed the performance of the commercially available
OPMs by orders ofmagnitude.With its high bandwidth, the
presented sensor also has clear advantage with respect to
existing OPMs, and thanks to the relatively high sensitivity
it outperforms Hall-probe and pick-up coil based in-
struments in the sub-kHz range.

5 Conclusions

Wehave presented a robust quantummagnetometer that is
capable to operate in a strongly perturbing environment. It
is realized as an optically pumped magnetometer in a
variant ofMx configuration, detecting oscillating nonlinear
magneto-optical rotation, and uses a feedback-controlled
spin ensemble of cesium atoms to probe magnetic fields in
unshielded environment. We have demonstrated the per-
formance of the sensor under strongly perturbing condi-
tions, when many electrical devices are operated in close
proximity. The combination of a high speed of > 56 kHz, a
pull-in range of 700 nT, a field range of 10–100 μT, while
providing a sensitivity of 33 pT/

���
Hz

√
, is to our knowledge

unique for OPMs,—moreover, formagnetic field sensors in
general it is also quite uncommon. In contrast to compa-
rable air-core pick-up coils, aiming on similar applications
as OPMs, which demonstrate superior sensitivity above
500 Hz [52], our sensor delivers flat response at DC and low
frequencies, in this sense being the universal fast
magnetometer.

We have described the design of our sensor and its
specific optimization of the atomic spin preparation and
probing, as well as the advanced external control of its
dynamics. The analysis of the intrinsic sensitivity of the

sensor revealed a value of 6 pT/
���
Hz

√
close to the shot noise

limit, while the configuration of the feedback parameters in
this case still allowed a bandwidth of 3.6 kHz.

While realized here as a table-top system, the design of
our sensor enables conversion into, e.g., a handheld sensor
head. The combination of high speed, high sensitivity, and
high dynamic range at the same time makes it applicable
for magnetic susceptibility and electrical conductivity
measurements in an industrial environment. It can be
employed for characterization of magnetic nanoparticle
samples [8] or for quality assessment of batteries [10] for
instance. Therefore we believe, the presented OPM design
can serve as basis for a universal or crossover sensor for the
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applications demanding precise detection of compara-
tively strong and quickly varying magnetic fields.
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Appendix A. Explicit form of Ω(ϕ)
relation

Physical phase-frequency relation resulting from Eq. (4)
takes form:

Ω(ϕ) � −tan ϕ − c

3
�
23

√
T2 −

�
23

√ (T2 tan2ϕ − 3)
c

,

a � 27T4(tanϕ − 2Kϕ) + 2T6tan3ϕ − 9T4tanϕ,

b �
��������������������
a2 − 4T2(T2tan2ϕ − 3)3√

,

c � �����
a + b3

√
 .
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