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Abstract: In all-optical magnetic field sensing using nitrogen-vacancy-center-rich diamonds, an
ambiguity in the range of 0-8 mT can be observed. We propose a way to resolve this ambiguity using
the magnetic-field-dependent fluorescence lifetime. We therefore recorded the frequency response
of the fluorescence upon modulation of the excitation intensity in a frequency range of 1-100 MHz.
The magnetic-field-dependent decay dynamics led to different response characteristics for magnetic
fields below and above 3 mT, allowing us to resolve the ambiguity. We used a physics-based model
function to extract fit parameters, which we used for regression, and compared it to an alternative
approach purely based on an artificial neural network.
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1. All-Optical Magnetic Field Sensing with NV Centers

Negatively charged nitrogen-vacancy (NV) centers in diamonds have attracted con-
siderable attention in the area of magnetic field sensing. Most setups are based on the
manipulation of spin states using microwave (MW) excitation, realizing high sensitivities
and spatial resolutions. However, they come with certain limitations due to the MW deliv-
ery, like the interaction of the MW with the environment and the requirement for a galvanic
connection. In contrast, all-optical setups rely on exclusive optical access to the sensing
volume, allowing the construction of a fiber-based sensor [1-4]. Such a sensor features
a non-magnetic and non-conductive probe and allows the realization of high insulation
resistance. Additionally, setups without MW are less complex and easier to implement in
industrial applications. All-optical setups can be based on narrow-band features, realizing
high sensitivities but requiring stable bias magnetic fields with accurate alignment [5-7].
Our setup, in contrast, uses the fluorescence change caused by spin mixing for magnetic
fields up to ~50 mT [1,8]. This allows the sensing of a high bandwidth of magnetic fields
without the need for bias fields, realizing a compact and universally applicable sensor head.

Recently, we published an all-optical setup, making use of the excited state lifetime of
optically pumped NV centers [9]. The setup is based on the frequency domain fluorescence
lifetime measurement, where the excitation light is modulated in its intensity in a sufficiently
high frequency range [10]. With increasing frequency, the low-pass characteristic of the
fluorescence lifetime will lead to a reduction in the amplitude and a shift in the phase
between excitation and fluorescence signals from 0° to 90°. The excited state lifetime
components respond to magnetic fields [11,12], which can be observed in an overall change
in the frequency response [9]. These studies revealed a high magnetic contrast of the
intensity at low excitation frequencies, as well as a maximum in the magnetic contrast

Eng. Proc. 2024, 68, 8. https:/ /doi.org/10.3390/engproc2024068008

https:/ /www.mdpi.com/journal/engproc


https://doi.org/10.3390/engproc2024068008
https://doi.org/10.3390/engproc2024068008
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0009-0006-9490-4204
https://orcid.org/0009-0004-1068-0529
https://orcid.org/0009-0008-2665-1262
https://orcid.org/0009-0008-6945-0751
https://orcid.org/0009-0002-1301-3487
https://orcid.org/0000-0003-1745-5784
https://orcid.org/0000-0003-1099-1445
https://orcid.org/0000-0002-6937-468X
https://doi.org/10.3390/engproc2024068008
https://www.mdpi.com/journal/engproc
https://www.mdpi.com/article/10.3390/engproc2024068008?type=check_update&version=1

Eng. Proc. 2024, 68, 8

20f7

Fluor. intensity

o

8mT
magnetic field B

of the phase at an excitation frequency of 13 MHz. The measurement of the phase at a
fixed frequency in particular enables a high immunity to fluctuations in the optical path,
compared to the measurement of the fluorescence intensity. Such fluctuations can arise,
e.g., due to movement in the optical fiber, and would be misinterpreted as magnetic field
changes in an intensity-based setup.

In N'V-rich diamonds, we observe a dip in the fluorescence intensity at zero magnetic
field [4]. Current research relates this dip to dipolar coupling between neighboring NV
centers, leading to mixing of spin states [13,14]. The same feature can also be observed
when using the phase as a measurement quantity [9]. This leads to an ambiguity, i.e., a non-
injective function, for magnetic fields below ~8 mT. We plot the fluorescence intensity as a
function of magnetic fields in the left panel of Figure 1, qualitatively, showing this behavior.

The measurement of phase or intensity at a fixed excitation frequency can be realized
with a lock-in amplifier, yielding a high acquisition speed and possibly simpler implemen-
tation compared to using a whole frequency sweep. The complete response of magnitude
and phase in a frequency range of 1-100 MHz, on the other hand, holds more information.
In this work, we utilize this to resolve the ambiguity in all-optical magnetic field sensing.
First, we prove this ability by fitting the data with a model function and using the fitted
parameters for regression. Afterwards, we explore the use of neural networks with the
raw spectra as inputs, omitting the fitting process, which is less computationally expensive.
These two approaches are shown schematically in Figure 1.
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Figure 1. Schematic of the machine learning approach. A data set of labeled spectra at different
magnetic fields up to 15 mT is captured and processed in two ways. The spectra consist of the
magnitude and phase of the fluorescence from a frequency sweep of the optical excitation up to
100 MHz. They are processed by either fitting a model function with two degrees of freedom and
a subsequent simple regression neural network or with a more complex neural network which is
trained on the raw spectra.

In principle, the use of a bias field greater than 3 mT is also possible to overcome this
ambiguity problem. However, we would lose the isotropic sensing ability, which is an
important feature for implementation in a measurement application [8]. Additionally, a
bias field, created, e.g., by a permanent magnet in the fibre head, would lose the properties
of a non-magnetic and non-conductive sensor head. This would restrict the universal
applicability of the sensor head.

A potential application lies in current sensing in medium- and high-voltage power
distribution grids. The fiber-based sensor can realize high insulation resistances and the
isotropic sensing ability simplifies its implementation. With the ever-increasing need for
transparent power grids [15], the measurement of currents in the grid for the reliable predic-
tion and management of loads is an important factor. This sensing technology may become
a simpler and more cost effective alternative to commonly employed current sensors.
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2. Materials and Methods
2.1. Frequency Domain Measurement Setup

In Figure 2a, we show the optical and electrical setup used for frequency domain
measurements. A collimated 520 nm laser diode (ams-OSRAM PLT5 520B) is driven by
a laser switch (iC-Haus GmbH iC-HKB) at a mean optical output power of 12 mW. The
input stage of the laser driver is based on a comparator, responsible for switching the laser
on or off during positive and negative half waves of the incoming signal. The excitation
light is passed through a dichroic mirror (DCM, Thorlabs DMPS567R) and coupled to
a 105 um core diameter fibre. The end facet of the fibre is covered in high-NV-density
micro-diamonds in glue. The fluorescence of the NV diamonds is collected via the same
fiber and passed through a long-pass filter and focused (Thorlabs FELH600 & LA1951-AB)
on a photodiode. The photocurrent is amplified and passed to the Vector Network Analyzer
(VNA). The VNA sweeps the frequency of the output signal at port one, connected to the
laser driver, in a range of 1-100 MHz and records the response in magnitude and phase at
port two. An electromagnet, monitored by a Hall effect sensor, is used to apply magnetic
fields up to 120 mT.
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Figure 2. (a) Schematic of the optical and electrical setup used for frequency domain measurements.
(b) Response of the system at port 2 of the VNA to a frequency sweep at port 1 at B = 0.

2.2. Fit-Based Regression

We operated the system at optical excitation powers for which we expected no sat-
uration behavior [16,17]. In this linear regime, the fluorescence can be interpreted as a
convolution of the excitation signal with the decay dynamics. According to a bi-exponential
fluorescence decay, the respective transfer function can be written as the sum of two first-
order low-pass filters
111 az

s++ st

H(s) ©)
with s = 0 + jw, following the Laplace-transform of the sum of two exponential functions.
The VNA corrects for the system response H(s)|p—g at B = 0, which we show in Figure 2b.
This system response results from all electrical and optical components, necessary for the
measurement, as well as the low-pass characteristic of the fluorescence itself. The resulting
measurement can be described by the ratio H,(s) = H(s)|g/H(s)|p=o-

We fitted the recordings of the system response at different B-fields with H,(s), using
non-linear least squares fitting (NLLS). Therefore we wrote the independent components
as their values at B = 0 and additional B-field dependent terms Aay, Aay, A1y, and At,. To
increase the quality of the fit for the application of magnetic field sensing, the fit parameters
a1 = 0.65 and a, = 0.35 were fixed, i.e., Aay = Aay = 0. Additionally, the decay times
T1,8—0 and T p—g (at zero field) were constrained to be the same for all data sets. The
fitting process was carried out in two steps. First, we recorded a set of 30 measurements
at different magnetic fields up to 80 mT to fit 7y p—g and 1 p=g. This small set was chosen
due to the large necessary computation time. In the second step, we collected 1000 system
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responses up to 15 mT with a distribution favoring low magnetic fields and in a random
order. All data sets were fitted individually, with the previously found parameters for
T1,3—0 and T, p—o set at a constant, yielding Aty (B) and At (B). In Figure 3, we show a
subset of measured frequency responses at different B-fields with their corresponding fits.
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Figure 3. Subset of measured frequency responses with magnitude |H,| (a) and phase ZH, (b) at
different B-fields and corresponding fits of H, with constant 7j p_g = 6.04 ns and 7 p—g = 11.89 ns.

To determine the B field via regression from At and A1, obtained by the fit, we used
a small fully connected neural network (FCNN). The network consists of two nodes in the
input layer, one hidden layer and an output layer with a single node and linear activation
function. The hidden layer is composed of a variable number of neurons, using a ReLU
activation function. Using a grid search, we determined an optimum for the number of
neurons in the hidden layer, up to a maximum of 60 nodes. We split the observations by
ratios of 55%, 15%, and 30% into training, validation and test sets, respectively. During the
hyperparameter study, the network’s performance was validated on the validation set. The
best network was later trained on the combination of training and validation sets, and the
performance was assessed on the test set.

2.3. Regression on Raw Spectra

For the practical applications in magnetometry, NLLS fitting may require too many
resources. Therefore, we explore neural networks for regression on the raw system re-
sponse measurements as input and compare their performance to the fit-based method.
Additionally, we focus on the use of FCNNs, which in previous studies have shown a good
performance in similar problems. We have also shown the ability of such networks to
perform inference in edge-machine learning based setups, enabling the integration of the
solution in a practical application [18].

Here, we use an FCNN with three hidden layers, using ReLU activation functions,
and vary their sizes to find the network with the lowest complexity which still shows an
acceptable performance. Observations are labeled by B and consist of the combination
of magnitude |H,| and phase ZH, at 401 different frequencies. Consequently, the input
layer consists of 802 nodes. For regression, the output layer has a single node with a linear
activation function, like before. Again, we split the observations by ratios of 55%, 15%, and
30% into training, validation and test sets, respectively. The observations are scaled per
feature to lie within the interval [0,1] by fitting a MinMaxScaler to the training data and
applying it to all data. We used TensorFlow for the implementation and training of the
networks [19].

3. Results and Discussion
3.1. Fit-Based Regression

In Figure 4a, we show A1y and AT, as functions of the magnetic field for all data
sets. The value A1, shows a high responsivity to magnetic fields, but displays the same



Eng. Proc. 2024, 68, 8

50f7

ambiguity that can be observed in the fluorescence intensity. The monotonically increasing
component ATy, however, aids in resolving this ambiguity. We used these two components
as inputs to a simple previously described FCNN to test this hypothesis. In Figure 4b, we
show the root-mean-square (RMS) error on the validation set as a function of the number
of nodes in the single hidden layer n,. The RMS error declines to a value of around
€rms = 0.4 mT at 45 nodes and shows no improvement upwards. Therefore, the FCNN
was finally trained with n;, = 45 on the combined training and validation set. We chose
the mean average error (M AE) as the loss function, shown in Figure 4e on the training
and test sets. During the training process, we observed no significant improvement above
800 epochs and the test loss closely followed the training loss, showing no signs of over-
fitting. Deeper networks showed no improvements in performance in this task, except for
a quicker convergence of the loss function during training.
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Figure 4. (a) Magnetic-field-dependent changes in lifetimes from fits to frequency responses at
T1,8=0 = 6.04ns and 7, p_g = 11.89 ns. (b) Root-mean-square error of predictions of the simple FCNN
on the validation set as a function of the number of hidden nodes ny,. (¢) Overlay of predictions of the
FCNN (ny, = 45) on the test set in comparison to the optimum linear relationship. (d) Differences in
predictions in (c) to the linear function. (e) Mean average error in the training and test set during the
training of the FCNN.

In Figure 4c,d, we show the predictions of the FCNN as a function of the real magnetic
field values on a validation set and the differences from the optimum linear relationship,
respectively. Below 2 mT and above 4 mT, the predictions are in good agreement with
the real values, within an error of £0.2 mT. In the range of 2—4 mT, the error rises up
to 2.5 mT. We attribute this behavior to the low change in both fit parameters (A1, A1)
compared to their variance in this magnetic field range. We observed no outliers, showing
that the measurement of magnetic fields below and above ~3 mT can be distinguished.

3.2. Regression on Raw Spectra

In a sensing application, the resource requirements for NLLS fitting are likely un-
practical. Therefore, we also pursued an alternative approach using a FCNN, where the
input consists of the raw system response measurements, i.e., the concatenation of |H,| and
ZH;. A grid search was carried out to find an optimum for the number of nodes in each
of the three hidden layers. The number of nodes varied in the ranges of ny, 1 € [50, 200],
nho € [20,60], and nyp3 € [5,25], where ny, , was the number of nodes in layer x. In
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Figure 5a,b, we show predictions of the FCNN as a function of the real magnetic field
values on a validation set. Therefore, the number of nodes was set to ny, 1 = 75, ny, », = 50,
or ny, 3 = 20 where the loss showed a minimum. The network was again able to resolve
the ambiguity. It performed slightly better than the fit-based approach, with maximum
deviations from the real magnetic field of £1.2 mT and an RMS error on the test set of
€rms = 0.27 mT. During training, the MAE on the test set converged quickly and we can
see signs of over-fitting from 30 epochs onward (cf. Figure 5c¢).
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Figure 5. (a) Overlay of predictions of the FCNN (ny, 1 = 75, n » = 50, np, 3 = 20) on the test set in
comparison to the optimum linear relationship. (b) Differences in predictions in (a) compared to the
linear function. (c) Mean average error in the training and test set during the training of the FCNN.

On a workstation PC, we found an about 170 times faster execution of this approach,
compared to the fit-based regression. This does not account for the previous training, which
can be performed in advance in an application.

4. Conclusions

The overall precision of the presented approaches is lower than in all-optical methods
based on the measurement of fluorescence magnitude or phase at a single excitation
frequency. This holds true especially in the measurement range of 2-4 mT. However,
we were able to resolve the ambiguity in these setups for magnetic fields below 8 mT. A
setup combining both approaches would be possible, where the electronics switch between
VNA and lock-in amplifier mode, depending on the applied magnetic field. Through this,
existing setups could benefit from the presented work and construct a sensor system with a
high magnetic bandwidth, starting at zero field.
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Abbreviations

The following abbreviations are used in this manuscript:

NV Nitrogen vacancy

MW Microwave

NLLS  Non-linear least squares

VNA  Vector network analyzer

FCNN  Fully connected neural network
ReLU  Rectified linear unit

RMS Root-mean-square

MAE Mean average error
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