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Abstract. Magnetic diagnostics play a crucial role in determining key parameters of
tokamak plasmas, such as plasma position and shape. Traditional methods for measuring
magnetic fields during tokamak discharges rely on inductive sensors, such as pick-up coils.
While these sensors are adequate for tokamaks with relatively short pulses and limited
radiation levels, fusion reactors with long pulse lengths and high radiation environments
require the use of steady-state magnetic field sensors, such as Hall sensors. In this paper,
the principles behind magnetic field measurement in the fusion plasma environment
will be reviewed. The performance and drawbacks of pick-up coils will be described,
and advancements in Hall sensor development for fusion reactors will be outlined. The
challenges associated with the utilisation of Hall sensors in such environments will be
addressed, including the necessary techniques such as synchronous detection and current
spinning. Finally, the potential for data fusion of inductive and Hall sensors using the
Kalman filter algorithm to enhance measurement accuracy will be discussed.

Introduction

Thermonuclear fusion is a process of fusing lighter nuclei into heavier ones at high temperatures producing
energy. A common characteristic among fusion reactions is the fact that they can only happen at a reasonable
rate at temperatures in the order of 10® °C and above. This leads to the problem of containing the hot fuel and
preventing it from coming into contact with any structures of a potential fusion reactor. One of the solutions to
this question is a tokamak which is a device that contains hot plasma using magnetic fields. It is thus important
to be able to measure said magnetic field accurately as it is an integral part of the operation of a tokamak-based
fusion reactor.

One of the methods for measuring the magnetic field is by inductive sensors. Their most defining characteris-
tic is that their output signal is proportional to the derivative of the measured magnetic field. This means that they
possess a low sensitivity to fields with low frequency and that because of the required integration of their output
signal, they are prone to low-frequency error voltages. Despite this fact the use of inductive sensors is common
on all magnetic confinement fusion devices and their use is expected on future magnetic confinement devices as
well.

As a complement to inductive sensors radiation resistant Hall sensors are developed. Commercially available
Hall sensors are widely used in many areas of everyday life such as in automotive where they serve as sensors of
position or rotation. However, these are mostly based on semiconductor materials and thus possess a relatively
low maximum operating temperature of around 150 °C and their radiation resistance is low as well rendering them
unsuitable for use in environments produced by fusion reactors [Duran et al., 2006]. Therefore Hall sensors with
metallic sensitive layers are being developed at the Institute of Plasma Physics of Czech Academy of Sciences.
These sensors offer a higher maximum operating temperature from 250 °C and above and are also able to withstand
significant radiation fluence [ﬁumn et al., 2017; Entler et al., 2019, 2021a, 2023]. However, due to the metallic
sensitive layers, these sensors have a significantly lower sensitivity compared to the commercially available ones.
This leads to the employment of various signal conditioning methods to isolate the low-level signal that metallic
Hall sensors produce. This signal processing limits the bandwidth of the sensors and makes them only viable as
steady-state diagnostics as the cut-off frequency of the sensors with the signal conditioning employed is only in
the order of few tens of Hz.

Having one type of sensor performing well at low frequencies and the other type perform well at higher
frequencies gives rise to the question of whether it is possible to combine those sensors in such a way that com-
pensates the drawbacks of the individual sensors. To combine the inductive and Hall sensors, the Kalman filtering
algorithm is explored.

In this paper, the principles behind magnetic field measurement in the fusion plasma environment will be
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Figure 1. Schematic of a sensor based on Hall effect. Available from Entler et al. [2017b] (left). Hall sensor with
an antimony sensing layer, W/Ti diffusion barriers and Al,Og3 passivation layer developed at IPP CAS (right).

reviewed. The performance and drawbacks of pick-up coils will be described, and advancements in Hall sensor
development for fusion reactors will be outlined. The challenges associated with the utilisation of Hall sensors
in such environments will be addressed, including the necessary techniques such as synchronous detection and
current spinning. Finally, the potential for data fusion of inductive and Hall sensors using the Kalman filter
algorithm to enhance measurement accuracy will be discussed.

Magnetic diagnostics

Since magnetic field is an integral part of a tokamak an accurate system of magnetic diagnostics is an oper-
ational requirement for any such device. The term magnetic diagnostics, apart from the sensors of the magnetic
field, include diamagnetic loops, flux loops and Rogowski coils. In this contribution inductive and Hall sensors
will be investigated.

Inductive sensors

Sensors based on electromagnetic induction are a common way to measure magnetic fields. Their defining
characteristic is their output signal being proportional to the time derivative of the measured magnetic field. The
proportionality coefficient is the effective area A, of the sensor as described in equation (1)

0B

Uout = Ac E .

1

This results in their low sensitivity to low-frequency magnetic fields. Moreover, low-frequency error voltages
arising from sources other than the measured magnetic field cause signal drifting after the subsequent integration
of the signal. Since such error voltages may arise due to temperature gradients caused by inhomogeneous radiation
heating they are difficult to predict and thus almost impossible to dispose of in real time. The requirement accepted
for ITER is to suppress the amount of drift over the duration of the discharge. The limit of inductive sensor drift
for ITER is according to Batista et al. [2018] 500 uVs/hour.

Hall sensors

A method complementary to inductive sensors is Hall sensors. They are widely used in many areas of
everyday life. Such as in robotics or automotive where they can be used as sensors of position or rotation. They
are based on the Hall effect which occurs when, as depicted in Figure 1(left), a conductive or semi-conductive
plate is biased by a current  and placed in an external magnetic field. In such case, Hall voltage Uy perpendicular
to the biasing current is observed.

This effect occurs due to the Lorentz force acting upon the free charge carriers in the conductive plate.Its
influence is in the direction perpendicular to both the carriers’ velocity and the applied magnetic field. The
complete form of the output signal from the Hall sensor is described by equation (2) as

Uout = Rottl + %IBCOS(O[) + %132008(5)008(7) )

The desired signal Up is only due to the second term on the right-hand side. It states that the Hall voltage U
is directly proportional to the magnitude of measured magnetic field B. The other values are the biasing current
I, the thickness of the conductive plate ¢ and the Hall coefficient Rz;. This number is specific to the material of
the sample. For some materials, it is also a function of temperature 7" and the magnitude of measured magnetic
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field B [Duran et al., 2017]. The factor cos(y) represents the projection of the measured magnetic field B to the
direction parallel with the normal to the sensor.

A more practical parameter of a Hall sensor related to its material is the Hall sensitivity Sg. It takes into
account the normal Hall coefficient Ry and the sensor thickness ¢ and provides information about the magnitude
of the output signal given the biasing current and measured magnetic field as shown in equation (3)

Su(T, B) = w AVfT;mi”-C*,m : 3)

Complementary to the normal Hall effect the planar Hall effect occurs as well. It is described by the third
term on the right-hand side of 2. As the name suggests it is sensitive to the projection into the plane parallel to the
surface of the sensors. This is accounted for by the factor cos(a)cos(/3). The coefficient specific to this effect is
the planar Hall coefficient Py which is different from the normal Hall coefficient.

The first term on the right-hand side of 2 is the offset voltage. It can be observed when the Hall sensor is

biased by current I but no magnetic field B is applied. This effect occurs due to a mismatch of the longitudinal
and transverse resistances Ry of the Hall sensor. The mismatch is usually caused by manufacturing errors.

Spinning current method

The planar Hall voltage and the offset voltage are, for the sake of measuring the magnitude of the magnetic
field, considered to be error voltages. To suppress those the spinning current method is employed. In this method,
the sensing and biasing leads of a Hall sensor are periodically swapped. In other words, the Hall sensor is rotated
by 90° periodically. Combined with the fact that the direction of the normal Hall voltage changes with a different
period compared to the direction of the offset voltage and planar Hall voltage, averaging the output signals from
individual commutations isolates the normal Hall voltage. A more detailed explanation of the application can be
found in Entler et al. [2017b,c].

Hall sensors for fusion reactors

The commercially available Hall sensors are usually made with a semiconductor sensing layer which gener-
ally possesses a good sensitivity to magnetic field However, these off-the-shelf sensors tend to have low maximum
operating temperatures (=150 °C) as well as low resistance to radiation [Duran et al., 2006]. This renders the
semiconductor Hall sensors unsuitable for use in environments of fusion reactors.

At the Institute of Plasma Physics of the Czech Academy of Sciences (IPP CAS) in Prague Hall sensors based
on ceramics and metals are developed to overcome the shortcomings of commercially available Hall sensors in
terms of temperature stability and radiation resistance. An example of a Hall sensor with an antimony sensing
layer is in Figure 1(right).

Sensors with metallic sensitive layers generally reach greater maximum operating temperatures, however,
these sensors have sensitivities much lower compared to those with semiconductor layers [Entler et al., 2021a].

The issue of radiation resistance of metallic Hall sensors has been investigated in Duran et al. [2017]; Entler
et al. [2019, 2021a]. In the case of bismuth [Duran et al., 2017] and antimony [Entler et al., 2023] irradiation
experiments were performed. It was concluded that both bismuth and antimony are to be used as steady-state
magnetic diagnostics in ITER [Entler et al., 2018, 2021b].

A simulation of transmutation of multiple candidate Hall sensor materials was performed [Kovarik et
al., 2020]. The simulation was made to mimic the conditions of DEMO Phase 1. That is a total fluence
6.08x10%° n/cm? in 5.2 years of operation. In the case of antimony the transmuted fraction of sensing material
is predicted to be about 3.3 %. As another candidate for Hall sensor sensing material chromium was considered
[Entler et al., 2021a]. The result of the transmutation simulation for chromium show that the transmuted fraction
in the case of chromium is only about 0.27 %.

Synchronous detection

Since metallic Hall sensors display relatively low sensitivity to magnetic field, the amplitude of their output
signal is also relatively low: =~ 150uV/T [Entler et al., 2017a]. Signals of such low levels require careful signal
conditioning as they may not be detectable due to the presence of noise. A method employed to overcome this
problem is the synchronous detection. This method used to this day in broadcasting, can detect low-level signals
and suppress noise. A schematic of an analog implementation of synchronous detection is shown in Figure 2(left).

The principle of this method is that a Hall sensor is biased by an alternating current with frequency f, as
show in equation (4):

Un(t) = SuBIsin(27 ft), 4)
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Figure 2. Scheme of an analog implementation of signal conditioning used with metallic Hall sensors developed
at IPP CAS (left). Available from Entler et al. [2017c]. Photo of a digital Hall sensor controller developed at IPP
based on the analog scheme (right).
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Figure 3. Simulated response function of the digital controller designed at IPP.

where Sy is the sensor’s sensitivity, B is the magnitude of the measured magnetic field, I is the amplitude of
the biasing current and f is the modulation frequency. In a mixer, the output signal is multiplied by that same
sine wave that excites the Hall sensor. The result of the multiplication of two sine waves with generally different
frequencies is given by equation (5) to be

Arsin(27 fit) - Aosin(27 fot) = A12A2 {cos(%( fa— fu)t) — cos(2rm(fa + fl)t)]. )

The output signal is excited and then multiplied by a reference U, = Asin(27 ft) with the same frequency,
thatis f = f; = f> and subsequently a narrow low-pass filter is then applied to it. If the modulating frequency
f is high enough the only remaining term is A; A5 /2 which corresponds to the only product of amplitudes of the
original sine waves. This is described by equation (6)

m = Syl BA, ©6)
which is the normal Hall voltage multiplied by the amplitude of the modulation.

Hall sensor control electronics

A controller was developed at IPP to perform the synchronous detection and the spinning current method
automatically. A detailed description of the algorithm used by the controller to employ both of these methods can
be found in Entler et al. [2017a].

Recently a digital version of Hall sensor control electronics was developed. An image of the digital controller
is shown in Figure 2(right). It is programmable and able to supply the connected Hall sensor with 1-10 mA of
current. The modulation frequency of the controller is 5 kHz its sampling frequency is 256 kHz. The signal
conditioning after digitization of the Hall sensor output includes a moving average with a window of 256 samples
and 2 FIR low-pass filters of 3™ order.

A simulation of the frequency response of the digital controller was done. The results of said simulation can
be seen in Figure 3. As can be seen, the cut-off frequency of the controller was estimated to be around 7.6 Hz.
Metallic Hall sensors that require extensive signal conditioning are thus viable only as steady-state magnetic field
Sensors.
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Data fusion

Inductive sensors perform better when measuring magnetic fields with higher frequencies. While metallic
Hall sensors suitable for fusion reactor-like environments perform well in lower frequencies due to their signal
conditioning.

In this section an algorithm is proposed to combine the signals from an inductive and Hall sensor such that
the drawbacks of the individual sensors are mitigated resulting in an estimate of the measure magnetic field that
improves on the accuracy of each individual sensor.

The topic of applying data fusion to inductive and Hall sensors was explored in Quercia et al. [2022]; Arpaia
et al. [2022]. In the former an algorithm named Luenberger observer was investigated. The latter employed
Kalman filtering to combined the two sensor types. In this contribution the Kalman filter approach is described.

Data fusion of inductive and Hall sensors

Given that the magnetic diagnostic system including an inductive sensor and a Hall sensor can be considered a
linear time-varying system [Quercia et al., 2022], then the algorithm for combining those two sensors is described
by equations (7) [Arpaia et al., 2022] as

B~ (k)=Bt(k—1)+ L (Ue(k) + Ue(k — 1))

24,
P (k)= Pt (k—1)+ o2(k)
Ky = L) ™

o2(k) + P—(k)

B (k) =B~ (k) + K(k) - (Bu (k) — B~ (k))
PH(k)=(1—-K(k)- P (k).

where T is the sampling time of the inductive sensor, A, is its effective area, U, (k) is the signal from the inductive
sensor at time k, o4(k) = 1 mT is the variance of the Hall sensor, By (k) is magnetic field measured by the Hall
sensor and o2 (k) is the variance of the integral increment computed from the inductive sensor signal given by
equation (8)
T2 (0%
(0) = 17 (GO0 + Uull = D + 030 + ot (- 1)), ®
C C

where o7 (k) = 1 mV and 04 = 3.8 - 1072 cm?. These were estimated based on the information provided by
Quercia et al. [2022].

The symbols B and P denote the magnetic field estimate and the estimate of the variance of the magnetic
field estimate. The super-indexes ~ and T denote the prediction and correction respectively. The value K (k) is
called Kalman gain and is a comparison between the predicted variance of the estimate and the variance of the
Hall sensor. It is a number between 0 and 1 and determines which of the two sensors is more trustworthy at any
given time k.

Note that the algorithm operates with only the information about the current and previous time step which
makes it suitable for real time application.

Data fusion application

To show the performance of the Kalman filter data from the JET tokamak were analysed. The tokamak
discharge in question was numbered 94818. During the discharge radial magnetic field was measured at the lower
part of the vacuum vessel (see Figure 4left) by both a coil and a Hall sensor (see Figure 4right). The output
signal of the Hall sensor is shown in Figure 5(left) and of the coil in Figure 5(right). After applying the Kalman
filter algorithm described by equation (7) the resulting magnetic field estimate is shown in Figure 6(left). In
Figure 6(right) a comparison is made between the Kalman filter output and the magnetic field calculated as an
integral of the signal from the coil with the offset removed. As can be seen from Figure 6 the proposed algorithm
is able to suppress the noise of the Hall sensor as well as mitigate the drift of the integrated signal from the
inductive sensor.

Conclusion

Tokamaks are devices designed to contain hot plasma using magnetic fields. Thus, it is crucial to measure
the tokamak magnetic field during discharges accurately. A common method of tokamak magnetic diagnostics
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is utilising inductive sensors. While performing well in high frequencies they lack sensitivity for low-frequency
fields and are prone to low-frequency error voltages. As a complement to inductive sensors metallic Hall sensors
are being developed at [IPP CAS.

The focal points of research and development of metallic Hall sensors are their temperature stability and
their radiation resistance. In recent years bismuth and antimony Hall sensors were confirmed to be suitable for
operation in ITER-like conditions. In further research, the feasibility of using antimony Hall sensors in DEMO-
like conditions will be investigated. A simulation was performed and it was concluded that chromium Hall sensors
can function in DEMO-like conditions as well, though their sensitivity is much lower than that of antimony Hall
Sensors.

A potential for data fusion of inductive and Hall sensors is being investigated. For that purpose, the Kalman
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Figure 4. Placement of the Hall sensors and pick-up coils on the JET machine (left). Combined probe from Hall
and inductive sensor used at JET to measure magnetic field. Available from Quercia et al. [2022]
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Figure 5. Output signals from Hall sensor (left) and pick-up coil (right) from JET discharge number 94818.
Measurement of radial magnetic field in the lower part of vacuum vessel.
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Figure 6. Result of applying the Kalman filter algorithm (red) on the signals from the Hall sensor (blue) and the
pick-up coil (black). Left, comparison of Kalman filter to the integral of the corrected coil signal (lime) is made.
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filter algorithm is being explored and it was shown that it can compensate for the shortcomings of the individual
sensors. In further research, a continuous refinement of the Kalman filter algorithm is planned as well as an
employment of an explicit dependence of the algorithm on the frequency of the measured signals.
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