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Abstrakt:  Nejpouzivatelnéjsi metoda pro méreni magnetického pole v tokamacich je zalozena
na indukéni civece. Nicméné, i pres to, ze tato metoda méri derivaci magnetického pole, inte-
grovani miize byt tézky kol v nékterych pripadech. Kovové Hallové tensory jsou zajimavym
alternativnim resenim diky tomu, ze dokazou mérit magnetické pole primo. Predevsim Hallové
senzory zalozené na bismutu jsou perspektivni. Nicméné, takové jejich vlastnosti jako citlivost,
linearita, atd. musi byt dale studovany. Cilem teto bakalarské prace je popis a charakteristika
téchto vlastnosti.

Klicovd slova:  fuze, Hallonovy sensor, magnetické pole, bismut, méfeni.

Title:
Metal Hall sensors for measurement of magnetic field on fusion devices

Author: Milder Quispe Siles

Abstract:  The most used method for measurement of magnetic field in tokamaks is based on
induction coils, this method measures the derivative of magnetic field and proper integration
could be a difficult task in many cases. Metal Hall effect magnetic sensors are an attractive
alternative solution due to the fact that they can directly measure the absolute value of magnetic
field. Particularly Bismuth Hall based sensors show good perspective. However, its features such
as sensitivity, linearity, etc. must be further studied. The objective of this bachelor thesis is the
characterization of these properties.
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Chapter 1

INTRODUCTION

Hall effect was discovered by the American physicist Edwin H. Hall (1885-1938) in 1879. He
observed that when a current flows through a conductive plate placed in a magnetic field, a slight
voltage appears in a direction perpendicular to both the current and to the magnetic field. This
voltage was proportional to the current and magnetic field. The presence of this measurable
transverse voltage is called Hall effect. Thanks to the fact that the voltage is proportional to
the magnetic field, this effect becomes a useful tool for measuring magnetic fields.

The most common and successful method for measurement of magnetic field on fusion devices
is based on magnetic induction coils. Using this method, it is possible to measure the variation
in time of the magnetic field. Subsequently, using analog or numerical integration, it is possible
to determine the absolute level of magnetic field. However, this method has some issues. If
there are present relevant drifts, noise or pick-ups of other magnetic field component, the proper
integration becomes a difficult task. For this reason, it is attractive to use a different method
which could measure the absolute value of magnetic field itself and not its derivative.

It seems that the problem could easily be solved using a Hall effect sensor which can directly
measure the absolute value of magnetic field. Nevertheless, there is a set of requirements such as
high temperature resistance, high neutron fluence resistance, proper sensitivity, etc; that must
be satisfied by the Hall sensor in order to be used on large fusion devices. This set of require-
ments does not allow application commercial Hall sensors that can be used. As a result, new
Hall sensors are being developed.

Nowadays semiconductor based Hall sensors are very common in the industry of automobiles,
computers, consumer devices, etc. These semiconductor based sensors have been extensively
studied, firstly because of their low cost and secondly because of the high sensitivity compared
to metals. Unfortunately for the fusion community, semiconductor based Hall sensors have
limited applicability because, as mentioned above, the magnetic sensors are subjected to high
temperatures. Moreover, the magnetic sensors are also subject to high neutron fluence in the
case of large tokamaks such as the International Thermonuclear Experimental Reactor (ITER),
which is been built next to the Cadarache (France); or the future Demonstration Power Station
(DEMO). Despite these limitations, commercially produced Hall sensors Allegro where success-
fully applied for determination the position of the plasma in CASTORE tokamak [28, [10] but
without neutron fluence.

'In 2006, the tokamak CASTOR was transported to the Faculty of Nuclear Sciences and Physical Engineering
of the Czech Technical University, where it serves under a new name GOLEM for education of students in the
new curriculum Physics and Technology of the thermonuclear fusion[22].

8
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Going a little further, investigations showed that the sensitivity change of InSb-based sen-
sor (Specially produced by MSL Lviv), with optimal initial charge carrier concentrations under
neutron fluence F' = 3 x 10'% n - em ™2 at temperature of 17° C; was equal to 0.8%[3]. Addition-
ally, the sensitivity change at ITER relevant neutron fluences of F = 1017 = 10" n - em™2 at
temperature of 90°C' was equal to 7%. Subsequently, these sensors were successfully applied for
the measuring of magnetic field pulses in the largest European thermonuclear reactors: TORE
SUPRA, which is situated in Cadarache (France); and Joint European Torus (JET), which is
situated in Culham (Great Britain)[4]. Hence, InSb-based sensor is a potential candidate for
ITER ex-vessel steady state magnetic sensor.

Unlike semiconductor Hall based sensor, metal based ones are more compatible with high
temperatures and radiation environment. Therefore, they have a good perspective to be part
of the magnetic diagnosis in big fusion reactors. However, the investigation of the properties of
metals, such as Hall sensors, started just few year ago. Therefore, it is necessary to characterize
their properties, such as sensitivity, linearity, signal to noise ratio, etc. at big fusion devices
environment. Particularly, at [TER ex-vessel SSMS environment. This bachelor thesis is focused
on study of these properties for bismuth based Hall sensors.

1.1 Thermonuclear fusion

The nuclear fusion can be defined as a nuclear reaction between two light nuclei (atomic mass
number A less than 56) that releases energy. When two nuclei come close to each other(collides),
the Coulomb potential strongly repels them. However, if the distance between two nuclei be-
comes about 107'%m, the strong interaction becomes dominating and the nuclei fuse. As a
result it is obtained a new nucleus with higher binding energy, new particles and a relatively
large amount of energy.

In other words, two colliding nuclei with atomic number Z, and Z;, must overcome the
maximal repulsion which is given at the distance of “contact” Ry = R, + Ry, where R, and Ry
are the equivalent radii of the two nuclei. The potential energy at Ry is called Coulomb barrier
and is given by

e Z,7Z,

V(RO) - 471'50 Ro

(1.1)

a useful approximation is Ry ~ R, ( 34 Z;/g) where R, = (1.3 —1.7) fm is the proton radius.
The fusion process can be represented by

a+b—d+te+tEy, (1.2)

where a and b are the original nuclei while d and e are the products. Ef represents the energy
released by the process.

The Sun’s core can be considered as spherical plasma in thermodynamic equilibrium where
the ions are primary hydrogen nuclei (protons). The energy source of the Sun is precisely a
chain of nuclear reactions. The main chain of nuclear reactions in the Sun starts with simple
protons and ends in He*. It can be described by three steps][27]:

p+p — D+e+v+y+9MeV (1.3)
D+p — D+p— He>+~+55MeV
He®+ He? — He* +2p+~+2.8MeV
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The number density and temperature in the Sun’s core are around n =~ 6 x 10?° 1/em3 and T =~
1.57 x 107 K respectively[I9]. Considering the Sun’s core plasma in thermodynamic equilibrium
and in the absence of any field force effect, its particles of mass m moving in a sufficiently large
volume follow the Maxwell-Boltzmann energy distribution function. Under this conditions, the
probability that two protons could approach within 1 fm would be ~ 107152 if classical physics
applied. However, they do with a probability ~ e™16. It is possible due quantum mechanical
tunneling.

When the nuclei are single protons (p — p reaction) the strong interaction do not keep them
together, the diproton 2He is very unstable and it has a negligible half-life. Therefore, only
when a proton decays into a neutron through weak interaction (during the brief time that the
two protons approach within 1 fm), the strong interaction keeps them together, resulting in
deuterium, new particles and energy but the probability of this events will be~ 10730, This is
an unfortunate result for practical applications, but it is the reason of the stability of the Sun.

Analyzing the situation of the Sun’s core, a large amount of plasma(formed by protons and
electrons) is confined by gravity; under this conditions fusion take place. However, the situation
on Earth is much different. On the one hand, it is not possible to use hydrogen as a fuel
because, as mentioned above, a proton must decay into a neutron through weak interaction and
the probability of this event is very small. Additionally, it is not possible to use the gravity to
confine the plasma on Earth. These problems can be solved:

1. Using a fuel which does not depend on weak interaction, e.g. a mixture of deuterium and
tritium.

2. Confining the plasma using magnetic devices as tokamaks or stellerators (magnetic con-
finement fusion) or compressing a small fuel pellet by an intense pulse of energy (Inertial
confinement fusion).

For practical applications it is needed to know the fusion power density Sy, which determines the
power per unit volume in a fusion reactor core. Sy is evidently governed by the fusion reaction
rate Rgyp, which determines the number of fusion collision per unit volume per unit time. Once
the value of Ry is known, then it is easy to calculate the fusion power produced per unit volume

Sy = EfRy  [W/m?. (L6)

In general, to describe the fusion reaction rate R, of any plasma, the proportionality factor
o expressed in m? is used, that involves the effects of strong interaction, weak interaction, etc.
This factor is called cross section and it is intimately connected with the occurrence of a reaction.

For the simple case of two intersecting beams of mono-energetic particles, as is shown in
figure [I.1], it is possible to derive an expression for the fusion reaction rate

Rap = ngnpov [1/m3s] (1.7)

where n, and n, are the number density (expressed in number of particles per unit volume)
of particles of type a and type b, respectively; v is the relative sped of the two set of particles
at the point of intersection; and o is the proportionality factor(cross section). It is possible to
calculate an approximation for cross section using quantum mechanics, but for fusions reactions
cross sections are determined experimentally. Cross section is a universal parameter, which only
depends on energy, type of colliding particles and kind of interaction.
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Type - a
particles

Figure 1.1: Intersection of two particle beams resulting in fusion reaction a +b — d+ e

The equation describes just the case when all particles possess a constant speed, and
their motion is mono directional. However, the particles have a range of speeds and are moving
in various directions in a real plasma. Therefore equation must be generalized in order to
include a summation over all particle energy and all direction of motion. For this purpose it
is used the distribution function f(7,4,t); the densities n, and n, must be replaced by n, —
N fa(Va)dU, and ny — ny, fi(Up)d0p, respectively; the relative velocity must be v = |t — ¥3|; and
finally the cross section must be a function of relative speed o = o (|T, — U|). Combining these
modifications leads

Rap = ngny (ov) (1.8)
where was introduced the reactivity (ov),, given by
(@0)as = [ Fald0) ()0 (5 = 5[5 — 5| o (19)
Replacing (1.8)) into ([1.6) we obtain an expression for the fusion power density in plasmas

Sab = Efngny (ov) (1.10)

The main fusion reactions of interest are:

D+T — a(3.52 Mev) +n(14.06 Mev) (1.11)
D+D — T(1.01 Mev) + p(3.03 Mev) (1.12)
D+D — 3He(0.82 Mev) 4 n(2.45 Mev) (1.13)
D+3He — *“He(3.67 Mev) + p(14.67 Mev) (1.14)
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Figure 1.2: Reactivity for D—T, D— He> and D— D fusion reactions in a Maxwellian-distributed
plasma as a function of temperature [14].

The figure illustrates the reactivity for the main fusion reactions of interest. It shows
that in terms of reactivity D-T is the best option. However, there is one problem: the half-live of
tritium is approximately 12.31 years. Therefore, there is no tritium in the nature. Fortunately
tritium can be produced within the fusion reactor: if we place a lithium blanket around the
plasma, the neutrons (which carry approximately the 80% of total released energy), that leave
the plasma, can interact with lithium and produce tritium according to the following relation:

n+9 Li — (2.2 Mev) 4+ T(2.7 Mev) (1.15)

In order to obtain a fully ionized plasma and achieve the conditions for fusion, the D-T fuel
must be heated by an external source to temperatures in the range of tens of keV. The moment,
when the production of alpha particles by D-T reaction is enough to maintain the plasma hot
without using external sources (the reactor is self-sufficient), is called ignition. The conditions
to achieve ignition are given by the Lawson criterion [35]:

nteT > 30 - 102%keVs/m? (1.16)

where n = np + np, 7 is the energy confined time and T is the temperature in the range of
10 = 20 keV.

1.2 Drifts in plasma

In presence of a magnetic field, the plasma particles move along the magnetic field lines with a
gyro motion around so called guiding center. The radius of this gyro motion is called Larmor
radius ry, = %, where v is speed of particle in plane perpendicular to E, q is the charge
of particle and m is the mass of particle. The gyro motion has a frequency called cyclotron
frequency w. = %.

When a force accelerates a particle, the velocity increases and higher velocity means a larger
Larmor radius. Therefore, the circular orbit no longer closes on itself resulting in a drift. In
general, it is possible to write the motion of a particle as a sum of the motion along the magnetic

field épv), the gyro motion vy, and the total drift Uz
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U= éBUH + Udm‘ft (1.17)

The concrete form of U4, depend on the external force(if there is one) and on the nature of E
and B. Table [ﬁ] summarize the different drifts.

’ Kind of drift symbol ‘ Expression ‘

General force drift Up %FEQB
E x B drift TExB EBXQ“
Polarization drift Ty (12% fij_ ]
Grad-B drift UvR quvé BE v
Curvature drift Bl ™l BV

R 4B B?

Table 1.1: Different drifts in plasmal5]. The symbols || and L refer to the component of the
vector parallel and perpendicular to magnetic field.

1.3 Magnetic confinement devices

It is possible to confine the plasma (in radial direction) using so called 6-pich. This is a set of
coils placed in a imaginary cylinder that generates a relative homogeneous magnetic field along
the cylinder axis, thus plasma is confine in radial direction, but charged particles can move freely
along the axis of the cylinder, therefore a torus is used in stead of cylinder to close the ends. It
seams the problem is solved; nevertheless, the magnetic field is no longer homogeneous in this
new configuration, as drifts are present.

It is not difficult to prove that the magnetic field in toroidal direction is given by §¢ =
Byiéy, where By = RyByg /R, that means that there is a gradient of B in radial direction. This
dependence is illustrated in Figll.3a] Using the definition of grad-B drift from table it is
obtained vyp = qLRéZ, which means that ions drift up and electrons drift down(see Fig

resulting in an electric field E = —F¢,. Again, using the definition of £ x B drift from table
it is obtained Ugxp = B%ér, which means that ions as well as electrons will drift out from
the plasma in radial direction. The solution to this outward drift is the creation of a poloidal
magnetic field 39 that short-circuits the charge accumulation. This can be done by:

e driving a current through the plasma using the transformer principle.
e breaking the axial symmetry.

The device with a poloidal magnetic field generated by driving a current through plasma, de-
scribed above, is called Tokamak. Its basic components are illustrated in Fig.
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Figure 1.3: (a) Schematic view of torus with #-pinch. (b) Present drifts

Inner Poloidal field coils
(Primary transformer circuit)

Outer Poloidal field coils
(for plasma positioning and shaping)

Poloidal magnetic field

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.4: Basic components of tokamak[13]
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MAGNETIC DIAGNOSTICS

Magnetic diagnosis is the general name for different type of measurement of the magnetic field
inside and outside the plasma. Thanks to the fact that a time-varying magnetic field induces
an electric field, it is possible to use coils to determine magnetic field (induction methods), this
methods are the most used in tokamaks due to their simplicity and relative low cost. Different
coil configurations (such as Mirnov coils or Rogowski coils) allow measuring the time variation
of magnetic field inside and outside of plasma, then it is necessary to integrate it to obtain
the absolute level of magnetic field. It can be done numerically or analogically. However, if
the magnetic field remains constant over the time, there is no signal to integrate. Additionally,
the radiation in tokamaks induces some undesirable effect in inductive sensors, namely: the
radiation induced electromotive force (RIEMF)[34], radiation induced conductivity (RIC)[30],
radiation induced electric degradation (RIED)[30].

The are other alternative methods, which can measured magnetic field directly, such as fiber
optic based on Faraday effect or Hall effect sensors (direct methods).

2.1 Induction methods

2.1.1 Mirnov Coils

A Mirnov coil is a simple small wire coil based on the Faraday’s law, figure illustrates its
configuration with an integration circuit. If a magnetic field is varying over the time, the Mirnov
coil provides a voltage proportional to the rate of change of magnetic field B. Solving the integral
form of the Faraday’s law, this voltage is given by

V =NAB (2.1)

where N is the number of turns in the coil and A is the area of the coil.

Integration

As mentioned above, equation 2.1 must be integrated in order find the absolute level of magnetic
field. Fig show two typical circuit (passive and active), which can be used for this purpose.
Solving the passive-integration circuit, the integrated signal V,,; will be given by

1 1
~ / Vindt  (WRC > 1) (2.2)

Vou = %%n ey
P 13+ iwRC RC

15
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consequently, the absolute value of the magnetic field will be given by

RC
Equation is limited by the condition wRC > 1, whereas increasing RC decreases the am-
plitude of output voltage, the passive integration circuit can be used just for high frequency
bandwidth. An improved alternative method is the active-integration circuit(see Fig. [2.2b]). In

this case, the output voltage V,,; is given by

G
"1+ iwRC + iGwRC

where G is gain of operational amplifier, this method allows as to measure magnetic fields even
in timescales 1 + 10 s[32]. However, if relevant drifts, noise or pick-ups of other magnetic field
component in V;,, are present, they will be integrated as well. In this case, the output voltage
Vour could not be reliable. So it is the biggest disadvantage of induction methods.

1
‘/out — V;n ~ _M/mndt (GwRC > 1) (24)

Coil

v 1\/0
R

o
Integrator

Figure 2.1: Schematic drawing of typical Mirnov coil and integration circuit[17]

C
O— 1 O © R: ) \
V out
n G C
\/m R/Z — Vout
T C o—{1 +
— il
@, O C
R/2 -

(a) (b)

Figure 2.2: Typical integrative circuit for the coil signal: passive (a), active (b) [32]. Vj, -
voltage provided by the Mirnov coil, V,,+ - integrated signal.
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Plasma position

The distribution of plasma density is determined by the distribution of plasma magnetic sur-
faces. Therefore, a measurement of the poloidal magnetic field would give information about
the position of the plasma column in tokamaks. Mirnov coils are the most used for this purpose
magnetic sensors. A set of small Mirnov coils are placed around the plasma column as illustrated
in figure 2.3 If the plasma column is centered, then all Mirnov coils should measure the same
signal whereas the plasma column is displaced upwards, then the upper Mirnov coils should
measure an increased signal.

Mirnov coils

Diagnostic
port

Diagnostic
port

i

2

Figure 2.3: Plasma position on tokamak [29)

2.1.2 Rogowski coils

The Rogowski coil is a variation of the Mirnov coil where the ends are brough around together
forming a torus as can be seen in figure [2.4a] Note that the ends are not closed, instead, the wire
comes back along the axis of the solenoid. This is done in order to increase the accuracy[26].
This device is based on Ampes’s law and can measure high frequency current (thus the poloidal
magnetic field generated by the current). Similarly to Mirnov coil, using the integral form of
Ampes’s law, it is possible to derive an expression for induced voltage generated by the current

Veoit = —poNAI = —M T (2.5)

where pg is the air permeability, NV is the number of turns per unit length and A is the turn
area.

The Rogowski coil is equivalent to the RCL circuit shown in Figure [III] If a measurable
impedance is placed in the coil’s ends, then the relation between the induced voltage V,,; and
the measured voltage V,,; is given by

Veoit ' LeZCej?w? 4+ (L. + R.ZC:)jw+ R+ Z '
where R, is the coil resistance, L. is the coil inductance, C' is the coil capacitance, j is the
current density and w is the frequency of the circuit.
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Transformer
core

Rogowski Voltage
coil {oop

(b)

Figure 2.4: Rogowski coil: single-layer Rogowski coil with a counter-woun compensation turn
(a), Rogowski coil in tokamaks (b)

Veoi=M difdt (Z) Cc 37 Ve

Figure 2.5: RCL circuit equivalent to Rogowski coil, R. - coil resistance, L. - coil inductance,
C - coil capacitance[l]

2.2 Direct methods

2.2.1 Hall probes

The Hall probes are based on principle of the Hall effect. It is the the main topic of this bachelor
thesis and we have dedicated a whole chapter for this. (see chapter [3]).

2.2.2 Faraday rotation external to plasma

When a polarized light passes through a medium subjected to a magnetic field, the plane of
polarization of the light rotates, see Fig[2.6l This is called Faraday effect. It has been used
in fusion devices to measure both internal and external magnetic fields to plasma. Similarly to
Rogowski coil, an optic fiber encompasses the torus outside of plasma and it is used a laser beam.
The magnetic field generated by the plasma current, induces a birefringence in the fiber optic,



CHAPTER 2. MAGNETIC DIAGNOSTICS 19

producing a Faraday rotation of the polarization of the light in the optic fiber. The Faraday
rotation ¢ is proportional to the current I [23], then

v=uV- I (2.7)

where pV is the Verdet constant. For a infrared light (A = 1500 nm) the Verdet constant is
pV = 0.7 prad/A.

As well as Hall sensors this method directly measures the absolute value of magnetic field.
The disadvantage of this method is that radiation can damage the fiber and temperature changes
can affect the linearity.

Figure 2.6: Polarization rotation due to the Faraday effect[30]
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HALL EFFECTS SENSORS

All electrical or thermal phenomena observed in a conductive material which is placed perpen-
dicular to a magnetic field, are called galvanomagnetic effects. Hall effect is one of them. It was
discovered by American physicist Edwin H. Hall(1885-1938) in 1879. He observed that when a
current flows through a conductive plate placed in magnetic field, a slight voltage appears in
direction perpendicular to both current and magnetic field. This voltage was proportional to
current and magnetic field. The presence of this measurable transverse voltage is called Hall
effect. Thanks to the fact, that voltage is proportional to magnetic field, this effect becomes a
useful tool for measuring magnetic fields.

3.1 The Classical Hall effect

All galvanomagnetic effects are caused by free charge transport of carrier as a consequence of
action of the Lorentz force on them. If free charge carriers are electrons, then the Lorentz force
acting on them is given by

F = —¢E, — e[t x B] (3.1)

where e denotes the elementary charge 1.6022 - 10~ C, E, is external electric field, ¥ denotes
the electron velocity and B is the magnetic field.

In the following analysis we will neglect the thermal motion of carriers in order to simplify
the calculations. Thus, the result we will obtain will be an approximation.

Let us consider a thin plate of conductive material, such as copper as it is shown in Fig.
Assuming that the length [ of the plate is much larger than its width w (in order to neglect
the influence of the contacts in the plate), when a potential difference is applied to their ends an
external electric field E, = E,é, is generated along the length of the plate as is shown in Fig.
The electrons which have normally random velocities in all directions, drift in opposite
direction to E,. The drift velocity is given by

Uy = —pk, (3.2)

where p is the electron mobility[24]. There is a drift current density J associated with this drift
velocity given by

J = —enty = penk, (3.3)

20
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where n, is free electron densz’tﬂ of the plate’s material. The proportionality coefficient o = pen
is called electric conductivity, and its inverse p = ep%n is called electric resistivity. Then Eq. (3.3))
can be written as
J = oE,. (3.4)
It is possible to find the total current passing through plate form (3.3

I:/f-d§
S
- J/d§

= penE,wd (3.5)
If a magnetic field is applied to plate in direction é,, i.e. B = B,é, as shown in Fig.
|3_?f_5|7 the electr_pns moving through the plate are pushed in direction €, by the magnetic force
Fin = —etig x B = evgByé,. Therefore, there is a negative(electrons) and positive(holes) charge
accumulation on the top and on the bottom of the plate, respectively. As a result, an electric
field appears in direction é,. This field is called Hall electric field Ey = Ege.. Consequently,
an electric force is establish in opposite direction to magnetic force, i.e. Fy = —eFEyé,. The
electron displacement in direction €, is stopped at the moment, when the Hall electric force is
big enough to balance the magnetic force.

—eEy — e[ty x B] =0 (3.6)

From this moment on, the electrons again start to move in direction —é,, as if only the external
electric field E, was acting.

Using Eq. (3.2) and (3.6|) the Hall electric field is
Ep = p[Ee x B (3.7)

and in our particular case
Ep = uE,Byé.. (3.8)

3.1.1 Hall coefficient
Combining Eq. (3.3) and (3.7) it is possible to write the Hall field in terms of current density
and magnetic field

Ey = —Ry[J x BJ. (3.9)
where a parameter called Hall coefficient Ry was introduced

1
Ry =—— 3.10
H en ( )

!The general term referring to electrons and holes is carrier density. In the case of semiconductors, carrier
density is usually referred as carrier concentration.
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3.1.2 Hall voltage

Associated with the Hall electric field, there is a voltage called Hall voltage Vi, this voltage is
a more tangible quantity, which can be measured directly. It is generally given by

b
VH:/ Ey -d?

in our particular case using [3.§]

Vg = —/EHdz = Fpw = —pl,Byw (3.11)
0

For practical applications it is useful to express the Hall voltage Vp in terms of macroscopic
and integrals quantities . Then replacing E, from (3.5)) into relation bellow, we finally obtain
1 1B, _ Ry

where a subscript H in the current was introduced to specify that this current is passing through
the Hall sensor. Equation tell as that the Hall voltage is inversely proportional to free
charge carrier of the material, that is why the semiconductor based Hall sensors provides bigger
Hall voltage than metal based ones. The amount of output signal (Hall voltage) provided by
the Hall sensor is charachterizied by its sensitivity(see section

(b)

Figure 3.1: Hall effect in a conductive plate



CHAPTER 3. HALL EFFECTS SENSORS 23

3.2 Generalization for a non-perpendicular magnetic field to
current

The analysis we did until now was assuming that the magnetic field was always perpendicular
the electric field and the length of plate was much bigger than its width. If we take the general
case in which we only assume that E and B are known, the general solution can be obtained by
solving the equation ({3.1)).

With the purpose of finding a solution for f, we will rewrite the equation in terms of
J. It can be done by replacing Lorentz force F by the equivalent electrical force —eE and
subsequently multiplying the result by —un:

— eE = —¢E, — ¢[¥ x B (3.13)
J(E) = oE — pu[J(E) x B (3.14)

Solving this vectorial equation for J(E) we obtain

J(E) = opE — poglE x B + p?op(E - B)B (3.15)
J = N+ Jo+J3 (3.16)
where
o o
BT+ w2 B2

This result tells us that total current density is a combination of three different components, jl
is proportional to E; Jo is perpendicular to E and it is responsible of the Hall effect; J_;;, (which
vanishes when the magnetic field is perpendicular to electric field) is proportional to B and it is
the responsible of the so called planar Hall effect.

The solution J(E) from can be alternatively expressed for its inverse E(.J)

E(J) = ppJ+pppld x Bl + ipp(J- B)B (3.17)
E E1 + EQ + Eg (3.18)
where
p
= 1
PB= 11 252 (3.19)

An accurate analysis, which involves thermal motion of carriers can be found in [24]. This
accurate treatment, which is based on the solution of Boltzmann kinetic equation changes Eq.
(3.15) and (3.17) just in the coefficients as follows:

j(é) = &BE MH&B[EX§]+QH(E g)é (3.20)

E(J) = poJ + RylJ x Bl + Py(J-B)B (3.21)
where op is the Corbino conductivity, iy is the Hall mobility, Qg is the planar Hall-current
coefficient, py is the intrinsic magnetoresistivity, Ry is the generalized Hall coefficient and Py

is the planar Hall coefficient[27)].
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The Hall mobility py and generalized Hall coefficient Ry are related with the electron
mobility p and Hall coefficient Ry (3.10|) as follows:

R = ryRp (3.23)

where rp is the Hall scattering factor. This numerical factor in most cases differs from unity by
less than 20%][29], therefore (3.9) is a good approximation.

3.3 Relevant galvanomagnetic effects to Hall effect

3.3.1 Planar Hall effect

As we have mentioned above, a magnetic field perpendicular to direction of the current in a plate
induces a voltage perpendicular to both current and magnetic field. However, if magnetic field is
no longer perpendicular to the current, the perpendicular component of this new magnetic field
to the current will continue generating a voltage, while the parallel component to the current will
additionally induce an electric field in direction of magnetic field and consequently an additional
voltage. The presence of this new voltage is called planar Hall effect and it was first observed
by Goldberg and Davis in 1954. It can be clearly seen analyzing equation . The third
term of the total electric field is

Ep = Py(J-B)B (3.24)

this is called planar Hall electric field and appears when the magnetic field is not perpendicular
to the current. Otherwise, Ep vanishes and we have only Hall effect.
In general the total output voltage is given by

Vout =V +Vp (3.25)

3.3.2 Current deflection effect

Let us consider the same plate from figure (3.1a)), but with the particularity that { < w. In this
case, there will not be a Hall voltage. Instead, there will be a transverse current in the plate.
Equation ([3.14) can be rewritten in terms of current density:
J(B) = J(0) — u[J(B) x B] (3.26)

-, = —

where J(B) = —epw is the electron current density in presence of a magnetic field, and J(0) =
e,unﬁ is the drift current density due to the external electric field when B = 0. The equation
is graphically represented in figure As we can see the current density J(0) due to
the external electric field and the current density in presence of the magnetic field .J| (B) are not
collinear. In other words, if conductive plate is short(! < w), the current is deflected from its
usual way (along the external electric field) due to magnetic field.
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Pl
=
&0

Figure 3.2: Graphical representation of the current defection in a short plate

3.3.3 Magnetoresistance

Magnetoresistance is the property that has a material to change its resistivity when is subjected
to external magnetic field. The magnetoresistance ratio is the relative change of the resistance
of the material when it is under the influence of a magnetic field, it is defined by

Bp _ p(B) = p(0)

(3.27)
p p(0)
In case of short plate (I < w) the magnetoresistance ratio is given by
A
=P = (uB)? (3.28)
and for the case of a very long plate(l > w)
Ap  PyBZ%cos?
R (3.29)

p Pb
where « is the angle between the current and the magnetic field.
The magnetoresistance ratio is always positive for metals, but it is very small. However Bi
presents a large magnetoresistance comparable to that in colossal magnetoresistive (CMR) sys-

tems. For example, a bulk Bi in a magnetic field of 2T at 295K presents a high magnetoresistance
of 110% [6].

3.4 Main characteristics of Hall sensor

3.4.1 Sensor geometry

Equation provides us a hint to the sensor’s design: it has to be as thin as possible, because
V is inversely proportional to d. However, it can not be arbitrarily thin, because generally, the
signal to noise ratio falls with decreasing d.

Figure[3.3]shows the most popular shapes of Hall sensors. Metal based Hall sensors developed
and studied in the Institute of Plasma Physics in Prague are based on variations of design (b).
See Fig[3:4

In general, important features of Hall sensor such as sensitivity or offset depend on geometry.
Equation was obtained under the assumption that [ > w, this result can be generalized
by introducing a geometrical correction factor Gy € (0,1)[24]. Thus, the Hall voltage of a Hall
sensor with an arbitrary shape can be expressed as
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Vi =Gug——1uB, (3.30)

— D
(0 (v) ©

Figure 3.3: Common Hall sensor shapes: rectangular (a), cross (b), diamond (c)[?]

3.4.2 Sensitivity

The quantity that measures the ability of a Hall sensor to provide output voltage for a given
magnetic field, is called sensitivity. It can be defined as absolute sensitivity and relative sensi-
tivity[24]:

e The absolute sensitivity is absolute value of the ratio between the Hall voltage and the
magnetic field perpendicular to the current Iy

oy |V

iE (3.31)

c

where C denotes a set of operational conditions such as temperature and bias current.

e The current related sensitivity is the ratio of absolute sensitivity and bias current

Vu

= — .32
St T B (3.32)
Vi =Sy B (3.33)
comparing the equation above with results
Gu
= — .34
St g (3.34)

e The voltage related sensitivity is the ratio of absolute sensitivity and voltage which generate
the current Iy (V = Iy - Rin)
Sa Vg S

w
Sy =24 _ TH _ — u—G 3.35
V=Y =yp TR, ~kCH (3.35)

Vg =SvVB (3.36)
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3.4.3 Offset voltage

When a Hall sensor is biased by a current I, we would expect that in the absence of a magnetic
field the sensor provides zero output voltage. However, the reality is different, there is always
present a small output voltage even in the absence of a magnetic field. This voltage is called offset
voltage and may have different causes such inhomogeneities in the material or misalignment of
the sense contacts. In general, the value of the offset voltage tends to be randomly for different
sensors.

In the presence of a magnetic field, the output voltage will be given by the sum of the Hall
voltage and the offset voltage

Vout = VH + V:)ffset (337)

and in the absence of the magnetic field
Vout = Voffset (338)

3.4.4 Linearity

A Hall sensor is considered lineal if Vi ~ Iy B hods to a high degree of accuracy for a given
temperature. On the basis of equation the Hall sensor will be linear if the current related
sensitivity does not depend of Iy and B. In order to accuracy the linearity it is defined the non
linearity as

Vi (Iu, B) — Vi
Vit
whereVy;; is the best linear fit and Vg (g, B) is the Hall voltage measured at a current supply

Iy and at a magnetic field B. Equation tell as how much the data are distant from the fit
expressed in percents.

NL =

(3.39)

3.5 DC and AC method

When we measure the output voltage of a Hall plate (which is placed in DC magnetic field and
it is passing a DC current through the plate i.e. DC method), there are present parasite voltages
in the the output voltage. In general the potential V measured by the Hall plate is given by

V=Vg+Ve+Vyx+ VgL (3.40)

where Vp is the Hall voltage, Vg is the thermocouple potential due to the Ettingshausen effect,
Vi is the potential due to Nernst effect and Vg, is the thermocouple potential due to the Righi-
Leduc temperature gradient[20]. Then if the direction of the current passing through the Hall
plate is reversed, then the output voltage will be given by

Vi=-—Vg—-Veg+VN+Vgo (3.41)
combining the two equation above is ease to prove that:

V-"
2

Vg + Vg = (3.42)
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If the probes measurig the output voltage are no aligned, then a new component of the offset
voltage will be added to the output voltage. Thus

V=Vg+Ve+VN+Vre + Vorfset—1 (3.43)

Following the principle of equation (66), changing the direction of the current supply and the
magnetic field. It is possible to do four different measurements: V; at (+B, +I), V5 at (+B, -I),
Vs at (-B, -I), V4 at (-B, +I). Then, combining these four equation results

Vi—-V+V3-Vy

Vi + Vg = 1 (3.44)

This technique for measurement the Hall voltage is called a “DC-current, DC-field method”. The
principle is simple, but we have to do four different measurements. If some parameter (such as
temperature) changes considerably in the time interval needed to do these four measurements,
then the measured Hall voltage could not be reliable.

For this reason it is used AC current and AC field (AC method). Using this this method
it is possible to neglect the Ettingshausen effec. A detailed description of this method can be
found in [20].

3.6 Requirements of Hall sensor for measurement of magnetic
field on fusion devices

At the moment of choosing a Hall sensor in order to measure the magnetic field in a given fusion
device, one must take into account, besides others, three fundamental features of the sensor:
the sensibility, the operational temperature and in the case of big tokamaks meutron fluence
resistance. A good Hall sensor for a given fusion device must:

1. have sufficient sensitivity in order to provide high enough signal to noise ratio.
2. work reliably at the temperatures required by the fusion device.

3. resist the neutron fluence(if there is any), that means that the sensitivity change of the
sensor must not exceed same critical value defined by fusion device requirements.

Nowadays semiconductor based Hall sensors are very common and are well studied, most of them
satisfies the first criterion, However, in the case of big Tokamaks the second an third criterion are
difficult satisfied. Tabld3.I] shows the temperature and neutron fluence requirements that must
satisfy a sensor in ITER and DEMO, while table shows the parameters of some interesting
commercially available Hall sensors. Obviously any of this commercially available Hall sensors
can be used in ITER.

’ ‘ Top|°C ‘ Ts [°C] | Fy [em™?] |
ITER 100 — 150 220 10'8
DEMO | Several hundred | Several hundred > 102

Table 3.1: Some parameters for ITER and DEMO reactors. Ty, is the operational temperature,
T, is the survival temperature and F; is the total neutron fluency.
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’ Type ‘ Producer ‘ Material ‘ Tinaz [°C] ‘ SImV/T] ‘ Iy maz[mA] ‘
A1322LUA Allegro not specified 150 31250 not specified
HGT-3010 | Lakeshore | InAs, bulk highly doped 100 10 100
HGT-3030 | Lakeshore InAs, bulk low doped 100 100 100

HS-100 F. W. Bell InAs thin film 185 240 30
GH-800 F. W. Bell GaAs bulk 175 1000 5

Table 3.2: Parameters of different Hall sensors [I2]. 7" maximal operational temperature;S
sensitivity; I,,q,; maximal control current

3.7 Metal based Hall sensors

Unlike semiconductor Hall based sensor, metal based ones are more compatible with high tem-
peratures and radiation environment. Therefore, they have a good perspective to be part of the
magnetic diagnosis in big fusion reactors. However, the investigation of the properties of metals,
such as Hall sensors, started just few year ago. Therefore, it is necessary to characterize their
properties, such as sensitivity, linearity, signal to noise ratio, etc. at big fusion devices environ-
ment. Particularly, at ITER ex-vessel SSMS environment. This bachelor thesis is focused on
study of these properties for bismuth based Hall sensors.

3.7.1 Material selection

Metal Hall sensors have significantly smaller sensitivity than semiconductors ones due to the
fact that Hall coefficient (consequently the sensitivity see Eq is inversely proportional to
free electron density (see equation . Most of metals present relative same order of degree
of sensitivity. An exception is the bismuth which have the biggest sensitivity (approximately
four orders bigger). Tabl provides a comparison between sensitivities of some metals of
interest at d = 1lym and Gy = 1. Clearly bismuth is the most attractive one. However, the
possible applications of bismuth are limited by its melt point (275.5 °C). According with table
bismuth could be used in ITER.

| Metal | Sensitivity Ry /d [uV/A/T] |

Cu 55
Bi ~ 10°
Al 34
Pt 23

Table 3.3: Sensitivity of some metals of interest: copper, bismuth, aluminum, and platinum at
d=1p and Gy = 1[7]

3.7.2 Design and construction technology

The hard environment of ITER ex-vessel considerably limits the kind of material (besides the
sensing layer material) that can be used in design of a Hall sensor, the technology paradigms
can be summarized as follows[7]:

o Ceramics and metals only (no plastics, glues ect)
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o Bonded electrical contacts (no crimp contacts, soldering, etc)
e Low activation materials

A metal Hall sensor is formed by five elements: subtract, shape thin sensing layer, contact areas,
encapsulation, and output wires. An extensive description of each element can be found in [29].

Fig shows a schema and photography of a bismuth based sensors type K1 (BiK1), this
sensor has a thickness about 4.5 um and AlsOs ceramic subtract. Fig. [3.4b]is a “4” design used

in [7].

IUI III

III - IUI

(a) [29)All dimensions are expressed in mm

(b) [@
Figure 3.4: Bismuth based sensors design, K1 design (a), “+” design (b)

3.7.3 FISPACT activation analysis

As mentioned above a magnetic sensor in big tokamaks will be subject to high neutron fluence
and it is important to know the activation level of sensor’s material. It is possible to do a
real experiment. However, using same simulation tool, such a FISPACT activation code, is
cheaper and faster. Table [3.4] summarizes the results obtained by FISPACT simulation when a

1 um x 6 mm? samples (of different metals) are subjected to different total neutron fluences.
Activity
-2
Total neutron fluence[em 2| CuBq | Bi[Bq Pt [Bq] [ AL[Bq]
1.3 x 10® 2.9 399 9150 0
5.4 x 10" 379 9080 | 1.5 x 10° 0
1.1 x 102 546 | 1.3 x 10° | 1.7 x 10° 0

Table 3.4: Results obtained by FISPACT simulation. 1 gm x 6 mm? samples of Cu, Bi, Pt, Al

are subjected to different neutron fluences [29]




Chapter 4

EXPERIMENTAL EQUIPMENT

As discussed in section metal based Hall sensors present a good perspective to be part of
the magnetic diagnosis of big fusion reactors due to their ability to measure the magnetic field
directly. For example, Hall sensors based on cooper or bismuth. However, the investigation of
the properties of these metals started just few year ago. Therefore, it is necessary to characterize
their properties, such as sensitivity, linearity, signal to noise ratio, etc. at big fusion devices en-
vironment. Particularly, at ITER ex-vessel SSMS environment. As a consequence, the Institute
of Plasma Physics in Prague had developed a special test-bench in order to characterize metal
Hall sensors at ITER ex-vessel temperature environment.

This equipment is able to characterize the parameters of steady state magnetic sensors at
temperatures up to 300°C in the presence of a reasonable homogeneous magnetic field up to
500 mT'. The calibration circuit is schematically shown in figure 4.1

4.1 High-temperature coil

The core of the experimental equipment is the High-temperature coil . It is based on Helmholtz
coil concept i.e. two coaxial winding packs separated by distance r (see figure . The wire is
made of copper and have a rectangular cross section of 1.5 x 3.3 mm? insulated by Kapton. This
cross section is the result of a rigorous analysis of the dimensional parameters, which have been
done in order to maximize the magnetic field. The rest of the optimized dimensional parameters
are listed in table The High-temperature coil is able to generate a magnetic field up to
500 mT with a good homogeneity. At the distance of 5 mm of the coil’s geometrical center, the
change of magnetic field is 0.2% and 0.4% in radial and axial direction respectively, see figure
The calibration factor of the High-temperature coil is B/I = 7.40 mT'/A [18].

31
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Lock-in Amplifiyer » Current source CS580 {A)
7230 DSP 1=0+32 mA
Hall sensor <™~ 7 KEYSIGHT
DC supply N8946A
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1«’//— \ v
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controller CN7500 Valve PV-12 SS

Figure 4.1: Schematic of the Hall sensor’s calibration set-up.
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Figure 4.2: Comparison of magnetic field profile in axial(left) and radial (right) direction. Theo-
retical value(black solid line), measured on cold coil(red bars), and measured on hot coil (violet

stars)[1§].
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Figure 4.3: Left — overall geometrical set-up of the designed coil based on Helmholtz coil concept.
Right — photograph of the high-temperature coil [1§].

| Name of parameter | Value of parameter |
Size of wire dyq X dyr 1.5 x 3.3 mm
Insulation/thickness Kapton/0.23 mm
Size of winding pack a x b 38.8 mm x 96.9 mm
Radius of the coil r 74.0 mm
Inner space d;;, X z 51.1 mm X 35.2 mm
Outer coil size dyy: X h 244.9 mm x 112.8 mm
Number of windings N (overall) 1232
Magnetic field in center B 224.5 mT
Weight of winding mcy, 25.3 kg
Resistance of winding R 3.868 €2
Power deposited in coil P 3481.0 W
Heating rate 0.36 °C/s
Inductance L 158.6 mH

Table 4.1: Parameters of optimized High-temperature coil at supply current =30 A
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4.2 Test bench

Synchronous detection is used in order to avoid parasitic voltages in the output of the Hall
sensor. The high-temperature coil is biased by a DC current using [KEYSIGHT Autoranging
system DC supply]| in the range of Ip = 0+60 A, generating a magnetic field of B = 0450 mT.

A metallic Hall sensor is inserted into high-temperature coil and a AC current is driven
through the Hall sensor in the range of I = 0 + 35 mA, by [SRS Voltage controlled current
source CS580]. As a consequence of the Hall effect, the Hall sensor provides an output voltage
(see section . In order to reduce the noise as much as possible, the output voltage is
measured by [AMETEK Look-in Amplifier 7230 DSP] which is locked to the frequency of the
biasing current.

As was said above, we are interested in testing the properties of the Hall sensor at tem-
perature close to 200°C, for this, an external source of heat is not necessary since the high
temperature coil provides enough heat due to the joule effect. The Hall sensor also provides
heat due to the same effect but the dominant source is the high temperature coil.

If it is necessary to cool the Hall sensor, from temperature T5 to 77 (where Ty and T are
preselected values) it is used a pressurized air flow, which is regulated by a temperature control
circuit. This temperature control circuit consist of three parts: [SIEMENS PID temperature
control] which is connected to electronically controlled [Omega proportioning valve PV-12 SS]
and the [thermoresistor PT-100] providing the temperature of the tested sensor. The whole
circuit is connected to a PC enabling to set up all the parameters of the experiment. Additionally,
ammeters are connected for visual control.

The whole test bench is shown in figure .4

Figure 4.4: Photograph of the test bench
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4.3 Output signal processing

As seen in section , the offset voltage is always present in the output voltage of the Hall
sensor. Therefore, the current supply to the high-temperature coil is switched on and off at
preselected intervals At allowing us to identify the value of the offset voltage and consequently
the real value of the Hall voltage. Typically, it is switched every 2 seconds and in previous
versions of the test bench it was done every 10 seconds.

The output voltage of the Hall sensor at switched-on time ton (i.e. at non zero magnetic
field) is given by the sum of the real Hall voltage and the offset voltage

‘/out(tON) = VH + V;)ffset (41)

If the switch-time interval is /AAt, then the output voltage at switched-off time topp = tony + At
(i.e. at zero magnetic field) is given by

Vout(ton + At) = Vo fset (4.2)

Finally the Hall voltage is given by

Vi (ton) = Vout(ton) — Vout(torr) (4.3)

Figure shows an example of the output voltage of the Hall sensor, the top panels corre-
spond to a measurement, where the supply current to the high-temperature coil was switched
on and off every ten seconds, while the bottom panels every two seconds. In the measurement
of Fig the upper line denotes the offset voltage (i.e. the output voltage at zero magnetic
field) and the bottom line represents the output voltage at non zero magnetic field, unlike the
measurement of Fig/f.5b] where the upper line denotes the output voltage at non zero magnetic
field and the bottom line represents the offset voltage.

Figure clearly shows many data prints measured at intermediate states, it is because in
previous version of the test bench, the synchronization technique between the switched on and
off current and the data measurement was not as optimized as now.

If the temperature over the experiment rises relatively fast, the choice of ten second as a
switched interval would present some issues. We will be able to identify reliably the value
of the Hall voltage only once in every 10 seconds, it reduces considerably the resolution in
temperature. Therefore, two seconds as a switched interval is more attractive, if we are interested
in temperature dependence of same characteristic such as sensitivity.
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RESULTS

5.1

Measured quantities

To sum it up, for the characterization of a Hall sensor, it have been measured four different
quantities simultaneously:

AC current to the Hall sensor, supplied by [SRS Voltage controlled current source CS580]
in the range of Iy =4 <+ 32 mA.

DC current to the high-temperature coil, supplied by [KEYSIGHT Autoranging system
DC supply], in the range of Ip = 0+ 60 A. Then, the magnetic field is obtained by using
the calibration factor B/Ip = 7.40 mT/A. Thus, the magnetic field is in the range of
B =0-+450 mT.

Temperature of the sensor, measured by [PT-100 thermoresistor].

Output Hall voltage, it is the output voltage of the Hall sensor and it is measured by
[AMETEK Look-in Amplifier 7230 DSP] which is locked to the frequency of the biasing
current to the Hall sensor.

All these quantities are shown in figure [5.1] with the same time axis for a measurement with
a Hall sensor BIM5C6. The current supply to Hall sensor was set up to remain constant over
the experiment ( Iy = 4 mA ), whereas the current supply to the high-temperature coil was
switched on( Ip = 37 A) and off (Ip = 0) every two seconds using the PC. During the exper-
iment, the temperature rose from 30 °C to 100 °C, this rise was caused primarily by the heat
generated by the high temperature coil. The offset voltage increased just 1.85% of the initial
value (Fig fourth panel - bottom line) while the Hall voltage clearly drops with the temper-
ature (Fig fourth panel - Vi = difference between upper line and bottom line). This drop
was approximately 50% of the initial value.
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Figure 5.1: Measured quantities of Hall sensor BiM5C6. Panels from top to bottom: Iy -
AC current Supply to Hall sensor, B - magnetic field generated by the high-temperature coil
calculated from biased DC current by factor B/Ip = 7.40 mT /A , T - temperature of the Hall
sensor, V - output voltage of the Hall sensor.

Figure [5.2] illustrates the performance of the temperature control circuit described in section
2] Using the PC, we where able to set up the minimal temperature T}, = 35°C and the
maximal temperature T},,, = 120°C. The experiment started with a temperature of the Hall
sensor of 55°C and the process was totally automatized. When the temperature of the sensor
reached the maximal selected value, the circuit automatically opened the [valve PV-12 SS| and
controlled the pressurized air flow until the temperature decreased to the minimal selected value,
then the circuit closed the [valve PV-12 SS] and the process started again. Note that Fig -
bottom panel illustrates more clearly the dependence of the Hall voltage on temperature.
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Figure 5.2: Performance of the temperature control circuit. Preselected values: T}, = 35°C,
Tinae = 120°C. Top panel: T - temperature of the Hall sensor. Bottom panel: V - output
voltage of the Hall sensor.

5.2 Offset

Figure [5.3| shows the offset voltage of Hall sensor BiM5C6 as a function of temperature. Each
curve correspond to a different measurement with different settings of AC current supply to the
Hall sensor. The offset voltage presents a small quadratic increase with the temperature for
all values of current. It is difficult to see the quadratic dependence in Figl5.3] but figure
illustrates a zoom for the especial case, when the current was I = 34mA. However, the offset
voltage change did not exceed the 2.5% of the initial value in all cases. On the other hand, figure
clearly shows that the offset voltage increase with the biased current to Hall sensor. In this
case, the dependence is linear as can be seen in figure the data are almost superposed for
different value of temperature 177 = 65°C', T, = 85°C' and T3 = 115°C, because as stated above
the change of the offset voltage did not exceed the 2,5%.

Although the offset voltage of the BiM5C6 slowly changes with temperature, it increases
quadratically; it is not the case of the sensor BiS7K1, which exhibits a slow linear drop with
temperature (see Figl5.5), this drop is about 0.04%/°C.
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Figure 5.3: Offset voltage as a function of temperature of Hall sensor BIM5C6 measured at
different AC current supply to Hall sensor.
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5.3 Sensitivity

For the characterization of the sensitivity we used Hall sensor BiS7TK1 with setting parameters:
AC current supply to hall sensor I = 4+6mA and DC current supply to high-temperature coil
Ip = 34 A. Thus, it was calculated the current-related sensitivity using equation [3.32] which we

repeat:
Vi

IyB
Different measurements showed that the sensitivity decreases with rising temperature, see Fig/5.6]
This behavior can be relatively well fitted by a third order polynomial. However, the higher the
temperature, the greater the linear dependence. The temperature interval of some measurement
was cut in order to illustrate the superposition of the sensitivity of different measurements in
figure The sensitivity decrease at temperature of 200°C was 71% of initial value at 26°C,
it implies that a bismuth based Hall sensor will need additionally a temperature measurement
included in the probe circuit in order to be used as a magnetic sensor in fusion devices.

Figure shows the output voltage of a Hall sensor BIM5C6 at current supply Iy = 15 mA,
it is clearly seen an erratic behavior after 20 min. It is a sign that the sensor damaged.

S1 (5.1)
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Figure 5.6: Dependence of sensitivity of Hall sensor BiS7TK1 on temperature. Different colors
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Figure 5.7: Output Hall voltage of Hall sensor BiM5C6. Current supply to sensor Iy = 15 mA,
magnetic field B = 275 mT
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5.4 Linearity

5.4.1 Hall voltage vs current

For this experiment it was used the Hall sensor BiM5C6 and the current supply to high-
temperature coil was switched on (Ip = 37A) and off (Ip = 0) every two seconds. The temper-
ature control circuit was set up at ITER relevant temperature: T;,;, = 50°C and T},q, = 120°C.
Then, we have measured all quantities from section [5.1] with current supply to Hall sensor
Iy = 4 mA. When the temperature reached T,,,:, the temperature control circuit started
colling and the first measurement finish. After that it was set-up a higher current Iy and the
measurement started again. The process was repeated for current in the range Iy = 4+ 34 mA.
The dependence of the Hall voltage on the current is showed in figure for different tem-
peratures. The behavior presents a linear dependence where the slope decreases with rising
temperature. A more accurate analysis can be done by calculating the non linearity , it is
shown in figure [5.9]

When the magnetic field is constant, linear dependence of Hall voltage Vi on current Ip
implies that the current related sensitivity is constant for a given temperature regardless of the
value of Iy (see Eq. . In other words, Vi depends linearly on I if and only if the current
related sensitivity is constant for a given temperature.

In the case of figure the non linearity did not exceed the 4% for current Iy bigger than
6 mA; however, the non linearity is about 12.5% and 8% for current Iy = 4mA at temperature
of 65°C and 85°C respectively. These deflections from linearity are considerably big and have
direct consequence in the current related sensitivity as shown in fig. [5.10[ It is clearly seen
the discrepancy between the sensitivity at Iy = 4 mA and the sensitivities at Iy > 6 mA,;
additionally, the latter ones present a small concavity at the starts, while the sensitivity at
I = 4mA presents only convexity. A completely independent experiment using the same sensor
(see figure showed that, the correct sensitivity in Fig is the one that corresponds to
Iy =4 mA. It implies that the correct fit at 65°C in Figl5.8 would be the dashed black line.

The reason why the other sensitivities are displaced to left in Fig. is related to the
temperature measurement technique and to the time interval of each measurement (at different
current).

The PT-100 thermoresistor is attached to sensor providing the temperature. On the one
hand, the temperature control circuit reduced the temperature relatively fast (1.5 min) from
maximum preselected value (120°C) to nominal value (50°C) using a flow of pressurized air,
after that for Iy > 6 mA the temperature increased to the maximal value in only 3 min. If
the thermoresistor is placed between the sensor and the flow of air, then there is no enough
time to reach the thermal equilibrium between the thermoresistor and the sensor. On the other
hand, current Iy heats the Hall sensor from inside and it is also needed enough time to reach
thermal equilibrium. For these reasons, the measured Hall voltage actually corresponds to a
higher temperature.

This issue can be solved using the Hall sensor itself as a thermometer, it is possible thanks
to the fact that the resistivity of bismuth is proportional to the temperature. currently the
team of the Institute of Plasma Physic in Prague is working to use this method for temperature
measurement.
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5.4.2 Hall voltage vs magnetic field

For this experiment, it was used a Hall sensor BiM4C1. The current supply to high-temperature
coil was set up to increase from 0 to 60 A in steps of 1 A every two second, while the time
switched on and off interval was At = 1s. Over all experiment the current supply to Hall sensor
Iy = 4mA remained constant and the mean temperature was 26°C with a standard deviation
of 0.026°C. Figure [5.12] shows the dependence of the Hall voltage on magnetic field. Although,
it can be said that the non linearity did not exceed the 10%, the non-linearity decreases almost
monotonically with the magnetic field to 1.2% in negative direction as seen in figure [5.13, This
behavior suggests that the dependence of Vi on B is nonlinear. If the dependence was linear,
then the nonlinearity would fluctuate around 0. Very recent research [7] confirms that the
dependence of Vi on B is no linear, additionally the in the region B =1+ 7 T the dependence
may considered as linear. As a result, function in the form:

Vg =aB +b - atan(cB) (5.2)

can be use to fit the data[7]. The result is showed in Fig It is clearly seen that Eq. (5.2)) fit
the data fits the data quite accurately for magnetic field B > 0.1 T' (the deflection from the fit
do not exceed the 0.3%). A further point worth noting is that for B < 0.57 (i.e. in the region
of our experiment) the data can be fitted by a second order polynomial in the form:
Vi = agB + by B> (5.3)
Fig. [5.10| shows how this simple fit almost overlap the fit calculated using Eq[5.2] This fact
may suggest that the argument of arc tangent function in Eq. (5.2) is not aB. Instead, it could
be aB?. Thus:
V}; = aB +b - atan(cB?) (5.4)
and for ¢B? < 0.5 T holds:

Vi ~ aB + bcB? = agB + by B>

which is in concordance with (5.3]). A comparison using of fit using (5.2)) and (5.4) is showed in
fgure (5.14).
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5.5 Amplification of the offset-cancellation electronics

The offset-cancellation electronics was also used to measure the Hall voltage in the experiment
described in the previous selection. A comparison between the Hall voltage obtained by remov-
ing the offset and the Hall voltage measured by the offset-cancellation electronics is shown in
figure The data showed that the output-to-input voltage ratio of the offset-cancellation
electronics is 1145:1. It is illustrates in figure [5.150]
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Figure 5.15: Hall voltage of sensor BiM4C1, at Iy = 4 mA, Vg - Hall voltage obtained by
removing the offset, V77 - output voltage of the offset-cancellation electronics
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Summary and conclusions

The most common method for measurement of magnetic field on fusion devices is based on
magnetic induction coils. Using this method, it is possible to measure the derivative on time
of the magnetic field. Subsequently, using analog or numerical integration, it is possible to
determine the absolute level of magnetic field. However, if there are present relevant drifts,
noise or pick-ups of other magnetic field component, the proper integration becomes a difficult
task. For this reason, it is attractive to use a different method which could measure the absolute
value of magnetic field itself and not its derivative. A metal Hall sensor can be used for this
purpose. However this is a relative new field and the properties of metal Hall sensors at big-
reactors(such as ITER or DEMO) environment must be further studied. This bachelor thesis is
focused on the characterization of metal Hall sensors based on bismuth.

The Institute of Plasma Physics in Prague had developed a special test-bench in order to
characterize metal Hall sensors at ITER ex-vessel temperature environment. This equipment
is able to characterize the parameters of steady state magnetic sensors at temperatures up to
300°C in the presence of a reasonable homogeneous magnetic field up to 500 mT" (See Fig[d.]]

and Fig. .

The results described in detail in chapter 5 can be summarized as follows:

e Bismuth based Hall sensors was successfully tested using the test bench developed by
Institute of Plasma Physics in Prague.

e The value of the offset voltage of sensor BiIM5C6 increased quadratically with increasing
temperature. However, it did not exceed the 2.5% of its initial value (see Fig, while
the offset voltage of sensor BiSTK1 exhibits a slow linear drop about 0.04%/°C (see Fig.

; see section

e The sensitivity of sensor BiS7TK1 decreases with rising temperature. A third order poly-
nomial can fit this curve (see Fig. . The sensitivity decrease at temperature of 200°C
was 71% of initial value at 26°C. It implies that a bismuth based Hall sensor will need
additionally a temperature measurement included in the probe circuit in order to be used
as a magnetic sensor in fusion devices; see section [5.3

e The Hall voltage provided by sensor BiM5C6 is a lineal function of current supply I,
where its slope decreases with increasing temperature (see Fig; see section m

o The Hall voltage provided by sensor BiM4C1 is a non-linear function of magnetic field (see
Figl5.12). The data can be well fitted by equation in the form: Vi = aB + b - atan(cB)

and Vi = agB + by B? (see Fig. ; see section

50
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e Offset-cancellation electronics was successfully used for measurement of the Hall voltage
of sensor BiM4Cl1(see Figls.15a)). Its output-to-input voltage ratio is 1145:1; see section
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