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Abstract Microfabricated optically pumped
magnetometers (OPM) are a novel class of
commercially available quantum magnetometers
combining high sensitivity with high dynamic range. In
non-destructive testing (NDT) this should enable new
applications like measuring stray fields arising from
small  stress concentrations  affecting local
magnetization. In ferromagnetic steel the sensitivity of
OPM is sufficient to measure magnetization from
critical stresses for crack initiation in submillimeter
volumes. However, OPM, as they are built today,
require additional components like magnetic flux
guides to control the measurement volume in NDT
systems. The improvement of spatial resolution with
such a flux guide is demonstrated using neighbored
weld seams as an example for stress concentrations.

. INTRODUCTION

Quantum magnetometers like OPM exploit fundamental
physical constants so that no calibration is required and
quantum techniques as entanglement or spin squeezing to
achieve a higher statistical precision than classical
approaches [1, 2]. This results in robust and highly
sensitive devices with extraordinary dynamic range close
to the physical limits [3]. OPM measuring magnetic fields
by their interactions between resonant light and atomic
vapor have evolved rapidly during the past two decades.
Modern ones, as they became commercially available in
recent years, are microfabricated systems consisting of one
or more small vapor cells (~ 1 mm?®) of gaseous helium or
alkali atoms that are pumped by a laser to spin states
similar to atomic clocks [4-7]. They measure spins
collectively precessing around the magnetic field direction
with the so-called Larmor frequency. Depending on the
read-out mechanism, different sensitivities and
measurement ranges are achieved. Table 1 lists
specifications of some commercially available OPM
sensors which might be interesting for applications in the
field of non-destructive testing (NDT). They achieve
similar  sensitivities as superconducting quantum
interference devices (SQUIDs), but without complex and
expensive cryogenic cooling.
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Table 1. Some commercially available OPM sensors.

Fieldline Mag4Health QuSpin

V3 [8] He-4-mag. total-field
9] mag. [10]
Gas Rb ‘He Rb
B-field single axis vector xyz scalar
Sensitivity 15 fT/NHz 40 fT/NHz 3 pT/AHz
Dyn. range 50 nT 250 nT 100 uT
Bandwidth 250 Hz 2 kHz 500 Hz
Size [mm?] 13x15x36 20x20x50 12x18x36

As passive magnetic NDT methods like “metal magnetic
memory” (MMM) measure local variations of
magnetization due to stress or microscopic structure within
a volume in ferromagnetic materials, OPM are beneficial
to decrease that measurement volume [11-13], i.e., to
increase either lateral resolution for stress concentration
measurement or depth resolution for structural changes
like martensite-austenite transitions in hardening layers.
The major challenges for using these systems are to control
the measurement volume and to suppress ambient
perturbations from microtesla to picotesla scale. A
particular benefit would be to measure stress
concentrations with a submillimeter resolution because
such stress concentrations are the precondition for crack
initiation [14, 15].

Il.  PIEZOMAGNETIC FATIGUE TESTING

A first setup to learn about the evolution of magnetic
signals over the lifetime of a material is shown in Fig. 1. It
combines a cyclic fatigue setup with a OPM in a shielded
environment. As shown in Fig. la, the specimen is
mounted on ceramic rods where the right end is moved by
a piezo actor and the left is connected to a force
measurement cell. The zero-field OPM measures the
vertical component of the magnetic stray field B varying
with force F and strain € [16]. The coils on the inner layer
of the magnetic shield control the magnetic environment
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Fig. 1. a) Setup for piezomagnetic fatigue testing with
mesoscale specimen (b). Magnetic signals arise from the
gauge section with a volume of 0.6x0.4x0.4 mm?.

of both, specimen and OPM sensor. In contrast to similar
experiments with classical magnetometers [17, 18], the
gauge section of the specimen can where fatigue damage
accumulates can be decreased from cm to sub-mm scale
which makes it much easier to link events in the magnetic
signal to metallographic characterizations. The noise
within the shielding is below 1 pT at a measurement rate
of 100 Hz, even if the sample is moved.

Fig. 2 shows the evolution of the mechanical hysteresis
(F-¢) and of the piezomagnetic hysteresis (B-g) over the
lifetime of a ferritic steel specimen. A 5%-drop of force
amplitude is used as end-of-life criterion [19]. The
complete signals over the lifetime of 140 cycles are drawn
light grey; some of them are colored to illustrate the
evolution. Up to that point, microscopic defects like
dislocations, grain boundaries, precipitates, and non-
magnetic inclusions are accumulated in the material
without crack initiation and the stiffness of the sample is
not altered significantly. Therefore, force F hardly changes
apart from some hardening in the beginning. In the
piezomagnetic curve, two major effects are visible: firstly,
the major change in magnetic stray field B occurs in the
elastic parts of the mechanical hysteresis, i.e., the steep

slopes in the mechanical hysteresis (F-g). This
corresponds to the stress response of magnetization of the
material [20]. Secondly, the amplitude of the

piezomagnetic hysteresis varies much stronger over the
lifetime than the force signal due to pinning effects
between fatigue damage and magnetic domain walls.

For NDT applications, these experiments demonstrate
that OPM can resolve the variation of the magnetic stray
field corresponding to yield condition in a volume of
0.1 mm?, i.e., on a submillimeter scale. The amplitude of
the magnetic stray field varies by about 5 nT between
positive and negative yield stress. However, the lateral
resolution is defined by the distance between the vapor cell
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Fig. 2. Piezomagnetic fatigue signals for a ferritic steel
specimen. End-of-life criterion is a 5% drop of force.
Mechanical hysteresis (F-¢) of force F and strain &, and
piezomagnetic hysteresis (B-g) of magnetic stray field B
and strain &.

inside the sensor, where the magnetic field is measured,
and the specimen surface. In the setup of Fig. 1 it is about
12 mm - the minimum distance between vapor cell and
sensor surface is about 6 mm. Therefore, additional
components like pick-up coils or flux guides are required
to control the measurement volume.

I1l.  SPATIAL RESOLUTION AT WELD SEAMS

To confine the measurement volume, Kim and Savukov
used flux guides from Mn-based ferrites to measure the
lateral component of the magnetic field with high spatial
resolution of 0.25 mm [21]. For the setup in Fig 3a, we use
a different flux guide geometry measuring the normal
component of the external magnetic field [22]. This
geometry should be appropriate for NDT of ferromagnetic
specimen as their inner magnetic field is refracted towards
the normal at the surface due to their high magnetic
permeability .. The setup in Fig 3a uses a similar
shielding as the fatigue trials Fig. 1. The zero-field OPM
is embedded in a 3D printed structure holding a flux guide
with a conically shaped tip.
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Fig. 3. Detection of two partial penetration weld seams
separated by 4 mm. A): image of the setup with OPM, flux
guide and specimen. B) sketch of OPM with Rb vapor cell,
flux guide, and cross section of a moving specimen with
weld seams. C) distribution of magnetic stray field B
measured with (red) and without flux guide (blue).

To demonstrate the improvement of spatial resolution, a
steel sample with two neighbored partial penetration weld
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seams serving as localized stress concentrations due to
thermal expansion [23 - 25]. As sketched in Fig. 3b, the
weld seams are separated by 4 mm, attaching a second
layer of ferromagnetic steel. No heat affected zone is
visible on the bottom of the sample so that the distance d
between sample and tip of the flux guide remains constant
when the sample is moved. The diameter of the flux guide
is 1.5 mm.

The comparison between the measurements with the
OPM sensor only guided close to the sample (blue) and the
combination of OPM and flux guide (red) is shown in Fig.
3. Inboth cases, the distance d between sample surface and
OPM housing in the first case and flux guide in the second
case is estimated visually to about 1 mm. The sample has
a magnetic gradient across the scanned line. However, the
expected pairwise symmetry of the weld seams is only
visible in the magnetic signal acquired with flux guide.
Due to the flux guide, the noise level rises from 0.5 to 2
pT, but with increased lateral resolution in the range of
about 2 mm at the depth of the weld seam. By further
optimizing the flux guide geometry, it should be possible
to achieve sub-millimeter spatial resolution in this
configuration.

IV. DISCUSSION

Microfabricated optically pumped magnetometers
(OPM) are among the first commercially available
guantum sensors. Total-field OPM have an exceptional
dynamic range with a sensitivity of 3 pT/YHz in an
environment of 100 uT, i.e., in earth magnetic field. Zero-
field OPM based on Rb or He vapor cells achieve
sensitivities below 100 fT/\Hz — similar to SQUIDs, but
without cryogenic cooling which simplifies high-sensitive
magnetometry systems enormously. Due to these
properties, OPM sensors open new applications in
magnetic NDT.

In the piezomagnetic fatigue experiments, the magnetic
stray field from a volume of only 0.1 mm? varying by 5 nT
is measured at a specimen from ferritic steel. The magnetic
signal is much more sensitive to the accumulation of
damage in the sample’s gauge area than the stress-strain
signal, which is a first step towards a magnetic fingerprint
for mechanical degradation. The noise level of 0.5 pT
without and of 2 pT with flux guide is also sufficient to
measure critical stress concentrations arising from weld
seams or material defects as precondition for crack
initiation. Here, a flux guide is required to confine the
measurement volume so that residual stresses of two
neighbored weld seams separated by 4 mm could be

resolved. With some optimization, sub-millimeter
resolution appears feasible.
To test ferromagnetic devices in industrial

environments, key components like flux guides, shielding,
and low-stray-field actuators must be developed. Doing



that, the result can be a new generation of non-destructive
testing systems estimating the remaining lifetime in
maintenance or in the production if higher levels of
functional safety are required or to assess the quality of
critical weld seams.
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