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Abstract. Mapping the magnitude and the direction of the flux density 𝐵⃗  at cryogenic temperature 

is of particular interest in numerous applications involving superconductors. However, it is difficult 

to find 3-axis Hall probes or magnetometers operating at low temperature and above the mT range. 

In this work, we report the design and the construction of a device able to perform such a 

measurement. We show that it is possible to take advantage of a commercially available, 

inexpensive, room-temperature 3-axis Hall sensor and place it inside a thin cylindrical insert whose 

inner temperature is carefully controlled to be 25 ± 0.2°C, irrespective of the outer cryogenic 

temperature (typically 77 K). The active area of the Hall sensor is located at 2.2 ± 0.25 mm from the 

bottom of the insert, so that it can be positioned close to the magnetic structures to be characterized. 

We built the interfacing electronics that is located sufficiently close (typ. < 300 mm) to the digital 

Hall sensor and manages the temperature control. The whole system behaves thus as an independent 

and reliable 3-axis Hall probe able to operate in cryogenic conditions. We tested this device to 

characterize 𝐵𝑥 , 𝐵𝑦 and 𝐵𝑧  generated by two magnetized high-𝑇𝑐 superconductors: a bulk 

polycrystalline tube and a ring magnet made from an eye-shaped coated conductor. We show that 

the device allows measurements down to ∼ 0.16 mT. Combining the three measured components of 

𝐵⃗  enables mapping the local magnitude and direction of the flux density.  

Key words. 3-axis Hall sensor, cryogenic Hall probe, magnetic flux mapping, high-temperature 

superconductor, bulk superconductor, coated conductor. 
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1. Introduction 

Nowadays, applications involving superconductors are of increasing complexity. Measuring the local 

magnetic flux density 𝐵⃗  inside or around a superconducting structure is often a key enabler towards the 

improvement of these applications. These include e.g. medical imaging [1], rotating machines [2-4], particle 

accelerators [5,6], power cables [7] or magnetic separation [8]. A well-established technique to characterize 

the flux density generated by a magnetized superconductor is to move a 1-axis Hall probe close to the 

superconducting device (‘Hall probe mapping’). Most Hall sensors are sensitive to one component of the 

flux density, usually referred to as 𝐵𝑧. This technique has been used for around 30 years [9,10] to 

characterize superconductors of various forms, including tapes [11-13] or bulk samples, either single 

domains [14-16], multi-seeded [17] or foams [18]. Sub-millimetric resolution can be achieved [19] and Hall 

probes can be used up to several teslas [20]. However, being able to measure simultaneously the three 

components of the flux density brings an additional insight when the geometry is such that the lateral 

components 𝐵𝑥  and 𝐵𝑦  cannot be easily deduced from 𝐵𝑧. Such a situation occurs e.g. when several bulk 

superconductors are used in a rotating machine [21] or arranged to generate a well-defined space-dependent 

field [22,23]. In addition, a 3-axis measurement can easily handle situations where superconductors are 

subjected to non-homogeneous fields, e.g. in magnetic levitation systems [24], or when the shape of the 

flux lines is modified by ferromagnets [25]. Using a 3-axis measurement system also allows mappings over 

non-planar geometries to be performed, by combining mathematically the three measured components [26]. 

In this paper, we focus on the problem of measuring simultaneously the spatial distribution of 𝐵𝑥 , 𝐵𝑦 and 

𝐵𝑧  at cryogenic temperature (typically 77 K) with a measurement device able to accommodate relatively 

large samples (a few cm and above) and to operate for flux densities above the mT range, which is suitable 

for several high-temperature superconducting applications. Figure 1 shows schematically a few examples 

of situations that can be handled with the device described in this paper: (a) persistent current or 

electromagnets with a non-axisymmetric shape, e.g. eye-shaped loops or racetrack coils, (b) several bulk 

superconductors, e.g. placed in the rotor of a rotating machine, (c) investigation of inhomogeneous 

superconducting properties or defects, e.g. the presence of grain boundaries, (d) inhomogeneous applied 

fields produced e.g. by guideways for levitating systems at low temperature, (e) mapping the flux density 

around a non-planar device. 
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Fig. 1. Schematic examples of situations where a 3-axis Hall probe gives useful and additional information 

compared to a 1-axis Hall probe. 

 

There exist a few ways to measure the three components of the magnetic flux density 𝐵⃗  in cryogenic 

conditions. First, fluxgate magnetometers can be used [27] and are commercially available. Their maximum 

operating range is, however, typically below 1 mT (e.g. ±500 µT for Barington Instruments, CryoMag), 

which is well below the usual flux density in superconducting magnets. The second possibility is to use 

Superconducting QUantum Interference Device (SQUID) magnetometers for which progress in 

miniaturizing electronic devices allows the emergence of micro-scale SQUIDs sensitive to the local 𝐵⃗  [28]. 

Such systems are extremely sensitive and possess an outstanding resolution but their typical measurement 

range is well below 1 mT. Third, one can consider miniature Hall probes, i.e. with an active area of typically 

0.01 mm². Their measurement range is usually between 100 µT and a few T. To obtain a 3-axis 

measurement, one can either combine mutually orthogonal cryogenic 1-axis Hall probes [29], at the expense 

of a loss in the spatial resolution, or use 3-axis, compact, cryogenic Hall probes (e.g. AREPOC, Axis-3). 

Such 3-axis probes were available in the past and could be used for the characterization of high-temperature 

superconducting structures [30-32]. However, while good quality 3-axis Hall sensors operating at room 

temperature are easy to find on the market (e.g. Melexis, MLX90395; Texas Instruments, TMAG5170-Q1; 

Metrolab, MagVector MV2; Allegro MicroSystems, ALS31313; STMicroelectronics, IIS2MDC), it is 

nowadays very difficult to find such components operating in cryogenic conditions. Using room-

temperature Hall probes in cryogenic conditions has also been tried [33] with satisfying results in some 

cases [34] but the repeatability of such experiments was not reported.  
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In this work, we take advantage of a commercially available, inexpensive, integrated circuit (IC) 3-axis 

Hall sensor initially designed for non-contact Human Machine Interactions (HMI) applications at room 

temperature. The sensor is placed into a thin cylindrical insert (20 mm diameter) whose inner temperature 

is controlled to be as close as possible to 25∘C, irrespective of the outer cryogenic temperature, here 77 K. 

The whole system then behaves as an independent and reliable 3-axis cryogenic Hall probe. The associated 

challenges that need to be overcome and that are addressed in this paper are the following. First, the distance 

between the active zone of the IC Hall sensor and the outer surface of the insert should be as small as 

possible. This is because the field generated by magnetized structures decays rapidly with the distance 

(typically 1/𝑟3 with 𝑟 the distance to the structure). Second, the temperature of the IC Hall sensor should 

never go below the absolute minimum operating temperature (typically -40°C) to prevent irreversible 

damage. Third, due to the possible small temperature dependence of the IC Hall sensor characteristics, its 

temperature should be controlled carefully. Finally, the output of most commercial IC 3-axis Hall sensors 

is digital. The output data are usually sent via Serial Peripheral Interface (SPI) or Inter-Integrated Circuit 

(I²C), two protocols that should be used over a distance of few tens of centimetres at most [35]. The designed 

system should, therefore, include electronics placed close to the IC Hall sensor to process the data and 

convert them into a communication protocol ensuring a robust transmission over several metres, i.e. the 

typical distance between the cryogenic experiment and the computer. 

 

2. Building the device 

We designed a cylindrical insert whose bottom part is schematically shown in Fig.2. The objective is that 

the IC Hall sensor, placed as close as possible to the bottom outer surface, is kept at room temperature when 

the whole system is immersed in a liquid nitrogen bath.  
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Fig. 2. Schematic illustration (cross-section) of the bottom part of the insert. To scale. 

 

2.1. Design of the insert 

The cylindrical enclosure of the insert (20 mm outer diameter, 16 mm inner diameter) is made of G10 epoxy 

resin (abbreviated G10 in the following), closed on the bottom side by a 1 mm-thick G10 membrane. The 

inner part consists of a 7 mm-diameter copper rod, electrically grounded. The copper rod accommodates a 

12.5-mm diameter printed circuit board (PCB) holding the IC Hall sensor, as shown in Fig. 3. In order to 

ensure a good thermal contact between the Hall sensor and the copper rod, the PCB includes star-shaped 

copper pad, referred to as ‘thermal plane’. This thermal plane is thermally anchored (i) to the thermal pad 

of the Hall probe through thermal vias, and (ii) to the copper rod itself through four thin (∼ 0.6 mm-thick) 

legs, as shown in Fig. 4. Importantly, thermal insulation between the G10 enclosure and the central part is 

achieved through an air layer (∼ 4.5 mm on the lateral side, and 1 mm between the bottom membrane and 

the Hall probe), as shown in Fig. 2. Preliminary temperature measurements inside the insert immersed in 

liquid nitrogen showed that both sides of the G10 membrane are at ~ 77 K; hence, the temperature gradient 

is mostly taken up by the air layer. 
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Fig. 3. Photographs showing both sides of the printed circuit board (PCB) holding the IC Hall sensor before 

being soldered to the rod. (a) The sensor is soldered at the centre of the PCB and two capacitors are added 

for filtering purposes. (b) The thermal plane is connected through thermal vias to the thermal pad of the IC 

Hall sensor. Connecting pads are placed to access the Hall sensor pins. 

 

A 50  heater, made of 100 µm-diameter constantan wire (55% Cu - 45% Ni, from Goodfellow) is wound 

anti-inductively around the copper rod (partly shown in Fig. 4). Even though it contains nickel, this heater, 

placed at ∼ 20 mm from the Hall probe, is very unlikely to modify the 𝐵⃗  lines and alter the measurement. 

This is due to the low magnetic susceptibility of constantan [36] (10.83 × 10−6) and the very small volume 

involved (< 6.3 mm³). A Pt100 temperature sensor (Innovative Sensor Technology, P0K1.232.6W.A.010) 

is attached with Kapton sheets on the copper rod ∼ 10 mm above the Hall probe (Fig. 4).  

The insert is closed by ISO-KF-16 components and the top part is machined from polyvinyl chloride (PVC) 

material. Sealed connectors are used for the connection wires. A sealed enclosure allows using dry air to 

reduce the risk of moisture condensation and freezing if needed. In addition, the insert can be connected to 

a vacuum pump. Preliminary experiments showed that using a high vacuum inside the enclosure (pressure 

< 1 mPa) reduces to almost zero the power requirement in the heater, at the expense of a system which 

becomes less practical. All experiments described below are therefore carried out at atmospheric pressure 

with no vacuum pump. The resulting device is shown in Fig. 5. 
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Fig. 4. Photographs showing the bottom part of the copper rod. (a) The legs, the Pt100 and the heater are 

visible. (b) The printed circuit board (PCB) holding the Hall sensor is soldered to the rod and two of the 

wires are connected to the pads, hence to the pins of the IC Hall sensor. 

 

 

 

Fig. 5. Photograph of the overall system showing the insert, the interfacing PCB, the sealed connectors and 

the electric connections including the CAN (Controller Area Network) bus lines. The zoom circled in blue 

schematically shows the position of the IC Hall sensor inside the enclosure (see Fig. 1).  
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2.2 Electronic board for data processing and temperature control 

The commercial 3-axis IC Hall sensor used in this device is the MLX90395 component, from Melexis. The 

Hall sensor uses a Triaxis® system based on eight Hall elements arranged on a circle with a radius of 

250 µm [37]. The specifications of this commercial sensor at room temperature were first verified carefully 

using the procedure and metrics described in Appendix I. The typical uncertainty is around ±200 µT for 𝑥 

and 𝑦 and ±100 µT for 𝑧. The average offsets and hysteresis for the three directions are of the order of the 

typical uncertainty. The integral non-linearity over a 100 mT measurement range is less than 700 µT. 

Interestingly, the probe response is linear over a more extended range than that guaranteed by the 

manufacturer: around ±159 mT for 𝑥 and 𝑦 and ±217.5 mT for 𝑧. The temperature dependence of the IC 

Hall sensor specifications between 5 and 65∘C was investigated using the procedure and metrics given in 

Appendix II. The temperature coefficient of the Hall probe sensitivity is always found to be below 

6 × 10−4 K-1. The practical conclusion is that to guarantee e.g. a temperature-induced error of < 0.1%, the 

temperature stability of the Hall probe should be better than ~1.6°C.  

Since the 16-bit output data of the IC Hall sensor are sent via Serial Peripheral Interface (SPI), the distance 

over which data are transmitted should be limited, typically < 300 mm. For this purpose, we designed an 

interfacing printed circuit board (PCB) located on top of the insert containing the Hall probe, i.e. outside 

liquid nitrogen. The microcontroller (Microchip Technology, PIC18F26K83) of this interfacing PCB is 

then connected via Controller Area Network (CAN) bus to a computer which runs an acquisition program 

(e.g. LabView). The CAN protocol can easily carry data over a few metres [38,39].  

The interfacing PCB is fed by a double power supply (Manson, EP-613): 20 V / 0 V for the heating system 

and 12 V or 9 V / 0 V for the other components. A linear drop-out regulator is used to provide a stable 

voltage supply to the microcontroller. The PCB contains a Howland current source to deliver the fixed 

current (2 mA) to the Pt100 temperature sensor. The voltage drop across the Pt100 is measured via a 12-

bit Analog-to-Digital Converter (ADC) embedded in the microcontroller. Appropriate filters and output 

impedance for the CAN bus are included via a transceiver circuit. 

In order to keep the IC Hall sensor within its temperature operating range, we implemented a built-in 

temperature controller that is run by the microcontroller of the interfacing PCB. Preliminary experiments 

showed that, around room temperature, the temperature measured by the Hall probe internal sensor follows 

within ∼ 0.5∘C the temperature measured by the Pt100. In our design, the temperature measured by the 

internal sensor of the Hall probe (resolution = 0.02∘C) is taken as the input of the controller. The Pt100 

temperature offers useful redundancy and serves as a security check. As an output, the temperature 

controller sets the duty cycle of a Pulse Width Modulation (PWM) signal, which feeds the gate of a 
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MOSFET transistor (Nexperia, PMV20XNE). This MOSFET is connected in series with the constantan 

heater and the 20 V power supply. Hence, the power injected into the heater ranges between 0 W and 8 W. 

The built-in temperature controller is proportional integral (PI). The setpoint temperature is 25∘C. The P 

and I parameters of the controller are tuned using the Ziegler-Nichols method [40]. Special care is taken to 

avoid the so-called integrator windup problem [41] that may occur when the requested power should go 

beyond the physical limits (0 or 8 W) and therefore saturates; when this happens the integration of the 

controller stops. Also, security states are implemented to avoid the temperature of the system to go below 

5∘C or above 50∘C. The sequence of the tasks performed by the microcontroller is listed in Appendix III. 

3. Characteristics of the constructed device 

In this section we aim at characterizing (i) the exact distance between the active zone of the IC Hall sensor 

and the outer surface of the insert and (ii) the efficiency of the designed temperature controller when the 

system is immersed in the liquid nitrogen.   

3.1. Position of the Hall probe within the insert 

We first determine experimentally the distance between the bottom outer side of the insert (Fig. 2) and the 

active region of the IC Hall sensor. In theory, this distance is 𝑧HS
th ∼ 2.4 mm, corresponding to the sum of 

the thickness of the G10 membrane (1 mm), the air gap (∼ 1 mm) and the location of the active region 

within the IC Hall sensor (0.4 mm, according to manufacturer data). When immersed in liquid nitrogen, the 

thermal contraction of G10 enclosure with respect to its length at room temperature is estimated to be 

around 0.2% [42]. In a typical application, ∼ 50 mm of G10 are immersed, leading to a change of the 

distance 𝑧HS
th  of around 0.1 mm. 

In order to measure the distance 𝑧HS
exp

 experimentally, the insert is attached to a xyz micro-positioning stage 

(Thorlabs, MTS50/M-Z8) and moved vertically along the axis of a solenoid air coil with steps of 0.25 mm, 

at room temperature. If 𝑧 denotes the position along the axis of the coil, the flux density 𝐵𝑧(𝑧) exhibits a 

maximum at the centre of the coil 𝑧 = 0 mm. Figure 6 shows 𝐵𝑧 plotted as a function of 𝑧∗, the vertical 

position of the bottom of the G10 insert with respect to the centre of the coil. The 𝐵𝑧(𝑧
∗) plot exhibits a 

maximum at 𝑧max
∗ ≠ 0 mm, where |𝑧max

∗ | corresponds to 𝑧HS
exp

. In order to locate precisely the position of the 

maximum, second-order functions are used to fit different ranges of experimental data (shown in red in the 

inset in Fig. 6). This procedure yields 𝑧HS
exp

= 2.2 ± 0.25 mm, where the uncertainty comes from both the 

limited resolution of the positioning stage and the exact range of data used for the second-order 

approximation. Given the targeted temperature difference (~ 220 K) between the active zone of the IC Hall 
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sensor and the cryogenic bath, this distance corresponds to an average temperature gradient of 

~ 100 K/mm.  

 

Fig. 6. Axial flux density measured by the IC Hall sensor as a function of 𝑧∗, the vertical position of the 

bottom of the G10 insert (blue). Inset: second-order function is fitted for a range of ±12.5 mm around the 

experimental maximum (red). The maximum of this second-order function occurs for 𝑧max
∗  (green). The 

dotted black lines indicate the positions of the openings of the coil. 

 

3.2. Efficiency of the built-in temperature controller 

To illustrate the performances of the built-in temperature controller, the following experiment is performed. 

At 𝑡 = 0 s, the power supplies of the interfacing PCB are simultaneously turned on. Then, at 𝑡 ≈ 60 s, the 

bottom part of the insert is immersed in liquid nitrogen (77 K). The time evolution of the temperature as 

measured by the embedded temperature sensor of the Hall sensor is shown in Fig. 7(a). Figure 7(b) shows 

the time evolution of the power requested by the controller during the experiment. 

First, the device is at room temperature (~ 22∘C), which is slightly below the targeted 25∘C. Hence, the 

controller requires a few watts to be injected into the heater, as can be observed for 𝑡 < 6 s in Fig. 7(b). 

The temperature increases rapidly and stabilizes around 25∘C after a few seconds (Fig. 7(a)). When the 

system is immersed in liquid nitrogen, at 𝑡 ≈ 60 s, the temperature quickly drops. The power injected into 

the heater then becomes purposely saturated at its maximum power (8 W). This behaviour is due to the 

relatively high proportional gain in the PI controller which ensures that the initial temperature dip after 

immersion is minimized. Figure 7(a) shows that the temperature controller counteracts the temperature drop 

very efficiently since the temperature of the Hall sensor is observed to never fall below 21∘C. This 

experimental result is found to be perfectly reproducible.  
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Fig. 7. (a) Time evolution of the temperature of the IC Hall sensor when the system is placed at room 

temperature before being immersed in liquid nitrogen after 60 s. (b) Time evolution of the power requested 

by the controller during the same experiment. 

 

After the temperature dip, the relatively large injected power (8 W) is such that the temperature of the Hall 

sensor slightly exceeds 25∘C. Between 𝑡 ≈ 90 s and 𝑡 ≈ 150 s, the requested power converges to ∼ 6.6 W, 

which is the average power required to maintain the copper rod at room temperature while the system is 

immersed in liquid nitrogen. During that time, the temperature of the Hall sensor exhibits a few oscillations 

of total amplitude ∼ 1∘C, which are expected for such a PI controller [41]. Then, roughly 90 s after its 

immersion, i.e. at 𝑡 ≈ 150 s, the temperature of the system stabilizes at 25∘ ± 0.2∘C. Given the upper bound 

of the temperature dependence of the Hall sensor sensitivity, the temperature oscillations yield an error 

< 0.012 %, i.e. much below the typical uncertainty. This ∼ 90 s delay before stabilization is observed in all 

the experiments. Note that even during this time interval, the device can be used. 

In summary, the above results show that the insert and the temperature controller designed in this work 

allow the commercial Hall sensor to be kept and safely operate around room temperature. These results 

enable the whole device to be used in cryogenic conditions down to 𝑇 = 77 K. 

4. Measurement examples and discussion 

In this section we demonstrate the ability of the cryogenic 3-axis Hall probe designed in this work to 

measure the spatial distribution of 𝐵𝑥 , 𝐵𝑦 and 𝐵𝑧 produced by two samples at 77 K: (i) a bulk 

superconducting tube and (ii) a ring magnet made of a second-generation coated conductor. 
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4.1. Bulk superconducting tube  

The bulk superconducting tube is made of polycrystalline Bi2Sr2Ca2Cu3O10 produced by the company ‘CAN 

Superconductors’ (critical temperature 𝑇c ≈ 110 K). The tube dimensions are: length 𝐿 = 20.8 ± 0.1 mm, 

inner radius 𝑟in = 10.6 ± 0.1 mm, outer radius 𝑟out = 12.3 ± 0.1 mm. First, the tube is immersed in liquid 

nitrogen and magnetized by an axial magnetic field ramped up to ∼ 60 mT with a sweep rate of 1.2 mT/s. 

The applied field is then removed at the same rate. A sufficiently long time, typically 1 h, is elapsed to 

ensure that the relaxation of the induced currents in the superconductor (flux creep) is negligible during the 

duration of the experiments that follow.  

In the first experiment (Fig. 8(a)), the 3-axis Hall probe is moved along the axis (𝑧) of the tube with 1 mm 

steps to obtain 𝐵𝑧(𝑧). For each position, several data are averaged and the vertical error bars represent the 

standard deviation of these measurements, typically 100 µT. In the second experiment shown in the inset 

in Fig. 8(b), we map both the axial and radial fields in a plane above the superconducting tube, at 

𝑧 =  15.3 mm. The tube axis is located at (𝑥, 𝑦) = (0,0) and the mapping is performed from (𝑥, 𝑦) =

(−20,−20) to (20,20) [mm], with 2 mm steps. Figure 8(b) shows 𝐵𝑧 in the 𝑥𝑦 mapping plane. A cut in 

this plane for 𝑦 = 0 mm is shown in Fig. 8(c). In the latter, the dotted black lines indicate the position of 

the cross-section of the tube. The results show that the device is able to measure flux density values as low 

as ∼ 0.16 mT, while the typical uncertainty is ±100 µT.  

Along the same cut, Fig. 8(d) shows the radial flux density 𝐵𝑟, as computed from 𝐵𝑥 and 𝐵𝑦. The 

corresponding typical uncertainty on 𝐵𝑟 is ±200 µT. The measured flux density goes in this case as low as 

∼ 0.45 mT. This value is consistent with the small offsets observed for 𝐵𝑥 and 𝐵𝑦 (see Appendix I). The 

small dissymmetry of the curve with respect to 𝑥 = 0 is likely to come from the inhomogeneity of the 

superconducting tube or a slight misalignment between the mapping plane and the top surface of the tube. 

Note that at low fields (1 mT or below), the typical noise level can possibly be decreased further by 

averaging a larger number of measurements, at the expense of an increased acquisition time. 

These measurements can be exploited to estimate the critical current density of the permanently magnetized 

polycrystalline Bi2Sr2Ca2Cu3O10 superconducting tube. Assuming that the tube is an infinitely thin solenoid 

of finite height 𝐿 and radius (𝑟𝑖𝑛 + 𝑟𝑜𝑢𝑡)/2 with an azimuthal supercurrent 𝐼, 𝐵𝑧 at the centre of the tube 

writes 

𝐵𝑧(𝑧 = 0) =
𝜇0𝐼

2 √(
𝐿
2)

2

+ (
𝑟𝑖𝑛 + 𝑟𝑜𝑢𝑡

2 )
2
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Equating this formula with the experimental data for 𝐵𝑧(0) yields a current 𝐼 ≈ 113.5 A, corresponding to 

a uniform current density of 3.2 MA/m². Note that this value underestimates the critical current density, 

since one hour was elapsed between the magnetization of the tube and the Hall probe mapping 

measurements. In addition, the 𝐽𝑐(𝐵) dependence, yielding a non-uniform distribution of 𝐽 along the 

thickness, is neglected. In spite of these simplifying approximations, the current density obtained here is 

fully consistent with that obtained via Kim’s law in a previous work [43]. The spatial distribution of 𝐵𝑧 and 

𝐵𝑟 calculated analytically [44] from the current density are shown as dotted red lines in Fig. 8(a), (c) and 

(d) and are found to be fully consistent with the experimental data. 

  

  

Fig. 8. (a) Measured and averaged 𝐵𝑧 as a function of the position 𝑧 along the tube axis (in blue). The dotted 

red line is an analytical estimation using 𝐼 = 113.5 A. The dotted black lines indicate the positions of the 

openings of the tube. (b) Measured and averaged 𝐵𝑧 as a function of both 𝑥 and 𝑦 (horizontal mapping) at 

𝑧 = 15.3 mm. (c) Cut in Fig. 8(b) for 𝑦 = 0 mm (in blue). The error bars correspond to the standard 

deviation of the measurements. The dotted red line is an analytical estimation using 𝐼 = 113.5 A. The 

dotted black lines show the position of the cross-section of the tube. (d) Same for the radial component 

𝐵𝑟 =  √𝐵𝑥
2 + 𝐵𝑦

2. 

 

4.2 Ring magnet made of a second-generation coated conductor 
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Here, the cryogenic 3-axis Hall probe is used to measure the magnetic flux density components 𝐵𝑥, 𝐵𝑦 and 

𝐵𝑧 produced by a superconductor whose geometry is not axisymmetric. The investigated structure is a 

superconducting ‘eye-shaped loop’ [45,46], as shown schematically in Fig. 9(a): a slit is milled in the 

middle of a coated conductor section in order to form a closed superconducting loop in which persistent 

currents can flow. Such a structure forms the basis for ring-shaped superconducting magnets made of coated 

conductors [47-52].  

A 126 mm-long slit is cut along the centre line of three 10 mm × 154 mm sections of a second-generation 

GdBa2Cu3O7 coated conductor tape (2G-HTS tape) from Shanghai Superconductor. Both sides of the cuts 

are extended around a 60 mm-diameter cylinder and the three sections are superimposed on three layers, 

such that the trapped flux density is large enough to significantly overcome the typical uncertainty of the 

probe. The resulting structure is cooled down to 77 K without applied field and then subjected to a field 

ramped from 0 to ∼ 60 mT and back to 0, with an average sweep rate of 150 µT/s. One hour is then elapsed, 

to ensure that the relaxation of the induced persistent current loops in the superconductor is negligible. The 

experiment consists in moving the 3-axis Hall probe along 𝑦 at 𝑥 = 27 mm and 𝑧 = 10.7 mm, i.e., off-

centred above the superconducting loop, as shown schematically by the red line in Fig. 9(a). A measurement 

is taken every 0.25 mm. The three measured components 𝐵𝑥, 𝐵𝑦 and 𝐵𝑧 are shown as a function of the 

𝑦 position in Fig. 9(b). In addition, 𝐵𝑥, 𝐵𝑦 and 𝐵𝑧 are calculated analytically using Biot-Savart’s law applied 

to an eye-shaped structure, assuming a uniform current (422 A) circulates in the permanently magnetized 

eye-shaped loop. The calculated components of the flux density are shown in Fig. 9(c). The analytical 

estimation is found to reproduce nicely the experimental results. The differences are most likely due to a 

possible, slight misalignment (< 3 °) between the axes of the Hall probe and the reference axes of the eye-

shaped loop. 

All the three components are found to be of comparable magnitude and not to exhibit any symmetry with 

respect to 𝑦 = 0. From the experimental results, the local magnitude |𝐵⃗ | of the flux density and its 

orientation, described by the angles 𝜙 and 𝜃, can be computed at every position along the measurement line 

(Fig. 9(d) to (f)). Both the magnitude and the orientation of 𝐵⃗  are observed to vary significantly as a function 

of 𝑦. The results shown in Fig. 9 can therefore be used to design complex superconducting structures 

combining several ring-shaped magnets, e.g. with different orientations. This application highlights that 

combining the three measured components brings additional information that could not be deduced from 

data obtained with a 1-axis Hall probe. 
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Fig. 9. (a) Schematic representation of an eye-shaped loop made by cutting a slit along the centre line of an 

eye-shaped loop made of 2G-HTS tape. The plane of the slit (𝑧 = 0) is in blue. The red line shows the 

trajectory followed by the 3-axis Hall probe during the experiment. (b) Measured magnetic flux density 

(𝐵𝑥: blue circles, 𝐵𝑦: red diamonds, 𝐵𝑧: green squares). (c) Computed flux density using Biot-Savart’s law. 

(d) Experimental magnitude of 𝐵⃗ , i.e., √𝐵𝑥
2 + 𝐵𝑦

2 + 𝐵𝑧
2. (e) and (f) Experimental angles (𝜙 and 𝜃) 

describing the local orientation of 𝐵⃗ , as classically described by the spherical coordinates reminded in the 

insets. All values from graphs (b) to (f) are given as a function of 𝑦, for 𝑥 = 27 mm and 𝑧 = 10.7 mm.  
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5. Conclusion 

We showed how to take advantage of a commercially available IC Hall sensor operating at room 

temperature to make an efficient, inexpensive cryogenic 3-axis Hall probe able to measure the spatial 

distribution of 𝐵𝑥, 𝐵𝑦 and 𝐵𝑧 at 77 K. We designed an insert to accommodate the IC Hall sensor and keep 

it at room temperature. The resulting device has the shape of a measuring rod whose outer diameter is 

20 mm. Special care was taken to place the active area of the Hall sensor as close as possible to the bottom 

end of the device. Measurements show that this distance is 2.2 mm. Inside the insert, the Hall probe is 

thermally anchored to a copper rod whose temperature is carefully controlled. We designed the electronics, 

managing the data transfer to a computer. The electronics, which must be placed at reasonable distance 

from the Hall sensor, also include a built-in temperature controller aimed at keeping the Hall sensor at room 

temperature. As a result, the only devices needed are a DC power supply and a computer handling digital 

output data on a CAN bus or any other robust protocol. We demonstrated the successful operation of the 

temperature controller when the rod is immersed in liquid nitrogen. In spite of the close proximity of the 

Hall sensor with the bottom end, the temperature never falls below 21∘C. The temperature can be stabilized 

at 25 ± 0.2∘C after a delay of ∼ 90 s following the immersion in the cryogenic bath. The 0.2∘C temperature 

variation of the integrated circuit leads to a reading error that is much smaller than the typical uncertainty 

of the sensor.  

The design of the insert combined to the efficient temperature control allows us to map the 3D magnetic 

flux density generated by superconducting structures, as an example, a bulk superconducting tube and a 

superconducting ring magnet (‘eye-shaped loop’). This latter configuration is one of the various situations 

that benefits from a 3-axis measurement. The design of the 3-axis Hall probe is not restricted to the 

particular IC Hall sensor used and could be possibly applied to other Hall sensors having a larger operating 

range (e.g. a few teslas), if such components are available. Since 3-axis Hall probes operating in cryogenic 

conditions are no longer commercialized nowadays, the constructed device is particularly helpful to deepen 

our understanding of the magnetic behaviour of large superconducting structures and to improve their 

design.  
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Appendix I: Calibration of the commercial IC Hall sensor at room temperature 

 

The calibration of the commercial 3-axis IC Hall sensor at room temperature was carried out in two steps: 

(i) determine the sensitivity and typical uncertainty, (ii) define the metrics and characterize the offset, 

linearity, and hysteresis. 

First part: Sensitivity and uncertainty 

In order to calibrate the sensitivity of the Hall sensor, two coaxial air coils connected in series are used. 

These are referred to as the calibration coils. The 𝐵/𝐼 ratio at the centre of the calibration coils, measured 

using a precision gaussmeter (LakeShore, 475 DSP Gaussmeter, HMNA-2518-VR-HF sensor) is 

9.046 mT/A. The calibration coils can generate a magnetic flux density 𝜇0𝐻app = 𝐵app up to ∼ 100 mT, 

which is close to the linear range around ±120 mT guaranteed by the manufacturer of the Hall sensor for 

each axis. The field uniformity is better than 0.1% for any off-centring of 3 mm in the median plane of the 

calibration coils. The calibration is carried out by injecting a DC current ramped up to 11 A and then cycled 

three times between + 11 A and -11A. The ramp uses steps of 1 A, lasting 10 s each, during which 

measurements are averaged. Using both increasing and decreasing current ramps allows detecting a possible 

hysteresis in the magnetic components (e.g., magnetic field concentrator) embedded in the package of the 

Hall sensor. 

Figure A1(a) shows the calibration results of 𝐵𝑧 as measured by the Hall sensor, after averaging, when the 

applied flux density 𝐵⃗ app is directed along 𝑧. Before calibration, i.e., using the typical sensitivity announced 

by the manufacturer, the averaged data in red are obtained (‘uncalibrated data’). Adjusting the sensitivity 

for each axis with respect to the applied field measured by the gaussmeter (green) results in the blue curve. 

Similar graphs to Fig. A1(a) can be obtained for the flux density measured along the 𝑥 and 𝑦 directions. It 

is of interest to examine the 𝐵⃗  components which are not aligned with 𝐵⃗ app, to check the alignment of the 

sensor and observe the influence of the background noise. For example, the 𝐵𝑦 data when 𝐵⃗ app is along 𝑧 

are shown in Fig. A1(b). For an applied flux density along z ≈ 100 mT, one finds 𝐵𝑦 ≈ 0.25 mT.  

In addition to the averaged data, Fig. A1 also shows associated error bars. The inset in Fig. A1(a) highlights 

that the ideal data (green) effectively lies within the error bars. Horizontally, these bars arise from the 

uncertainty associated to the applied field. An upper bound on this uncertainty can be estimated from 

approximate uncertainties on the measured voltage drop across the shunt used for the measurement of the 

current, the shunt resistance and the calibrated 𝐵/𝐼 ratio. This computation is simplified by assuming a 
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maximum misalignment of 5∘ between the gaussmeter and the coil axis during the calibration of 𝐵/𝐼. 

Consequently, the uncertainty associated to 𝐵app roughly evolves linearly with the applied current 𝐼. 

Vertically, the error bars associated to 𝐵 (measured by the Hall sensor) arise from the standard deviation of 

the 𝐵 measurements for a certain applied field. For each value of the applied field, the distribution of the 

data around the mean value can be observed to be gaussian. The typical uncertainty is around ±200 µT for 

𝑥 and 𝑦 and ±100 µT for 𝑧. 

 

 

Fig. A1. (a) Measured and averaged 𝐵𝑧 as a function of the applied flux density along 𝑧. Red: data before 

calibration of the sensitivity. Blue: data after calibration with respect to the 𝐵𝑧 results for a calibrated 

gaussmeter (green). (b)  Measured and averaged 𝐵𝑦 as a function of the applied flux density along 𝑧. Red: 

data before calibration of the sensitivity. Blue: data after calibration with a calibrated gaussmeter (see text).  

 

 

Second part: Offset, linearity and hysteresis 

Then, the set of averaged data for 𝐵𝑥, 𝐵𝑦 and 𝐵𝑧 when 𝐵⃗ app is aligned with each of the 𝑥, 𝑦 and 𝑧 directions 

can be used to estimate the offset, linearity and hysteresis of the Hall sensor. The metrics are as follows.  
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Offset #1. It is the average value of the magnetic flux density measured with no applied field, for each axis, 

irrespective of the orientation of the Hall sensor. Ideally, this offset should be computed in a zero-gauss 

chamber such that it does not depend on the Earth’s field or other magnetic flux sources. TABLE A1 shows 

offset #1 values around the typical uncertainty level (a few hundred µT at most). 

Offset #2. This way of computing the offset uses data for the 𝐵 component aligned with the applied field 

(e.g. Fig. A1(a)). Within the linear range of the sensor, a first-order fitting can be performed to find the best 

straight line approximating the set of experimental data. It yields 

𝐵fitted(𝐵app) = 𝛼𝐵app + 𝛽, 

where 𝛼 is ideally equal to 1. Offset #2 is given by 𝛽, ideally equal to 0. This way of computing the offset 

is supposedly more reliable as it is based on more data points than offset #1. The computed offsets 

(TABLE A1) are even smaller in this case than in the previous one, which confirms the quality of the IC 

Hall sensor in terms of offset cancellation. 

INL (Integral Non-Linearity). The INL is a common metric to assess the linearity of a converter [53]. The 

mathematical definition used here is slightly different from that used in some converters. Here, we define 

INL𝑗 = max
𝐵app∈{−11𝑘, −10𝑘,... 11𝑘}

|𝐵𝑗,fitted(𝐵app) − 𝐵𝑗(𝐵app)|, 

for 𝑗 ∈ {𝑥, 𝑦, 𝑧}, where 𝑘 is the 𝐵/𝐼 ratio, 𝐵𝑗,fitted(𝐵app) is given by the above equation and 𝐵𝑗(𝐵app) is the 

𝑗 component of the (average) magnetic flux density measured for a certain applied field, when the 𝑗 axis is 

aligned with the main field. In other words, it represents the maximal difference between the (average) 

measured flux density component aligned with 𝐵⃗ app and the best linear fitting approximating these data. 

The values given in TABLE A1 show that the INL is around several hundreds of µT, while the considered 

range is around ±100 mT, which highlights the linearity of the Hall sensor. 

Hysteresis max/avg. The datasheet mentions a possible hysteresis of ∼ 0.43 mT at most. In order to measure 

it (using an air coil), the average magnetic flux density component aligned with 𝐵⃗ app is computed for each 

applied field during an increasing ramp and during a decreasing ramp. The maximal difference between the 

‘increasing’ and ‘decreasing’ measured flux density at a given applied field is then computed. Similarly, 

the average of this difference is taken over the different applied fields. Mathematically, it is described by 
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𝛥𝐵𝑗 = 𝐵𝑗
↗(𝐵app) − 𝐵𝑗

↘(𝐵app),

Hyst max
𝑗

= max
𝐵app∈{−11𝑘, −10𝑘,... 11𝑘}

 |𝛥𝐵𝑗|,

Hyst avg
𝑗

=
1

21
∑ 𝛥

𝐵app∈{−11𝑘, −10𝑘,... 11𝑘}

𝐵𝑗 ,

 

for 𝑗 ∈ {𝑥, 𝑦, 𝑧}, where 𝑘 is the 𝐵/𝐼 ratio and 𝐵𝑗
↗(𝐵app) (resp. 𝐵𝑗

↘(𝐵app)) is the 𝑗 component of the (average) 

magnetic flux density measured for a certain applied field during an increasing (resp. decreasing) current 

ramp, when the 𝑗 axis is aligned with the main field. The results show that no real hysteresis is detected in 

these experiments, as the maximum hysteresis is less than twice the typical uncertainty level and the average 

hysteresis is even smaller. 

TABLE A1: Metrics (Approximate Values) Assessing the Quality of 

the Hall Sensor in Terms of Offset, Linearity and Hysteresis. 

 

Direction  𝑥 𝑦 𝑧 

Offset #1 [µT] 227 116 32 

Offset #2 [µT] 2 134 1 

INL [µT] 615 499 658 

Hysteresis max [µT] 279 321 336 

Hysteresis avg [µT] 97 174 106 

 

In summary, the main results from the above analysis are that (i) the measured offsets are small and of the 

order of the typical uncertainty, (ii) the integral non-linearity of the Hall sensor response over a 100 mT 

measurement range is less than 700 µT, and (iii) no hysteresis whose amplitude exceeds the typical 

uncertainty level is observed. Also, no significant difference is detected between the results for the three 

cycles of injected current. 

A further set of experiments is carried out to determine the effective linear range of the sensor. While the 

manufacturer announces that the linear range is limited to ±120 mT, flux density measurements up to ∼

300 mT along the 𝑥 and 𝑦 axes appear to saturate at ±159 mT while those along the 𝑧 axis are digitally 

limited (all bits at 1) at ±217.5 mT. 
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Appendix II: Temperature dependence of the characteristics of the IC 3-axis Hall sensor 

Before designing the temperature controller, it is necessary to highlight a possible influence of the 

temperature on the Hall sensor specifications. This possible temperature dependence can then be used to 

design the temperature controller. 

The Hall sensor specifications from the manufacturer are given at 35∘C. Therefore, the possible relative 

variations with respect to those at 35∘C are studied as a function of temperature, using and air coil fed with 

a current ramp. Keeping the ramp duration less than 2 minutes enables a minimal heating due to the Joule 

effect in the coil. In order to quantify the temperature dependence of the signal for the three directions 

simultaneously, the Hall sensor is oriented in such a way that it measures a non-zero flux density for each 

axis. This setup is then placed in a climatic chamber whose temperature is controlled to be, successively, 

5∘C, 15∘C, ..., 65∘C. The relative humidity is kept constant throughout the experiments (50 %). 

For each axis of the sensor and for each temperature, we obtain a set of measured 𝐵 values as a function of 

the applied current. Fitting a first-order law on these data allows us to find the 𝐵/𝐼 ratio for each axis and 

temperature. Taking the one at 35∘C as a reference, we then normalize the 𝐵/𝐼 ratios with respect to it. 

Then, we plot these normalized ratios as a function of temperature. It corresponds to the normalized 

sensitivity of the sensor, as the 𝐵/𝐼 ratio of the magnetizing coil is assumed unchanged. We compute the 

Pearson correlation coefficient as well as the slope of the best straight line fitting the evolution of the 

sensitivity with temperature. These two metrics are given for each axis in TABLE A2. In addition to the 

normalized sensitivity, the normalized offset (i.e., set to 0 mT at 35∘C) is computed and plotted against the 

temperature, in order to extract the correlation coefficient and the slope of the best fitting line (TABLE A2). 

The way this offset is obtained, for each axis and for each temperature, is by taking the average between 

offset #1 and #2, following the definitions given in the section above. 

 

TABLE A2: Metrics (Approximate Values) Assessing the Influence of the 

Temperature on the Normalized Hall Sensor Specifications. 

 

Direction  𝑥 𝑦 𝑧 

Sensitivity: correlation [-] 0.13 −0.27 0.85 

Sensitivity: slope [× 10−4 K−1] 1.93 −5.39 3.69 

Offset: correlation [-] −0.97 0.84 0.46 

Offset: slope [µT K−1] −12.2 14.5 1.6 
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The main conclusion of this experiment is that no significant variation of the specifications can be observed 

as a function of the temperature. Either the correlation coefficient is poor, or the slope is very low. The 

conclusion to be drawn is that small temperature variations of a few degrees, e.g., arising from the 

temperature control inside the experimental chamber, have practically no influence on the measurement, as 

they induce a change much smaller than the typical uncertainty level. 

 

Appendix III: Tasks run by the microcontroller 

The microcontroller is programmed such that it runs (except if an error state is triggered) the following 

tasks continuously. 

1. Every 5 ms, the microcontroller asks the Hall sensor, via SPI, to perform a flux density and a 

temperature measurement. The status of the sensor is checked to ensure the correct reception of the 

request. 

2. Then, 2 ms later, the Hall sensor data (𝐵𝑥, 𝐵𝑦, 𝐵𝑧 and temperature) are read and verified (status of 

the sensor and cyclic redundancy check). 

3. Once 100 measurements have been performed without any error detected, the averaged data are 

sent to the computer via CAN bus. 

4. Every second, the microcontroller reads the Pt100 voltage drop (via the microcontroller Analog-

to-Digital Converter (ADC)). 

5. Every second, just after the ADC reading, the Pt100 temperature is sent to the computer and the 

temperature control is performed. 

 

 




