RADIATION-RESISTANT HALL
MAGNETIC FIELD SENSORS
AND INSTRUMENTATIONS

Inessa Bolshakova
Roman Holyaka
Tetyana Marusenkova
Fedir Shurygin

I\ Primedia eLaunch




Lviv Polytechnic National University
Institute of Telecommunications, Radioelectronics
and Electronic Engineering
Inessa Bolshakova
Roman Holyaka
Tetyana Marusenkova

Fedir Shurygin

RADIATION-RESISTANT HALL MAGNETIC FIELD
SENSORS AND INSTRUMENTATIONS

Monograph

Dallas, USA
Primedia eLaunch LLC
2022



UDC 62-9:539.16
B 74

Reviewers:

Bohdan Pavlyk,
D.Sc., Prof., Head of the Department of Sensory and semiconductor electronics Faculty
of Electronics and Computer Technologies of the
Ivan Franko National University of Lviv, Ukraine

Yurii Romanyshyn,

D.Sc., Prof., Head of the Department of Electronic Devices
information and computer technologies of Institute of Telecommunications,
Radioelectronics and Electronic Engineering of the
Lviv Polytechnic National University, Ukraine

Bolshakova 1., Holyaka R., Marusenkova T. & Shurygin F. Radiation-
B4 resistant Hall Magnetic Field Sensors and Instrumentations: Monograph. //
Lviv Polytechnic National University Institute of Telecommunications,
Radioelectronics and Electronic Engineering. Dallas, USA: Primedia eLaunch

LLC, 2022. 148 p.

ISBN 979-8-88796-802-5
DOI 10.36074/rrhmfsai-monograph.2022

The book is devoted to the development of radiation-resistant Hall magnetic field
sensors and instrumentations for harsh radiation conditions in nuclear fusion reactors
and charge particle accelerators.

Designed for scientists in the field of sensorics, radio physics, nuclear energy, as
well as for lecturers, graduate and Ph.D. students.

UDC 62-9:539.16

© Bolshakova I., Holyaka R., Marusenkova T., Shurygin F., 2022
ISBN 979-8-88796-802-5 © Primedia eLaunch LLC, 2022



CONTENTS

INTRODUGCTION ..o 3)

1. RADIATION-RESISTANT SEMICONDUCTORS
FOR HALL MAGNETIC SENSORS ... 7

1.1. OVERVIEW OF TOPICS ON SEMICONDUCTORS FOR HALL MAGNETIC SENSORS.... 7
1.2. SEMICONDUCTOR MATERIALS AND METHODS OF THEIR PRODUCTION................ 9
1.3. A"'BY GROUP SEMICONDUCTOR MATERIAL MICROCRYSTALS

GROWTH FROM THE GAS PHASE .....ceetvveeeeeeiitreeeeeeereeeeeeeeasereeesesseseeesenssneeens 14
1.4. INDIUM ANTIMONIDE MICROCRYSTALS GROWING AND DOPING IN THE

IODIDE SYSTEM ...uuttiieeeeeiitteeeeeeiutteeeeseesneeeesasassseseessssssseessasssssseessnssssseessnns 17
1.5. INDIUM ARSENIDE AND GALLIUM ARSENIDE GROWTH IN THE

CHLORIDE SYSTEM ...ttiieeeeeeiteeeeeeeitteeeeeeestseeeeeeesseseessesseseessesssssesesesssseeens 20
1.6. CHARACTERISTICS OF THE SEMICONDUCTOR MICROCRYSTALS......cccevvveeeeeeee. 23
1.7. CHARACTERISTICS STABILIZATION TECHNIQUE FOR RADIATION-STABLE

HALL SENSORS ... uuuuuutuuuuttuuturuusrssessssesesssssssssesssssessssssnsseessrnree............ 28
1.8. THE INVESTIGATION OF NUCLEAR-DOPED CRYSTALS’ RADIATION STABILITY.. 33

1.9. SUMMARY FOR CHAPTER L ..ottt ettt et e et e e et e e e e e eanaeeenans 37

2. STRUCTURES AND MODELS OF 3-D THIN-FILM MAGNETIC

SENSORS e ———— 39
2.1. OVERVIEW OF TOPICS ON 3-D THIN FILM MAGNETIC SENSORS.......cccverveenreene. 39
2.2. THIN-FILM STRUCTURE LAYERS ....uutttttttteeeeeniniiiiinieeeeeeeesssssinssesseeeeeessssnnnnns 42
2.3. SENSOR DESIGN L ....oeiiieiiiiiiee ettt e e e e 44
2.4, SENSOR DESIGN H2 ....etiieeieeiiitee ettt ettt e e e et e e e e sttt e e e s s ebaeeee e e 49
2.5. SENSOR DESIGN #3 ....ettiieeiiiiiteeeeeiittee e e st e e ettt e e e e sttt e e e e sibteeeeessasaeeeeeenns 51
2.6. SENSOR DESIGN 4 .....vviieieiiiiee ettt ettt e st e e s s ebae e e e e e 56
2.7. SPICE MODEL OF 3-D MAGNETIC SENSORS ...cccevuttrteeeeniireeeeesiirreeessnineeeeeeans 59

2.8. SUMMARY FOR CHAPTER 2 ..euettieiee ettt et e e e eteeeae et seaneseasesnsesnessnnsesns 64



3. METHODS OF IN-SITU CALIBRATION AND DATA FUSION

BASED ON INTEGRATED MAGNETOMETRIC TRANSDUCER................. 66
3.1. OVERVIEW OF TOPICS ON IN-SITU CALIBRATION TECHNIQUE .......cvvveeeeennneneen. 66
2. METHOD H L.ttt e e e e e e e e eneeeeees 68
LB IMETHOD H 2 ettt et e e e e e s e e e e eneeeee s 76
A IMETHOD H3 ..ttt ettt ettt e e e st e e e s s brae e e e e nabaaeeas 80
3.5. INTEGRATED MAGNETOMETRIC TRANSDUCER AND DATA PROCESSING............. 85
3.6. SUMMARY FOR CHAPTER 3 ....itiiiieiiiitteeeeeiietee ettt e e e e st e e s sinee e e s e eaneeeeas 90

4. MAGNETIC MEASURING INSTRUMENTATION FOR HARSH
RADIATION CONDITIONS ... 91

4.1. OVERVIEW OF TOPICS ON MEASURING INSTRUMENTATION

FOR HARSH RADIATION CONDITIONS....cccutertreereenteeseeareesseessneesseesseessseensesnes 91

4.2. RHP-1SC INSTRUMENTATION ...uuuttteiiiteeeiieeesireeesineeessneeesnneeesnseessneeessanne 93
4.3. RHP-WB INSTRUMENTATION ....uutttiiiiteeeireeeeireeesnireeesnireeessnreeesnnneeessnneeenns 102
4.4, RHP-MAP INSTRUMENTATION .ceetiiiiiiiiiteeeeeeeeeesiiieeeteeeeeeesssssiinsneseeeeeeens 107
4.5. RHP-RAD INSTRUMENTATION ...cettiiiiiiteeeeaniiteeeeeniirteeessnireeeesssineeeeessnnns 122
4.6. TESTING HALL SENSORS UNDER IRRADIATION ...cceeviuiiiereerniireeeeenieeeeeeseanees 126
4.7. SUMMARY FOR CHAPTER 4 ....coiiiiiiiiiiiee ettt et ettt ettt e e e s e e 129
REFERENCES FOR CHAPTER ... 132
REFERENCES FOR CHAPTER 2. 136
REFERENCES FOR CHAPTER 3. .. 139

REFERENCES FOR CHAPTER 4 ..o 143



Radiation-resistant Hall magnetic field sensors and instrumentations

Introduction

The book is devoted to the development of radiation-resistant Hall magnetic
field sensors and instrumentations for harsh radiation conditions in nuclear fusion
reactors and charge particle accelerators.

The book contains four chapters presenting the problems of technology, de-
sign, in-situ self-calibration of magnetic sensors and the development of measuring
devices based on them. Each chapter provides an overview of the current literary
sources of these problems and the results of the authors' research in these areas.

The technology of radiation-resistant semiconductor sensors is presented in
the first chapter. A wide range of radiation-resistant semiconductors for Hall mag-
netic sensors has been developed based on the technology of InSh, InAs, and GaAs
microcrystals. The technology of InSh, InAs, and GaAs semiconductor microcrys-
tals growth being doped by donor, isovalent, rare-earth impurities and based-on
impurity complexes has been developed.

The radiation-resistant semiconductor 3-Dimensions (3-D) magnetic thin-
film sensors able to measure three mutually orthogonal components BX, BY and
BZ of the magnetic field induction are presented in the second chapter. Such 3-D
sensors use an integrated structure of horizontal and vertical Hall sensors. In con-
trast to known solutions, the vertical sensor structures are formed in the intermedi-
ate area between the semiconductor layer and the dielectric substrate. Due to this
solution, such structures are manufactured on thin-film technology of radiation-
resistant sensors.

In-situ calibration methods for magnetic field sensors in harsh radiation con-
ditions are presented in the third chapter. Based on these methods and the data
fusion concept, a new type of magnetic field measurement unit, namely, Integrated
Magnetometric Transducer, has been developed. It comprises a Hall sensor and an
induction transducer. An increase in the measurement accuracy with in-situ cali-
bration is achieved by the formation and use of test signals that are formed by

induction transducers.



Introduction

Based on the previously mentioned technique a set of magnetic field measur-
Ing instrumentation on Hall sensors for harsh radiation conditions is described in
the fourth chapter. The set includes instrumentations for plasma magnetic field
monitoring in nuclear fusion reactors, instrumentation for permanent cyclotron
magnet magnetic field high precision mapping in charge particle accelerators, and
instrumentation for investigating sensors directly during their irradiation in nuclear

fusion reactors.
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1. RADIATION-RESISTANT SEMICONDUCTORS FOR HALL MAG-
NETIC SENSORS

1.1. Overview of topics on semiconductors for Hall magnetic sensors

During the last decades, the magnetic field sensors and especially the Hall
sensors (Hall-plate sensors, Hall effect transducers) attracted significant academic
and industrial interest. The magnetic field sensors are the basis of many high-
technology products, such as apparatus for linear and angular displacements,
position change, non-contact measurement of AC and DC current and electrical
power, signal amplifiers in telecommunication, spatial detectors of metal objects,
three-dimensional vector magnetometers, compasses, etc. [1, 2].

Most recent results in Hall sensors developments and applications may be
shown by the following topics: weak magnetic field detectors based on Hall-effect
sensors [3], fabrication and characterization of InAs/AlSb based magnetic Hall
sensors [4], field modulation for precise weak magnetic field measurement with a
Hall-plate [5], room and cryogenic temperature behaviour of magnetic sensors
based on GaN/Si single saw resonators [6], detection of a micron-sized magnetic
particle using InSh Hall sensor [7], submicrometer Hall sensors for superparamag-
netic nanoparticle detection [8], high-sensitivity InSb thin-film micro-Hall sensor
arrays for simultaneous multiple detection of magnetic beads for biomedical appli-
cations [9], low magnetic field mapping using an InGaAs-AlGaAs-GaAs 2 DEG
Hall sensor [10], temperature-stable Hall effect sensors [11].

This chapter addresses the problems of radiation-resistant semiconductors
technology for Hall magnetic sensors. Such problems are discussed in the follow-
ing recent publications: robust Hall effect magnetic field sensors for operation at
high temperatures and in harsh radiation environments [12], electron, neutron, and
proton irradiation effects on SiC radiation detectors [13], radiation test results in
newly developed super-junction power MOSFETS [14], neutron radiation effects

on the electrical characteristics of InAs/GaAs quantum dot-in-a-well structures
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[15], effects of gamma irradiation on silicon carbide semiconductor radiation de-
tector [16], radiation effects on high performance spaceborne electronics [17],
characterisation of silicon diode arrays for dosimetry in external beam radiation
therapy [18], proton radiation effects on Hamamatsu InGaAs PIN photodiodes
[19], space radiation effects on SiC power device reliability [20], compact model-
ing of radiation effects in thin-layer SOI-MOSFET [21], feasibility analysis of es-
tablishing a physical model of radiation effects from SiC to device [22], evaluation
of the radiation hardness of GaSb-based laser diodes for space applications [23],
investigation of transient radiation effects in GaAs field effect transistors under
pulse ionization [24], radiation damage effects on p-type silicon detectors for high-
luminosity operations: test and modeling [25], application of isotope radiation
sources for radiation effects simulation in semiconductor devices [26].

Significant progress has been done in the development of radiation-resistant
technology on semiconductor 111-V compounds (A"'BY group semiconductors).
Semiconductor I11-V compounds, those made from columns three and five ele-
ments of the periodic table, are important for a wide range of electronic devices
[27, 28]. For example, optical devices from these materials span across multiple
areas including optic telecommunications, chemical sensing, cutting tools, light-
emitting diodes, such as those used for lighting, and solar cells.

While the success of Si-related devices in electronics is partly due to the high-
quality interface between Si and its insulating oxides, 111-V devices owe their suc-
cess in optoelectronics to high-quality interfaces with compounds of different
band-gap energies, for example, AlGaAs and GaAs, and InGaAsP-InP. These de-
fect-free, high-quality interfaces allow for quantum confinement, high-efficiency
carrier transport through multiple interfaces, and relatively low non-radiative re-
combination rates [29, 30].

The authors’ main results in technology and technique of parameters stabili-

zation for Hall magnetic sensors on radiation-resistant semiconductors I11-V com-
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pounds are presented in our publication [31-35]. A wide range of radiation-re-
sistant semiconductors for Hall magnetic sensors has been developed based on the
technology of InSbh, InAs and GaAs microcrystals. The technological processes of
microcrystal growing and doping were performed both in sealed quartz ampoules
using iodine and hydrogen chloride as the carrier agents, and in chemical vapor
deposition (CVD) flow systems using iodine and hydrogen chloride as gas carriers.
For the development of the semiconductor microcrystals growth technique the
modeling of technological processes of their growth from the gas phase using
methods of equilibrium thermodynamics was performed. The calculated parame-
ters of the technological processes were specified in the experiments on crystal
growth from the gas phase by the chemical transport reactions method. For the
increase in semiconductor materials’ radiation stability we have developed the
method of metallurgical doping by the impurities and by the doping complexes in
the process of its growth with the following nuclear doping for the modification of

microcrystal properties. This chapter briefly summarizes all these results.

1.2. Semiconductor materials and methods of their production

According to the condition of electroneutrality, all semiconductors can be di-
vided into three groups. The first group consists of wide-gap materials (Si, GaAs,
AlAs), for which the condition njim = piim is fulfilled, which corresponds to the case
of a fully compensated high-resistive semiconductor. For the second group of ma-
terials (InAs, InP) the ratio njim >> piim is met, which corresponds to the material
formation of n*-type conductivity. The Fermi level in InAs during irradiation is
shifted into the zone of allowed energies of conductivity zone, which corresponds
to n*-type conductivity material formation (with nji, = 3-10*8cm) and the fixation
of Fermi level at about Fj;,,, = EV + 0.52 eV/. The third group consists of (Ge,

InSb, GaSbh, AISb) semiconductors, for which the ratio n;m << piim holds, which
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should lead to the material formation of p*-type conductivity as a result of irradia-
tion.

Among the above-mentioned A'""BY group semiconductors, such compounds
as GaAs, InAs, and InSh, according to their electrophysical characteristics, are the
most convenient for magnetic field sensors because of their rather high charge car-
riers’ mobility. However, only two of them — InAs and InSb — can be used in the
radiation environment because GaAs becomes high-resistive material under high
neutron doses irradiation.

Thus, such semiconductor materials as InAs and InSb can be recommended
for the magnetic field sensors, which are to be operable in the radiation environ-
ment under normal temperatures. Along with this, it is necessary to develop the
doping technology of these materials by appropriate chemical impurities up to such
concentrations, which would provide the highest stability of the characteristics dur-
ing irradiation by high doses of high-energy particles.

The selection among types of doping impurities was determined as follows.
Reasoning from the above-mentioned predictions concerning InAs, the optimal
concentration of charge carriers for getting highly stable InAs is the concentration
of electrons, the value of which is close to the boundary value of the concentration
of nim = 3:1018 cm™ and corresponds to the boundary position of the Fermi level
Fiim = EV+0,52 eV in this irradiated material rich of radiation defects. So far as the
band-gap energy of InAs is equal to Eg = 0,42 eV, the boundary position of the
Fermi level Flim will be located in the conductivity zone. Therefore such a material
is a semiconductor of n*-type conductivity.

One can obtain the material with such optimal characteristics by doping it
with donor impurities. The most appropriate donor impurity is Sn because, as the
result of possible nuclear transformations when interacting with thermal and inter-
mediate neutrons, tin is transformed into indium, which is one of the main elements

of the crystal lattice. This transformation in the high doped (n = 3-10%cm=) InAs
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will not lead to visible changes in the material characteristics, charge carriers con-
centration in particular.

As for InSb, the problem of the creation of the material stable in radiation
conditions is much more complicated. It is connected with the fact, that the material
of n*-type conductivity is needed for the development of magnetic field sensors
with appropriately high charge carriers’ mobility (10* +10° cm?-V1.s1). At the
same time, the prognoses of the stability of this material show that fixation of the
Fermi level Flim in the irradiated InSb rich in radiation defects leads to the for-
mation of p*-type conductivity with slow charge carriers’ mobility of 102 cm?2-\/-
L.s1, So, for the creation of the high stabile InSb of n-type conductivity, which is
appropriate for the magnetic field sensors, one should take measures to “delay” the
shift of the Fermi level to its boundary Flim, which is characteristic for the irradi-
ated material of p-type conductivity with slow mobility.

It can be simultaneous doping of the initial material InSb with several impu-
rities of different properties, each of which fulfills certain functions when solving
the problem of stabilization of characteristics of irradiated material along with sav-
ing of electronic type conductivity and proper charge carriers’ mobility. The main
donor impurity, which provides the necessary level of the charge carriers concen-
tration of the material of n-type conductivity in such a compound impurity com-
plex, must be Sn, upon the same reasoning as for InAs: as a result of nuclear trans-
formations tin when interacting with thermal and intermediate neutrons in the fast
neutrons fluxes, transforms into indium [8], which is one of the main elements of
the crystal lattice.

Isovalent impurities (Al, Bi), which are the substitutional impurities in InSb,
can contribute to the stabilization of electrophysical characteristics of InSb in the
fields of high-energy radiations and when substituting the atoms in indium sub-
lattice can create drains for radiation defects due to the difference of atom radii and

appearance of the fields of elastic deformations, which lead to the deformations of

11
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the lattice potential. The rare-earth elements (Gd, Yb), which are able to form clus-
ters in the material, can be effective getters of radiation defects. Moreover, intro-
ducing the deep impurity levels by such impurities as, e.g. Cr, can also stabilize
electrophysical characteristics of InSb under irradiation exposure. The optimal ra-
tio of the doping elements in compound impurity complexes is determined by ex-
perimental research.

Thus, for the creation of radiation-stable magnetic field sensors based on
InSh, it is necessary to develop the technology of its doping by impurity complexes
that consist of not only main donor impurity Sn, which provides n-type conductiv-
ity with the necessary concentration of free electrons, but also several other addi-
tional impurities e.g. Al, Bi, Cr, Gd, Yb that are favorable for the stabilization of
material characteristics under harsh radiation conditions.

When choosing between the methods of obtaining high stable semiconductor
materials, one should take into account that, firstly, the creation of radiation-stable
materials assumes experimental research of the radiation effect on the characteris-
tics of the material. The radiation exposure effect manifests itself in the appearance
of defects, which leads to a change in material characteristics. Thus, the influence
of the created radiation defects will be more visible in the material with less own
structural defects, which appeared during this material manufacturing.

Besides, the quality of microelectronic devices considerably depends upon
the perfection of initial materials. Modern semiconductor materials for electronic
devices are obtained in the form of bulk monocrystals of big diameters, thin epi-
taxial layers, and also of microcrystals being grown from the gas phase. Their per-
fection is first connected with the number of dislocations, uniformity of doping and
residual impurities distribution, with the number of intrinsic point defects, which
include the vacancy defects, internodal atoms, and their complexes with impurity
atoms.

These criteria of perfection are shown with the best correlation by microcrys-

tals, which are obtained by free crystallization from the gas phase. They have the
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form of whiskers or thin films. Thin microcrystals with a thickness of only a few
microns have the best structure: they are mostly dislocation-free or have one lon-
gitudinal dislocation. Thin crystals have an almost perfect surface.

In contrast to microcrystals, massive monocrystals of big diameters have a
number of defects that may influence their properties. Among them, the most com-
mon are thermal stress, dislocations, impurity non-uniformity, and intrinsic de-
fects.

Epitaxial thin film structures are naturally featured with the defect formation
in the technological process, caused by the stresses that always appear in the pro-
cess of crystallization and the following cooling. They are caused by the difference
in lattice spacing and coefficients of substrate’s and epitaxial layer’s thermal ex-
pansion, accompanied by the appearance of composition gradient along the thick-
ness of the epitaxial layer and increased concentration of structure defects on the
grain boundaries, and also by the appearance of surface tension forces in the thin
layers, which may cause the contraction or the stretching of the epitaxial layer.

Thus, of all the known forms of semiconductor materials, the most structur-
ally perfect ones are microcrystals (whiskers or thin films) obtained from the gas
phase. The creation of microcrystals with a small number of defects is facilitated
also by the process of their growth, which occurs, as a rule, at temperatures con-
siderably lower than the crystallization temperatures. The microcrystals’ structure
Is so perfect that their mechanical strength approaches the theoretical values result-
ing from interatomic forces.

Such structurally perfect defect-free microcrystals are the best model samples
for investigation of the influence of external factors, which cause the defect for-
mation in the semiconductor materials, for example, for the investigation of the
influence of high-energy particle flux irradiation. Besides, microcrystals of semi-
conductor compounds AmByV can be effectively used as the sensor’s sensitive ele-

ments of various physical quantities, including magnetic field sensors.

13
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In this chapter, a wide range of radiation-resistant semiconductors for Hall
magnetic sensors based on the technology of InSb, InAs, and GaAs microcrystals
is presented. The technological processes of microcrystal growing and doping are
based on sealed quartz ampoules using iodine and hydrogen chloride as the carrier
agents and chemical vapor deposition (CVD) flow systems using iodine and hy-
drogen chloride as gas carriers. Some examples of microcrystals being developed

and described in this chapter are presented in Fig. 1.1.

a) b) c)
Fig. 1.1. Photographs of the microcrystals InSb (a), InAs (b), GaAs (c).

1.3. A'"MBY group semiconductor material microcrystals growth from the gas

phase

The first stage of the development of microcrystal growth from the gas phase
is modeling physical-chemical processes, which occur in the gas phase of the sys-
tems under investigation. The thermodynamic analysis of the processes allows a
considerable decrease in time consumption for determining the optimal parameters
of semiconductor materials growth.

The process of obtaining semiconductor materials by chemical transport re-
actions, like any other technological process, is practically a non-equilibrium pro-
cess. However, when using the sealed containers (in our case these were previously

de-aired quartz ampoules), in which the withdrawal of reaction products out of
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reactionary volume is absent, the application of equilibrium thermodynamics ap-
paratus is allowable, as some stages of the sedimentation process from the gas
phase just slightly differ from the equilibrium state.

The obtaining of the equilibrium characteristics of chemical reactions’ com-
plex, which provide the basis for the technological process of semiconductor ma-
terial obtaining from the gas phase allows drawing a conclusion about the most
important characteristics of this process. These include some reactions’ influence
on the entire process, the determination of the leading stages and reaction of the
given process, the validity of some reactions and components neglecting, the di-
rectedness of the reactions depending on the environment, etc.

Due to this reasoning, physical-chemical processes were modeled in sealed
systems. In addition, experimental investigations in sealed quartz ampoules are
quite convenient and considerably more energy-efficient in comparison with flow
systems and allow performing a great number of experiments quite quickly. The
determined basic technological solution has formed the basis for finalizing the
technique of semiconductor crystal growth in the CVD flow systems, which allow
controlling the technological process of growth and doping more flexibly.

In the course of the chemical transport reaction there occurs the transfer of a
material, which is grown via the intermediate (gas) phase in the form of chemical
compounds with the carrier agent. For the growth of the selected semiconductor
compounds InSh, InAs and GaAs, J, and HCI were used. At that, the process passed
through the following stages: chemical reactions of the basic material with the car-
rier agent in the source zone; the transfer of the reaction gaseous products into the
sedimentation zone (crystallization zone); chemical reactions in the crystallization
zone with the basic material release and the processes on the surface of the material
which is under precipitation; the last stage is the withdrawal of the released reaction
gaseous products and their transfer owing to the concentration gradient into the

source zone.

15
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The main results of the thermodynamic analysis are the data about the partial
equilibrium pressures of the components at the given temperatures, total pressure,
initial and equilibrium concentrations of system components, etc.

A minimum number of parameters, sufficient for the determination of the
equilibrium system, is determined with the help of Gibbs’ phase rule:

f=n+2-9, (1.1)

where f is the number of degrees of freedom (the number of independent pa-

rameters) of the system, n is the number of independent components, which is

equal to the number of atoms (or atomic groups) comprising the system; @ is the
number of phases.

The total system of equations that describes the complex of chemical reac-
tions of the technological process of obtaining semiconductor materials consists
firstly of material balance equations, which are described in the form of equation

(1.2) for the sealed systems, and secondly of the equilibrium equation (1.3):

]BI/IX Zl 1ml] Jo (12)

Kisi_ TP}V, (1.3)

where f is the number of independent parameters of the system; is the number

of i-type atoms in a j-type molecule; n is the partial pressure of the j-type compo-

nent; is the stoichiometric reaction coefficient; q is the number of types of chemical
reactions.

So, to find the solution for such systems of transcendental equations, some
parts of gas phase components are usually neglected, as the general solution for
such systems does not exist. Upon the analysis of the thermodynamic data of the
system components, some parts of them may be excluded from the consideration
in the temperature range studied before starting calculations. The calculation of the
reaction equilibrium constants, which include those gas phase components that re-
mained unconsidered, provides the possibility to determine the equation system

that describes the equilibrium of the thermodynamic system studied.
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For the calculation of the equilibrium constants of reactions that occur in the
studied systems InSbh-J,, InAs-HCI and GaAs-HClI, the Ulich equation was used to
a first approximation (i.e., using the values of specific heat capacity of the sub-

stances-reaction participants):

0 0 0
(i) = T+ S e () + 5 -1).

Where InK — logarithmic reaction equilibrium constants; AH2y — total reac-
tion enthalpy at the temperature T = 298 K, kJ-mol*; AS2yg — total reaction entropy
at the temperature of T = 298 K, J-mol'*-K'%; ACJ,4 — total heat capacity of the re-
action at the temperature of T =298 K, J-mol*K™, T — temperature, K; R — gas
constant, R=8,314 J-mol*-K™,

The calculations of reaction equilibrium constants and the partial pressures of
gas phase components were performed in a wide temperature range, which was

equal to Tme = 250 °C for each of the studied semiconductors.

1.4. Indium antimonide microcrystals growing and doping in the iodide

system

InSb microcrystals were obtained from the gas phase using chemical transport
reactions in the iodide system. The basic technological modes of InSb microcrystal
growing were determined by modeling physicochemical processes, which occur in
a sealed quartz container. It was determined from the performed thermodynamic
analysis that the composition of the InSb-J2 system gas phase in the temperature
range of 560+1200K is determined by the components of InJ, InJ3, Sb4 and Sb2;
and the reactions that are responsible for the indium antimonide transportation are
the reaction of indium iodides disproportionation and the reaction of stibium dis-
sociation:

2InSbes 1y + I3 ) © 3Injig) +1/25b, (1.5)

1/25b, < Shy, (1.6)

17
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The temperature dependence of partial pressures of InSb-J, system gas phase
components is presented in Fig. 1.2.

The technological parameters of obtaining InSb microcrystals were deter-
mined from the data obtained and temperature dependence of reaction equilibrium

constants: the initial pressure of iodide in the ampoule P](; = 5-10%Pa, the tem-

perature of crystallization zone and source zone T¢ = (740£20)K and
Ts = (1020 £ 20) K, correspondingly. Here the approximation + 20K when deter-
mining the temperature mode of the process corresponds to the degree of distinc-

tion in the initial thermodynamic data taken from the different reference sources.

10°

10°
10*
10’

Partial pressure of gas components
system, P (Pa)

10-5 1 L 1 N 1 L 1 L 1 L 1 N
600 700 800 900 1000 1100 1200

Temperature T, K
Fig. 1.2. Temperature dependence of partial pressures of system gas phase components at

P) =10*Pa:1—Ppy, 2~ Pinj, , 3= Psp, , 4 Psy,.

The doping impurities were introduced during the growing process. The in-
troduction of doping impurity Sn for obtaining the microcrystals with the requisite
electrophysical properties leads to the appearance of halides of tin SnJ, and SnJ, in
the gas phase of the InSh<Sn>-J, system. The transfer of the doping impurity is
primarily contributed by SnJ,, the partial pressure of which is several orders higher

than the partial pressure of SnJ, in the entire temperature range studied.
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When introducing the doping impurity Al into the gas phase of the InSbh<Al>-
Jo system, aluminium monoiodide AlJ plays the key role in the transfer of this im-
purity to the crystallization zone, as the partial pressure of aluminium triiodide AlJs
Is incommensurably lower. Here we should admit that the partial pressure of alu-
minium iodide relatively to the partial pressures of tin iodides is not large in the
entire temperature range studied, which may result from the creation of a certain
amount of solid solution AlSb when aluminium interacts with Sb, present in the
gas phase.

Finding reliable thermodynamic data on Cr impurity in the existing reference
literature appeared to be problematic. As the use of discrepant and inaccurate data
leads to considerable errors in calculations, such calculations are of no use. By
means of experimental investigations, the values of the crystallization zone tem-
peratures for the growth of InSb doped crystals were specified. It was found out
that the temperature of the crystallization zone differs by 3-5 K from that for un-
doped crystals when introducing a small quantity of doping impurities, while the
error of calculated values of crystallization temperature is considerably higher
(= 20K). Having taken these specifications into account, we experimentally speci-
fied the temperature of the crystallization zone of doped crystals for each type and
quantity of impurity.

The introduction of rare-earth impurities Gd and Yb was performed in the
form of these elements iodides GdJs; and YbJs. The preliminary calculations have
determined the composition of the system gas phase with these impurities and the
partial pressures of the main components.

The obtained InSh microcrystals have the shape of whiskers with the growth
direction along one of the crystallographic axis <111>, <110>, <211> and the fol-
lowing dimensions: length (5+ 10) mm; width (0,05 + 0,07) mm, thickness
(0,01 +0,03) mm (Fig. 1.1, a). They have a high degree of structural perfection,
which is confirmed by high mechanical strength: the rupture strength is equal to

approximately 1200 kG-mm-2 and tends to one calculated for the perfect lattice.
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1.5. Indium arsenide and gallium arsenide growth in the chloride system

For determining technical conditions of InAs and GaAs microcrystals, phys-
ico-chemical processes for the InAs — HCI and GaAs — HCI systems were modeled,
in the result of which the temperature modes of growth were defined.

When accomplishing the set task, we used the standard approaches, namely:
the formation of an equation system of independent chemical reactions with the
calculation of their equilibrium constants and temperature dependences of partial
pressures of gas phase components. When calculating, it was assumed that the sub-
stances in the gas phase are subjected to the ideal gas law. The calculations were
performed at the initial quantity of HCI in the ampoule of 1,23-10° mol-cm™ in the
temperature range of 600,950 K and 800,1100 K for the InAs — HCI and GaAs —
HCI systems correspondingly.

The analysis of thermodynamic parameters of all the gas phase components
of the InAs — HCI system and the equilibrium constants of possible reactions in
this system allowed us to single out the basic components that determine the
transport of InAs: InCl, InCl;, InCl;, As; and As,. It also allowed us to conclude
that the basic reactions, which are responsible for the process performance in the
system, are the reaction of indium chloride disproportionation and the reaction of

arsenic dissociation:

2InAs ) + 2HCl gy © 3InCl, + 1/2As4(g); (1.7)
InAs + InClZ(g) © 2InClg) + 1/4As4(g); (1.8)
245y, © ASy . (1.9)

As could be seen from Fig. 1.3, arsenic in the gas phase of the InAs — HCI
system is represented mostly by the modification of Asy, as the partial pressure of
this component in the entire temperature range is considerably higher than the par-
tial pressure of As,. The calculations of reaction equilibrium constants (1.7) and

(1.8) have shown that the role of these reactions in the transport processes is almost
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equal. From these calculations the recommended temperature mode for InAs grow-
ing from the gas phase in the chloride system was determined: crystallization zone
temperature (750 * 20) K, source zone temperature (875 + 20) K at the initial con-

centration HCI in the ampoule of 1,23-10° mol-cm.

Partial pressure of gas components
system, P (Pa)

600 650 700 750 800 850 900 950

10'5: T

Temperature, T (K)

Fig. 1.3. Temperature dependence of partial pressures of gas components of the InAs-HCI sys-
tem (at the initial pressure of HCI PJ.; = 3 - 10* Pa):
1 - Pinciys 2— Pas,, 3= Prncty 4 — Pinciy, 5— Pas,.

InAs microcrystals were grown by the vapor-liquid-solid (VLS) mechanism
using the eutectic of Au — InAs, whose melting temperature is somewhat lower
than that of InAs and is equal to 720 K. The calculations performed for the process
of InAs microcrystals growing with the introduction of doping impurity Sn have
shown that the introduction of Sn into the system somewhat slows down the mass
transfer of basic components, but does not distinctly affect the temperature mode
of the growing process chosen earlier for the undoped crystals. The grown InAs
microcrystals normally have the cross-section shaped as a triangle or trapezium
with mirror edges and the following geometrical dimensions: width — 80,120 um,
length — 5,10 mm (Fig. 1.1, b).
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During the thermodynamic calculations of the GaAs — HCI system, a tech-
nique similar to the analogous calculations of the InAs — HCI system was used.
The basic components of the gas phase of this system are three gallium halides —
GacCl, GacCl,, GaCls; — and two modifications of arsenic: As, and As,. The basic
reactions which determined the transportation of GaAs in this system were the re-

action of gallium chloride disproportionation and the reaction of arsenic dissocia-

tion:
245y, < ASy (1.9)
2GaAsy + GaCly < 3GaClg) + 1/2 ASy ), (1.10)
GaAs(y + GaCly ) < 2GaClig) + 1/4As4(g), (1.11)

In Fig. 1.4 one can see the computational results of partial pressures of these
reactions in the studied temperature range, which is equal to 800,1200 K for the
GaAs — HCI system.

10°

10°F

—_ —_
= <.

—_
=8

system, P (Pa)

10"

Partial pressure of gas components

10-1 L L . ] . 1 L 1 L ] .
800 850 900 950 1000 1050 1100

Temperature, T (K)

Fig. 1.4. Temperature dependence of the partial pressures of gas components of the GaAs-HCI
system (at the initial pressure of HCI P3., = 3 - 10* Pa):
1_PAS4! 2 _PgaClgi 3_PGaCla 4_PgaClza 5_PA52-
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Based on these calculations and the temperature dependence of equilibrium
constants of basic reactions, the recommended temperature mode of the process of
GaAs microcrystals growing was determined: the temperature of the crystallization
zone is equal to (880 % 25) K, the temperature of the source zone — tO
(1025 + 25) K. GaAs microcrystals being grown at the initial concentration of HCI
in the ampoule of 1,2-10° mol-cm™ have the shape of thin semitransparent films

up to 5 mm long, 100 um wide and 7 pum thick (Fig. 1.1, c).

1.6. Characteristics of the semiconductor microcrystals

The technology of growing and doping A™BY semiconductor compounds in
the process of growth was used for obtaining the samples of InAs, InSb, and GaAs
microcrystals with the different composition of doping impurities and in a wide
range of concentrations of 10 cm to 10'® cm3,

The investigation of temperature dependences of basic electrophysical param-
eters (charge carriers concentration, conductivity, Hall constant and carriers’ mo-
bility) in the obtained crystals was aimed, apart from parameters’ controlling, to
define the behavior of compound doping complexes in the microcrystals and their
effect on the radiation stability of materials and sensors.

For the growing of InSb microcrystals, the undoped InSb as the initial mate-
rial was taken with some quantity of uncontrolled impurities and charge carrier
concentration of n = 4-10% cm= at T = 77 K. The doping of InSb microcrystals was
performed in the process of the growth by separate impurities Sn and Al, by the
binary combinations of these impurities Sn:Al and Sn:Cr, by the combination of
the basic doping impurity Sn with rare-earth impurity of Yb, as well as by the dop-
ing complexes Sn:Al:Cr. All InSb microcrystals obtained are featured by electronic
conductivity.

The temperature dependencies of Hall constant Ry, specific conductivity o,

and charge carrier mobility p1 are represented in Fig. 1.5 — Fig. 1.7. Curve A is the
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theoretically calculated temperature dependence of the Hall constant for pure InSh.

The numbers of curves 1-9 correspond to the numbers of samples in Table 1.1.

Table 1.1

Basic electrophysical parameters of InSb microcrystals at T=77 K

. Charge carri_e " | Hall constant Conductivity Mobility
No Material cor?,cs;t_gatlon Ru, cm3-Ct | o, cm-Ohm' W, cm2-\V-i.g
1 InSb 4-10%° 1553 92 142900
2 InSh<Al> 6-10% 1034 104 107000
3 InSh<Sn> 2-10% 300 264 79000
4 InSb<Sn > 6-10% 98 605 58800
5 InSh<Sn:Yb> 1-10Y 54 850 44400
6 InSh<Sn:Al> 4.10 181 431 78000
7 InSb<Sn:Cr> 9-10% 70 776 53600
8 InSb<Sn:Al:Cr> 5-10% 125 346 43200
9 InSb<Sn:Al:Cr> 1-10Y7 60 465 28000
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Fig. 1.5. Temperature dependence of InSb microcrystals’ Hall constant.
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Fig. 1.6. Temperature dependence of InSb microcrystals’ conductivity.
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Fig. 1.7. Temperature dependence of InSb microcrystals’ charge carriers mobility.
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Temperature dependencies of the kinetic coefficient for all the studied sam-
ples are as expected for indium antimonide. Namely, in the zone of low tempera-
tures up to 300 K the Hall factor remains unchanging, and the specific conductivity
somewhat decreases in the way it is supposed to be in the zone of impurity con-
ductivity up to the entire impurity exhaustion. In the zone of high temperatures, the
change in RH and o shows the transfer into the zone of mixed and inherent con-
ductivity. The mobility of charge carriers in the whole temperature range studied
steadily decreases with the temperature increase.

However, at the properties of all the temperature dependencies of kinetic co-
efficients in samples 8 and 9 doped by the impurity complexes of Sn:Al:Cr, one
can observe some peculiarities that distinguish them from the other. Experimen-
tally the curves of Hall constant dependence in the high temperatures zone for these
samples (8 and 9) go beyond the approximated calculated straight line A for pure
InSh, specific conductivity is as well somewhat lower compared to the other sam-
ples (3 and 4) with similar concentrations, and the temperature dependence of mo-
bility is much weaker in the entire temperature interval. At high temperatures,
where the conductivity of the studied samples is close to the inherent one, the Hall
constant is determined first by the charge carrier concentration.

The calculation of band-gap energy has revealed that all the studied samples
may be divided into two unequal groups by the value of band-gap energy Eg. In
the first group, 7 samples are given (1...7), the band-gap energy of which is
Eg = (0,23 £0,1) eV, which well coincides with the values of Eg for InSb. Among
these samples there are undoped samples of InSb and doped separately by stannum,
aluminium or chromium, as well as by their binary complexes. To the other group
belong two samples (8 and 9), whose band-gap energy noticeably differs from the
previous group: Eg = 0,28 eV, which exceeds the value of band-gap energy in the
samples of the first group by 0,05 eV (i.e. 22%).

The results obtained for the kinetic coefficients and band-gap energy for sam-

ples 8 and 9 allow supposing that the presence of Cr in the vapor phase stimulates
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more effective entering of Al into the crystal lattice in the growing process com-
pared to the doping of microcrystal separately by alumimium or aluminium with
stannum. It may be supposed that when Al is entering into the InSb lattice the di-
luted solid solution AlxIn;Sh is formed, whose band-gap energy is larger than in
the initial InSb (the band-gap energy of AISb is equal to 1,6 eV, the band-gap en-
ergy of InSb is 0,23 eV). Having taken the places in the indium sub-lattice, alu-
minium decreases the possibility of stannum basic donor impurity entering into
this sub-lattice. Therefore, stannum starts taking the places in the Sb sub-lattice,
where it shows its acceptor properties. This results in the degree of samples’ com-
pensation, which should lead to the decrease of charge carriers’ mobility in the
temperature range studied, which can be observed from the data in Table 1.1 that
were obtained experimentally (samples 8, 9).

Besides, when introducing the rare-earth impurity Yb simultaneously with the
basic impurity Sn we can observe a noticeable decrease in charge carrier concen-
tration (sample 5 in Table 1.1). Obviously, the rare-earth impurity Yb interacts
with shallow donors in InSb, creating the effect of basic material’s “purification”
which is typical for lanthanide-type elements.

For InAs microcrystals grown, being doped by stannum in the growing pro-
cess, the character of change in Hall constant depending on temperature, conduc-
tivity and charge carrier mobility corresponds to the behavior of these parameters
in the bulk crystal of electronic type. The temperature dependence of the Hall con-
stant and conductivity for four samples 1 —n=4,6-10% cm; 2 —n=9,2-10% cm; 3
—n=1,6-10" cm3; 4 — n=1,4-10'8 cm™ at T=77K with the different charge carrier
concentration is represented in Fig. 1.8 and Fig. 1.9.

The electron mobility in n-InAs microcrystals in the zone of high tempera-
tures (T = 300 K) is determined by the scattering mechanism on acoustic vibrations
of the lattice, in the zone of low temperatures (T < 300 K) — by the scattering on

acoustic vibrations and ionizing impurities.
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Fig. 1.8. Hall constant temperature dependence of InAs<Sn> microcrystals.
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Fig. 1.9. Conductivity temperature dependence of InAs<Sn> microcrystals.

1.7. Characteristics stabilization technique for radiation-stable Hall sensors

In high-energy particle irradiation, the radiation defects in semiconductors are

accumulated in the crystalline lattice, which causes the change of the Fermi level
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position, which leads to considerable changes in the material’s electrophysical
properties. The nature and properties of the radiation defects, especially in the com-
pound semiconductor, are not known enough even nowadays, despite numerous
investigations. Thus the development of the irradiation semiconductor’s model,
which does not require detailed information about the nature and the parameters of
the radiation defects, is effective for the quantitative evaluation of the electrophys-
ical parameters of the irradiated semiconductor.

Thus, the calculation of the irradiated semiconductor’s theoretical model and
the results of the experimental investigations show that Fermi level fixation in the
defective bulk semiconductor, being exposed to high energy particle irradiation,
occurs near the deepest defective level of the crystal in the semiconductor’s band-
gap zone. As this level is invariant relatively to the types of radiation damage in
the crystal lattice, the model of Fermi level fixation is universal, as they depend
upon the energy-band structure of bulk semiconductor only.

The electronic properties of the irradiated semiconductor (for example, the
Hall effect) are determined by the peculiarities of the crystal’s band spectrum near
the band gap. Thus, owing to the peculiarities of GaAs energy spectrum Flim level
is located near the middle of the band-gap, which causes a high resistivity of irra-
diated GaAs (108 + 10'°) Ohm-cm at 300K, which makes it unusable for such de-
vices as Hall magnetic field sensors.

At the same time, the Flim level for InAs is fixed in the conductivity band and
provides n+-type conductivity of irradiated InAs, which is caused by the “low”
position of Gec, being formed by In cation, relatively to the Flim level energy. As
for the irradiated InSb, the fixation of the Fermi level for it, like for the other binary
antimonides, leads to a p-type conductivity resulting from a considerable spin-orbit
split of the valence band.

From the theoretical presentation of the Fermi level fixation model and cal-

culations performed, the following recommendations are given for using A''BY

29



Radiation-resistant semiconductors for Hall magnetic sensors

semiconductor compounds for magnetic field sensors, being assigned for the oper-
ation under irradiation exposure. From the binary semiconductors GaAs, InAs and
InSh, which are the most widely used by well-known companies (Lake Shore Cor-
poration, Inc., FW Bell, etc.) for the development of Hall sensors, GaAs will be
unusable for the operation under radiation exposure, as the boundary position of
the Fermi level is equal to F;,,, = EV + 0.6 eV and it is located near the middle of
the band-gap, which for GaAs is equal to Eg = 1,51 eV, and makes GaAs high-
resistive to irradiation.

For the irradiated InAs, the calculations determine the position of the Fermi
boundary level as F;,,, = EV + 0.52 eV. In other words, it is located in the con-
ductivity band (Eg = 0,39 e¢V). This position of the Fermi boundary level is in
keeping with the value of boundary charge carrier concentration njim = 3-10*® cm=,
at which this material is supposed to be high-stable in the radiation environment.

As for InShb, the problem of creating a radiation-stable material is much more
complex. The point is that the theoretical calculations and experimental data indi-
cate that the boundary level in irradiated InSb is equal to Fjin = Ev, which corre-
sponds to the p+-type conductivity. However, for magnetic field sensors, InSb of
n-type conductivity with high charge carrier concentration is used. Therefore to
use it in the radiation environment, one should solve the problem of Fermi level
shift “inhibit” before it reaches the boundary position Fjin. This problem can be
solved by different technological methods, among which a method of InSb crystals
doping by chemical complexes of certain compositions (Sn:Al:Cr) in the process
of their growth with the following radiation modification of their properties proved
to be effective.

The technique of semiconductor electrophysical characteristics stabilization
by doping with chemical impurities in the process of growing semiconductor ma-
terials InAs and InSb was developed. It is necessary to take into consideration the
possible nuclear reactions, which occur during neutron irradiation, in the fluxes of

which there is always a part of thermal and resonance neutrons. Under the effect
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of this very part of reactor neutron flux, the transmutation reactions of lattice’s
basic elements into different isotopes take place.
For the elements of InAs and InSb crystal lattice, the basic nuclear reactions

which lead to the creation of impurities are:

U310 (n, y), Mn _ﬁgdays 1146y (1.12)

1S 10(n,y), 116In _)é?Mnm 1166y (1.13)

75As(n,y), "®As —>§6,4days 76Se. (1.14)
215h(, 1), 22Sh =5 Tays Te,

(1.15)

1235p(n,y), 1#4Sh —>f’1’;ay5 1240, (1.16)

In both selected materials InAs and InSb stannum is a basic (97%) final prod-
uct of the reactions (1.12) and (1.13), and the concentrations of isotopes Se and Te
created by the reactions (1.14) - (1.16) do not exceed 2,7 % and 2% respectively.

Thus, the basic impurity which will be additionally introduced at the neutron
irradiation and will influence the properties of the selected materials is stannum.
This reasoning became the ground for stannum selections as the basic donor impu-
rity at the doping of InAs and InSb to provide the required level of charge carrier
concentration in the material of n-type conductivity.

As it was already stated, stannum should be introduced in the process of crys-
tal growing up to the boundary value of intrinsic carrier concentration, which is
equal to n;m=3-10%8 cm=3, so that to grow InAs high-stable in the radiation fields.

So that to grow high-stable InSb of n-type conductivity, suitable for magnetic
field sensors, a technology of InSb initial material doping by the impurity complex
which consists of several impurities with different purposes (Sn:Al:Cr), each of
which performs some functions in the irradiated material’s characteristics stabili-
zation having kept the electronic type of conductivity and sufficient charge carrier

mobility, was developed. Due to the reasoning above, stannum was selected as a
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basic donor impurity, which provides for the required level of the material’s charge
carrier concentration of n-type conductivity material in such a compound impurity
complex. The rest of the impurities in this impurity complex are intended to stabi-
lize the electrophysical characteristics of InSb in the fields of high-energy irradia-
tion. Isovalent impurity of aluminium, having replaced the atoms in the In sub-
lattice, is intended to create drains for the radiation defects owing to the difference
of atomic radii and the appearance of the elastic fields, which lead to the defor-
mation of lattice potential. Chromium, having created a deep level in InSb, con-
tributes to the “inhibit” of Fermi level near deep level and therefore stabilizes the
materials’ characteristics. The optimal ratio of doping impurities in the compound
impurity complex is determined by experimental investigations.

Radiation modification of characteristics is applied in the complex technique
after the stabilization of grown crystals’ properties by their doping with chemical
Impurities in the process of growth.

Microcrystals of InAs among the investigated materials do not require the
application of radiation modification technology, as their properties when doped
to the boundary level of charge carrier concentration njm = (2 + 3)-10'® cm™, being
determined from the theoretical predictions, are usable for manufacturing mag-
netic field sensors and stable under the conditions of high energy irradiation. The
tests of the grown microcrystals have shown that their basic parameter, which is
charge carrier concentration, does not change by more than 0,5% at the neutron
irradiation up to the fluences of F = 1-10*® n-cm™. On the basis of such high stable
microcrystals, radiation hard Hall magnetic sensors are manufactured.

Radiation modification is a necessary stage in high-stable microcrystals’ cre-
ating technology for the other material investigated, which is InSb. It was per-
formed after InSb microcrystals growth, being doped by the impurity complex
(Sn:Al:Cr) up to the optimal charge carrier concentration, being determined by the
experimental investigations of radiation stability of microcrystals with the different

composition and ratio of doping impurities. The radiation modification consists in
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the technology of irradiation of InSb microcrystal by the neutron flux with a certain
ratio of thermal, intermediate and fast neutrons in the total flux. Under the effect
of neutron of the energetic spectrum composition specified, two competitive pro-
cesses take place in InSb microcrystals: 1) nuclear doping with stannum due to the
transformation of In lattice atoms into Sn with the participation of thermal and
intermediate neutrons and 2) partial compensation of the electron material due to
the introduction of radiation defects of acceptor type with the participation of fast
neutrons. The amphoteric properties of the stannum basic doping impurity are
taken into account in the process of radiation modification. According to these
properties, when a certain level of stannum atoms concentration is achieved, the
redistribution of stannum takes place between the sub-lattices of indium and anti-
monide.

The whole complex of the technological methods performed (complex doping
with chemical impurities and radiation modification subject to amphoterism of the
primary donor impurity) allowed obtaining high stable microcrystals of InSb,
whose charge carrier concentration does not change by more than 0,05% at the
tests under neutron irradiation up to the fluences of F = 1:10%° n-cm™. The optimal
charge carrier concentration in such high-stable microcrystals is equal to
n = 6,4-101 cm=. Such high stable microcrystals of InSb have formed the basis

for radiation hard magnetic field sensors.

1.8. The investigation of nuclear-doped crystals’ radiation stability

According to modern theoretical models and experimental investigation, the
parameters of the irradiated semiconductor depend primarily on the intrinsic fun-
damental characteristics of the materials (e.g., energy-band structure) and some-
what on the conditions of irradiation and materials’ prehistory.

A range of investigations was performed for the experimental verification of

the basic principle of irradiated semiconductor’s theoretical model, which is a
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slight dependence of characteristics of the materials investigated InSb and InAs

upon the prehistory of the materials, which is a method of obtaining and doping.

For the investigation, the crystals obtained by different methods were se-
lected:

e Bulk InSb crystals obtained by the Czochralski melt method and doped by nu-
clear doping by neutron irradiation up to the fluence of F = 1-10'" n-:cm?, in the
neutron reactor, in which the part of thermal neutrons is equal to 80%;

¢ InSb microcrystals obtained from the gas phase and doped by chemical impu-
rities in the growing process;

¢ InSb microcrystals obtained from the gas-phase and nuclear-doped in a reactor
by the technology being similar to those of bulk crystals;

e Bulk InAs monocrystals obtained by the Czochralski melt method and doped
by nuclear doping;

¢ InAs microcrystals obtained from the gas phase and doped by chemical impu-
rities in the growing process.

The performed investigation has shown that for both InAs and InSb the sta-
bility of characteristics at the testing in neutron fluxes depends on the value of
charge carrier concentration only and does not depend on the material’s prehistory,
I.e., the method of growing and doping impurity introduction. Fig. 1.10 and
Fig. 1.11 show the results of the test of InNSb<Sn> and InAs<Sn> crystals irradiated
in the neutron flux up to the fluence of F = 1-:10* n-cm™ and obtained by the dif-
ferent methods. The obtained results are represented on the dependence curves of
relative charge carrier concentration vs. initial concentration in crystals. These
changes have the minimum values at the initial concentration for InSh of
No=(6+7)-10Y cm3, and for InAs — ng = (2+3)-10* cm™, which are in good
agreement with the results of the previous investigations for InSb and InAs micro-
crystals. Thus, the performed experimental investigations confirmed the principle

of the theoretical model of irradiated semiconductors about the independence of
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InSb and InAs irradiated materials’ properties of the materials’ prehistory, which
Is the method of obtaining and crystal doping.

However, the difference in the quality of the obtained materials when com-
paring the methods of nuclear doping and metallurgical doping in the growing pro-
cess with the following radiation modification is considerable. It is represented in
the degradation of basic electrophysical properties of nuclear-doped samples com-
pared to the samples doped metallurgically in the growing process. This difference
is especially notable in structurally perfect microcrystals of InSb and InAs, ob-

tained from the gas phase.
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Fig 1.11. Concentration dependence of relative change of charge carrier concentration for the
samples of InAs<Sn>.

The reason for these negative changes in nuclear-doped materials’ character-
Istics consists in the fact, that the process of nuclear doping is not finished by the
samples’ doping only under the effect of neutron irradiation. The presence of so-
called “fast” neutrons in the reactor spectrum, which feature high energy, causes
the appearance of radiation defects and even the disordered areas in the irradiated
material. Directly after the nuclear doping, if it was not performed at the increased
temperatures, the density of the radiation defects greatly exceeds the concentration
of the chemical impurity introduced at the nuclear doping, and the properties of the
irradiated unannealed materials are determined primarily by the properties of de-
fects introduced at the irradiation. The removal of radiation defects is one of the
most important technological operations, and the quality of nuclear-doped materi-
als depends on the completeness of such defects’ annealing.

The annealing of the radiation defects is a complex technological task, as they
form the complexes with impurities in the initial material, which results in the
necessity for the development of different annealing modes (temperature, dura-
tion, atmosphere) for different semiconductor materials and even for the same ma-
terial with the different composition of some deep residual impurity. The experi-
mental results proved that the annealing of basic bulk of radiation defects in the
irradiated semiconductors takes place in the temperature range up to the order
(0,5 +0,7) of the material melting temperature Tiiq. In highly irradiated semicon-
ductors the annealing of the residual radiation defects continues up to the Tiq, and
here the entire parameters’ regeneration does not occur. This is caused basically by
two factors — the creation of high stable radiation defects at high neutron fluences;
and by the effect of impurities’ polytropy in highly doped semiconductors.

So that to introduce a required quantity of doping impurity Sn into a material

by the nuclear doping, the crystals should be irradiated up to much higher fluences
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compared to the fluences required for the radiation modification of crystals’ prop-
erties.

The necessity of application of high fluences (F = 10" n-cm™) for the intro-
ductions of impurities by the way of nuclear doping leads to a considerable de-
crease (1,5-2 times) of the charge carrier mobility due to the sputtering of a great
amount of the simultaneously introduced radiation defects. For example, the
charge carrier mobility of nuclear doped InSb crystals with no annealing is sinking
to 9300 cm? V15t compared to 18700 cm? Vst in InSb microcrystals doped by
chemical impurities in the growing process with the same charge carrier concen-
tration of n=6-101" cm™. For InAs, the ratio of mobility values in similar samples
is equal to 12700 cm? Vst and 18400 cm? Vs respectively at the same charge
carrier concentration for both samples of n = 2-:10% cm™. Thermoannealing, which
is obliged to be performed at rather high temperatures, the whole regeneration of
charge carrier mobility value in nuclear-doped samples is not achieved.

From the results of the investigations stated it follows that to obtain high-
stable InSh and InAs semiconductor microcrystals for magnetic field sensors, for
which the value of charge carrier mobility is vital, the preference should be given
to the method of metallurgical doping for InAs and of metallurgical doping with

the following radiation modification for InSh.

1.9. Summary for Chapter 1

The technology of InSb, InAs and GaAs semiconductor microcrystals growth
being doped by donor, isovalent, rare-earth impurities and based-on impurity com-
plexes has been developed. The technology uses a CVD flow system. The shape
of whiskers and thin films have a very high level of structure perfection. They are
effective prototype samples for the investigation of radiation stability and proto-

typing magnetic field sensors.
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Experimental investigations have determined the effect of separate impurities
and impurity complexes on the electro-physical properties of crystals grown. By
the basic donor impurity Sn the microcrystals of InSb and InAs were obtained in a
wide range of charge carrier concentrations of 10 ¢cmto 10! ¢cm. The introduc-
tion of rare-earth impurity of Yb into InSb shows itself in the decrease of charge
carriers concentration and increase of their mobility when interacting with atoms
of Yb with shallow donors in the basic materials. The use of impurity complexes
Sn:Al:Cr leads to the increase of band-gap energy by 22% compared to the un-
doped crystals. The optimal ratio of doping elements in the compound impurity
complexes, which leads to the stabilization of the material’s parameters, is deter-
mined in the experiments on the investigation of radiation exposure effect on the
crystals’ characteristics.

The complex technique of high stable InAs and InSh microcrystals obtaining,
which consists of theoretical prediction of irradiated A"BY semiconductors’ prop-
erties and recommendations regarding the initial parameters of high-stable materi-
als InSbh, InAs, GaAs for magnetic field sensors, technological methods of growing
and the stabilization of doped microcrystals’ characteristics, and methods of radi-
ation modification of semiconductor crystals’ properties were created.

The realization of the developed technique has allowed obtaining high-stable
microcrystals InAs and InSb for radiation hard magnetic field sensors, the charac-
teristics of which remain stable at the level of 0,5% Ta 0,05% respectively at the
neutron irradiation up to the fluence of F = 1-10%® n-cm™.

The experimental investigation of InSb and InAs crystals’ radiation stability
verified and confirmed one of the basic principles of irradiated semiconductors’
theoretical model about the independence of irradiated materials’ properties of the

materials’ prehistory, which is the method of crystal’s obtaining and doping.
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2. STRUCTURES AND MODELS OF 3-D THIN-FILM MAGNETIC
SENSORS

2.1. Overview of topics on 3-D thin film magnetic sensors

Nowadays 3-Dimensions (3-D) magnetic sensors able to measure three mu-
tually orthogonal components Bx, By and Bz of the magnetic flux density are of
high interest. Such 3-D sensors use a specific combination of horizontal (normal)
Hall sensors with vertical (tangential) Hall sensors, Split Hall Structures (SHS), or
magnetotransistors. Typically, vector 3-D magnetic sensors form the basis of
measurement devices for magnetic field mapping and defining the spatial position
of objects in a reference magnetic field in different application areas including
magnetic tracking [1].

An SHS-based 3-D magnetic sensor is designed as a bulk semiconductor in-
tegrated structure with 8 or more electrodes. Combining current flows through
these electrodes and measuring the corresponding voltages, one defines projections
Bx, By, Bz of the magnetic flux density vector. Typically, such an integrated 3-D
sensor incorporates one component that serves as a traditional SHS whose sensitive
axis (Z) is perpendicular to the semiconductor layer plane and two other compo-
nents whose sensitive axes (X and Y) are parallel to the semiconductor layer plane.
The latter two components are called vertical SHSs. Magnetotransistors are a bulk
semiconductor integrated structure built upon dual-collector lateral transistors
whose geometry is optimized in order to achieve high sensitivity of collector cur-
rents to the magnetic field.

It should be emphasized that fabrication of both SHS-based and magnetotran-
sistor-based 3-D sensors requires structures that can only be obtained by solid-state
silicon integrated circuit technology. However, such structures and, first of all,
their p-n junctions, can boast neither high radiation nor thermal stability, which

narrows the application area of most available 3-D sensors. So, a new generation
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of vector 3-D magnetic sensors is in high demand, primarily for usage in space,
particle accelerators, and thermonuclear fusion reactors.

This chapter addresses the problems of developing a series of new SHS-based
3-D magnetic sensors that can dispense with p-n junctions and be implemented by
thin-film technology traditionally used for manufacturing Hall sensors, including
those based on InSb films. Due to this one can create 3-D sensors resistant to harsh
environments, for instance, for magnetic field diagnostics in thermonuclear fusion
reactors or increased radiation in industrial disaster management devices. Besides,
the work proposes a SPICE model of a 3-D magnetic sensor which can be used
when designing the proposed sensor and refining its calibration technique.

Let us consider typical problems of 3-D magnetic sensor design, research, and
usage by examples of the newest scientific literature sources. Magnetic vector field
sensor using magnetoelectric thin-film composites was proposed in [2], monolithic
integrated 3-D magnetic field sensor based on MEMS technology — in [3], single-
chip integrated 3-D Hall sensor — in [4], three-dimensional field sensing with mag-
netotransistors — in [5], low power 3-D-magnetotransistor based on CMOS (Com-
plementary Metal-Oxide-Semiconductor) technology — in [6].

In [7] measurement characteristics of different integrated 3-D magnetic field
sensors were studied, whereas [8] discussed planarization, fabrication, and charac-
terization. Crosstalk analysis and current measurement correction in circular 3-D
magnetic sensor arrays were given in [9]. In [10] misalignment and magnetic cross-
sensitivity of integrated vertical Hall sensors were considered.

The literature covers problems of integrating 3-D magnetic sensors with other
sensor technologies, including functionally integrated sensors on magnetic and
thermal methods [11] and a soft magnetic 3-D Force sensor [12]. In [13] a 3-D
magnetic field sensor concept for use in inertial measurement units was presented.
Implementation of 3-D magnetic field sensors for magnetic tracking was presented
in [14, 15] and for labs instrumentation — in [16]. Silicon on Insulator (SOI) 3-D
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structures for System-on-Chip Applications are presented in [17] whereas device-
technological simulation of local 3-D SOI structures is covered in [18].

Problems of 3-D sensor simulation are discussed in the following publica-
tions: 3-D finite-element analysis of Giant magnetoimpedance thin-film magnetic
sensors [19], a numerical methodology for a 6 DOF (Degrees Of Freedom) pose
estimation with 3-D magnetic field sensors [20], spatial models of split Hall struc-
tures [21]. Key issues of 3-D sensor simulation are the detection of dependencies
for further enhancement of sensor calibration techniques, including arbitrary rota-
tion method for 3-D magnetic sensors calibration [22].

For the thin-film magnetic sensor presented in this work, SPICE (Simulation
Program with Integrated Circuit Emphasis) modeling is used. SPICE includes
many semiconductor device models, for example, resistors, capacitors, inductors,
diodes, and transistors. Up-to-date versions of SPICE comprise independent volt-
age and current sources, ideal transmission lines, active components, and voltage
and current controlled sources three levels of MOSFET (Metal-Oxide-Semicon-
ductor Field Effect Transistor) model, a combined Ebers—Moll and Gummel-Poon
bipolar model, etc.

Modern SPICE simulation concerns a wide range of scientific problems. To
name a few, it includes developing models of organic light-emitting structures [23],
ferroelectric transistors [24], and a thermoelectric module [25]. SPICE simulation
of magnetic field sensors is covered in the following publications: Physical simu-
lations of response time in Hall sensor devices [26], Behavioral model of magnetic
sensors for SPICE simulations [27], Analysis and Modeling of One-Dimensional
Folded Vertical Hall Sensor With Readout Circuit [28].

Upon the analysis of the above-mentioned literature sources, one can state
that problems of 3-D magnetic sensor design and simulation are of current interest.
The authors’ main results on the above-mentioned topics are presented in our pub-

lication [29, 30] and patents [31]. This chapter briefly summarizes these results.
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2.2. Thin-film structure layers

The thin-film structure layers of presented further 3-D magnetic sensors and
the main steps of their manufacturing are given in Fig. 2.1. The sensors’ active area
Is the thin InSb films (1) of correspondent configuration formed at the semi-insu-
lating GaAs substrate (2). Sensor contacts are formed by the metallization layer
(3), which typically is the golden films together with other metals, for example,
with a titanium sub-layer (Fig. 2.1, a). The common type of HG-sensors and MF-
sensor presume InSb films with a thickness of about 1 pum. 3-D-sensors presume
InSb films of thickness approximately 10 um and require high precision etching of
separate areas of these films, thinned to a few percent (2.. 10%) of their thickness.
High radiation resistance of the sensors developed is provided by special InSb film
doping methods.

For manufacturing the structures, three photolithographic processes are used.
The first photolithography is intended for the creation of the contact system —
Fig. 2.1, b; the second one is for etching InSh film into the whole depth — Fig. 2.1,
c; and the third one is for etching the InSb film to 0.1 of their thickness — Fig. 2.1,
d. The area of chips is about 1.5 mmx1.5 mm, and the dimensions of contact areas
are 0.3 mmx0.3 mm. The general view of thin-film 3-D sensors is presented in
Fig. 2.2, a piece of the manufactured wafer with sensor chips is depicted in Fig. 2.3

and separated sensor chips —in Fig. 2.4.

Fig. 2.1. The structure of film sensor layers.
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Fig. 2.2. General view of thin-film 3-D sensors.

Fig. 2. 3. A piece of the manufactured wafer with sensor chips.

Fig. 2.4. The separated chips of sensors (a) and a chip mounted on a substrate (b).
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2.3. Sensor design #1

Sensor design #1 is the vertical Split Hall Structure (SHS) mentioned in the
review. Its topology and intersection are shown in Fig. 2.5, where the following
notations are used: 1 — substrate, 2 — semiconductor active area, 3 — central current
electrode, 4 and 5 — lateral current electrodes, 6 and 7 — potential electrodes, 8 and
9 —auxiliary areas, 10 and 11 — intermediate areas. Intersection A-A of the vertical
SHS and the directions of the magnetic flux density vector projections have been
shown as well. Projections Bx and By of the magnetic flux density vector lie in the
plane of the transducer whereas projection Bz is perpendicular to this plane. Such

orientation of SHS is intended for measuring projection Bx of the vector.

A-A

B
O

e

i

Fig. 2.5. Sensor design #1.

A simplified description of the SHS manufacturing process is as follows. A
semiconductor InSb epitaxial film of thickness h; = (7+15) um and doping con-
centration N = (10%® + 10%") cm is grown on a high-resistance GaAs substrate. A
contact system that provides a low-resistance ohmic contact to InSb and serves as
contact areas is formed on the InSb epitaxial film by metallization with metals such
as Au, Cu, etc.

As was mentioned before, the structure is manufactured in three stages. The
first stage is aimed at etching the contact system. The second one is intended for

etching an InSb film spanning across the whole thickness, h;. During the third stage
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an InSb film spanning across nearly 90% of the film thickness, h,, should be
etched. Such incomplete etching of a semiconductor film in specific areas of the
structure along with the corresponding structure geometry enables the implemen-
tation of a 3-D thin-film magnetic sensor. It is of key importance that the thickness
h, of the intermediate areas, which are denoted 10 and 11, is much less than the
thickness of the active area denoted 2.

A new solution is the principle of forming signals and the design of the basic
component of such 3-D sensors — the vertical SHS. In contrast to known solutions,
the potential (Hall) electrodes of the vertical SHS are formed inside the semicon-
ductor layer rather than on its surface. Namely, the potential electrodes reside in
the intermediate area Ah between the semiconductor layer and either dielectric or
high-resistance semiconductor substrate. It enables the manufacturing of such sen-
sors with no p-n junctions and no dielectric layer between the semiconductor and
metallization layers.

The operation principle of a vertical thin-film SHS is as follows. The trans-
ducer is connected to a power supply, usually a current source. For this purpose,
central current electrode 3 is connected to the first electrode of the power supply
whereas lateral current electrodes 4 and 5 are connected together to the second
electrode of the power supply. Thus, current in the working area is distributed
equally and flows in two opposite directions with respect to the central current
electrode.

Neglecting current in the circuits of two potential electrodes 6 and 7 one can
assume that the potentials on these electrodes are equal to the corresponding po-
tentials of intermediate areas 10 and 11. In this way, the design of the transducer
enables forming of an output voltage on potential electrodes 6 and 7 that is equal
to the voltage difference between the areas on the bottom surface of the active area
near their contact with intermediate areas 10 and 11. As has been mentioned before,

intermediate areas 10 and 11 are much thinner than active area 2, which ensures
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that the very potentials of the bottom surface of the active area are formed on po-
tential electrodes 6 and 7.

In the general case, the voltages on potential electrodes 6 and 7 consist of
three components. The first component, Vg, is caused by voltage drop at semicon-
ductor active area 2. Taking into account that the active area is symmetric with
respect to the first current electrode 3, the first components of the voltage on po-
tential electrodes 6 and 7 are equal: V5 (6) = Vi (7).

The second component, Vz, is caused by projection Bz of the magnetic flux
density vector that is perpendicular to the transducer plane. Taking into account
the transducer design and current flow directions in it, the second components of
the voltage on potential electrodes 6 and 7 are equal as well, i.e., V,(6) = V,(7).

The third component, Vy, is influenced by projection Bx of the magnetic flux
density vector. In contrast to the previously mentioned two voltage components,
this one has the opposite signs on potential electrodes 6 and 7: Vx(6) = V4 (7).
Particularly, under the influence of the Lorentz force in the top part (Fig. 2.5) of
active area 2 charge carriers deflect to the top surface of the semiconductor layer
whereas in the bottom part they deflect to the bottom surface, towards the substrate.

The difference in potentials that occurs due to such deflection of charge car-
riers is transmitted to potential electrodes 6 and 7 through intermediate areas 10
and 11. It is worth mentioning that projection By of the magnetic flux density vec-
tor, which is parallel to the current flow direction in the active area, does not cause
any charge carriers deflection and thus can be neglected: V,, (6) = Vy, (7). Thus, the
voltage difference between potential electrodes 6 and 7 depends only on projection
Bx of the magnetic flux density vector.

As has been said before, the proposed 3-D thin-film sensor includes two or-
thogonally placed vertical SHSs that provide sensitivity to projections Bx and By
of the magnetic flux density vector, and a horizontal Hall sensor sensitive to pro-

jection Bz.
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Fig. 2.6 shows the topology and a photo of the active area of a 3-D thin-film
sensor on design #1. The active area of the horizontal Hall sensor is the central part
of the 3-D sensor, i.e., the area where two orthogonally placed vertical SHSs inter-
sect. Obviously, such a solution does not allow us to place current electrode 3,
which has been shown in Fig. 2.4, in the central part of the sensor. This problem

can be solved by an original approach to feeding the 3-D sensor.

Eq E | E. |
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Fig. 2.6. Topology (a) and a photo (b) of a 3-D thin-film sensor chip on design #1.

When measuring projections Bx and By electrodes E; and Es of the 3-D sensor
(Fig. 2.6) are connected to the positive electrode of the power supply whereas elec-
trodes E; and E; are connected to its negative electrode. Thus two current flows
with opposite directions are ensured: the current flows down from electrode E; to
the structure center and up from electrode Es to the center. In the center of the
structure these two current flows mix and then split again in two opposite directions
— to the right, towards electrode Es, and to the left, towards electrode E;. These
current flows with opposite directions in the proposed 3-D sensor are crucial for
forming voltage differences V(E,) — V(e,) and V(Eg) — V(e,) on the potential
electrodes. The voltage differences are informative signals of projections Bx and

By of the magnetic flux density vector, correspondingly.
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For the measurement of projection Bz, which is perpendicular to the sensor
plane, only four electrodes are used. Electrodes E; and Es serve as current elec-
trodes whereas E; and E; — as potential ones, which is a typical way of operating
horizontal Hall sensors.

To ensure the same sensitivity for the three SHSs inside a 3-D sensor one
should take into account the following fact. In contrast to traditional horizontal
Hall sensors whose sensitivity is inversely proportional to the thickness of the sem-
iconductor active area layer, the sensitivity of vertical SHSs is inversely propor-
tional to the width W of the semiconductor area. That is why it is recommended
that the width W of the active area should be minimized and nearly equal to the
thickness h; of the semiconductor layer.

Some modifications of a 3-D thin-film sensor on design #1 are presented in
Fig. 2.7 and Fig. 2.8. The difference between these modifications is in the size and

shape of intermediate areas 10 and 11 presented in Fig. 2.5.
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Fig. 2.7. Modifications of a 3-D thin-film sensor on design #1 (topology).
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Fig. 2.8. Modifications of a 3-D thin-film sensor on design #1 (3-D view).
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2.4. Sensor design #2

Sensor design #2 is shown in Fig. 2.9, where the following notations are used:
1 —semiconductor active area; 2 — outer insulating area; 3, 4, 5, 6 — four current
contacts; 7, 8, 9, 10 — four voltage contacts; 11 — inner insulating area. The topol-
ogy of a 3-D thin-film sensor on design #2 is shown in Fig. 2.10 and a photo of its
chip —in Fig. 2.11.

Fig. 2.9. Sensor design #2.
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Fig. 2.11. 3-D thin-film sensor on design #2 (sensor chip).
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The sensor design #2 transducer is fed by the current source, and one pair of
mutually opposed current contacts (for example 3 and 5) is connected to one output
of the power source (for example, positive), whereas another pair (4 and 6 corre-
spondently) — to the other power source contact (negative, correspondently). Ac-
cording to this connection scheme, the four current flow circuits are formed: |4,
36, Is4, 156, Where the indexes in the marked currents correspond to the numbers of
current contacts. These current flow circuits geometrically form the square sides.

The matter of principal importance is that the currents, that flow in opposed

square sides are equal by value and opposed by sign: 1?4 = —@; E = —E. The

output signal of the transducer is the voltage difference between the voltage con-

tacts. The informative signals about the magnetic field vector projections Bx, By,

Bz are the voltages Vx, Vv, Vz, which in first approximation are determined as:
Vx =Vg = Vig; Vy = V7 = Vo; Vz = [(Vg = Vo) + (V1o — V7)1/2.

The novelty of sensor design #2 is the limitation of the area of current transi-
tion between the 2" outer and 11 inner insulating areas. This provides an increase
in the sensor sensitivity to the Bx and By magnetic fields and decreases the cross-
impact between the informative signals.

The increase in sensitivity is explained by reducing the active area size of the
transducer. In contrast to the traditional Hall transducers (sensitive to the field B;
perpendicular to the transducer plane), where the size that determines the sensitiv-
ity is the active area thickness, in the case of the Bx, By field transducers the de-
terminative size is the current scattering region area. The smaller the area occupied
by the current scattering region, the higher the voltage difference between the two

correspondent voltage contacts. As a result, sensor sensitivity is improved.
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2.5. Sensor design #3

Sensor design #3 is shown in Fig. 2.12, where the following notations are
used: | —the first Hall transducer; Il — the second Hall transducer; 111 — electromag-
netic compensation loop; IV — substrate. The topology of the sensor on design #3

Is shown in Fig. 2.13 whereas a photo of its chip is given in Fig. 2.14.

A-A

Fig. 2.12. Sensor design #3.

The type #3 transducer has 8 outputs, among which: 1, 5 — current outputs
(common for the first and second Hall transducer); 3, 7 — voltage outputs of the
first Hall transducer; 4, 6 — voltage outputs of the second Hall transducer; 2, 8 —
outputs of electromagnetic compensation loop. The contact areas and electromag-
netic compensation loop is formed in the metal film, which in its turn is deposited
in the semiconductor material film. The manufacturing of the loop and its contact
areas is performed in the same technological process as the Hall transducers’ con-

tact areas.

Fig. 2.13. Sensor design #3 (topology).
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Fig. 2.14. Sensor design #3 (sensor chip).

The geometry of voltage outputs of the second Hall transducer Il is mirror-
symmetrical to the electromagnetic compensation loop I1l. The thickness of the
active layer of the second Hall transducer Il is smaller than the first one I.

Under the influence of the magnetic field the Hall voltages V37 and Ve are
formed at the voltage outputs of the first | and the second Il Hall transducers cor-

respondently. In the first approximation, these voltages are determined as:

Ry-I.-B-cosa Ry-I.-B-cosa
Vizy = d » Viae = d
I 1

where Ry — is the Hall constant; I- — Hall transducers supply current; B —magnetic
field induction; cos a — the angle between the magnetic field induction vector and
the perpendicular to the Hall transducers plane; d; and d;; — the thicknesses of the
active layers of the first and the second Hall transducers.

When the transducer is under the influence of the magnetic field, there are
also electromagnetic interference voltages Vem formed at its outputs, whose values
in the first approximation are proportional to the magnetic field change velocity
and areas of closed circuits. These circuits are formed by the outputs of the trans-
ducer and signal transmission lines.

To provide the accurate measurement of alternate field induction values, elec-
tromagnetic interferences Vewm at the Hall transducers’ outputs should be consider-

ably lower than in comparison to the Hall voltages V. It is obvious, that it is nec-
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essary to use the transducers with minimal circuit area, formed by the voltage out-
puts, and with maximal values of Hall voltages at these outputs. However, the prac-
tical realization of such transducers has its own restrictions.

First, decreasing the voltage outputs circuit area to the zero value is impossi-
ble. This area remains considerable, and mostly irreproducible by the value, even
in case of a considerable decrease of Hall transducer dimensions. Besides, it is
necessary to take into account that with the decreasing of the dimensions of the
Hall transducers the irreproducibility of the dimensions increases considerably.
This, in its turn, causes the increase of off-set voltage at voltage outputs. Thus, it
Is obvious that high-quality and high-stable Hall transducers may not have anyhow
small dimensions.

Second, the increase of the Hall voltage i.e. the transducer sensitivity is pos-
sible only at the expense of decreasing the concentration of doping impurity of the
active semiconductor layer or decreasing its thickness. However, the decrease in
concentration worsens the transducer stability, whereas the decrease in the thick-
ness deteriorates its time stability.

The positive effect of sensor design #3 is achieved by introducing the second
Hall transducer with a smaller active layer thickness, and the geometry of the volt-
age outputs of the second Hall transducer is mirror-symmetrical to the electromag-
netic compensation loop. The active layer of the first Hall transducer is formed by
sufficiently thick (some micrometers) for providing high time stability of its pa-
rameters. On the contrary to this, the active layer of the second Hall transducer is
formed as sufficiently thin (parts of micrometers) to provide the high values of Hall
voltage, i.e. the high sensitivity of this transducer. The decreasing of the active
layer thickness of the second Hall transducer is performed by selective removal
(etching) of the semiconductor layer part. The electromagnetic compensation loop
Is contacted to the current flow circuit through the Hall transducers, which provides

the stability of the co-phased voltage component at the outputs of this loop.
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Thus, sensor design #3 contains a high-stable (the first) and a high-sensitivity
(the second) Hall transducers, and the loop and voltage outputs of the high-sensi-
tive transducer have equal sizes. The distances between the active parts of both
Hall transducers, and between the Hall transducers and the loop are quite small
(typically, not more than one millimeter). This allows assuming that first, magnetic
field induction is equal in active parts of both Hall transducers, and second, that
the electromagnetic interferences at the voltage outputs of the high sensitive Hall
transducers and electromagnetic compensation loop are approximately equal by
the value.

Using sensor design #3 in the high precision measurement devices for alter-
nate magnetic fields presumes two operation modes. The first one is used for the
direct purpose of the transducer, i.e. for measuring the field induction under the
investigation, and the second mode is for transducer sensitivity control.

In the first operation mode, the second Hall transducer and electromagnetic
compensation loop are used. As was stated above, at the outputs of the Hall trans-
ducer in the alternate magnetic field the electromagnetic interference Vemss Voltage
is formed along with the useful signal Vpss. Namely, Vig = Viyae + Veras-

The presence of electromagnetic interference Vewmss decreases the measure-
ment accuracy of the alternate magnetic fields. In sensor design #3, owing to the
outputs symmetry of the second Hall transducer and electromagnetic compensation
loop, the voltage of electromagnetic interference Vemas at these outputs is approx-
imately equal to the voltage at the electromagnetic compensation, Vemzr: Vgpyor =
Vemae. During the signal processing the compensation of the interference voltage
Vemass at the voltage outputs of the second Hall transducer is performed using the
Vemz7 Voltage. This allows the Vx signal extraction, which is close to the Hall volt-
age Vhas, Which is the informative parameter of the measured magnetic field

Vy = Viae = Vemzz = Viae + Vemas — Vemzz = Viae
However, as the result of such factors as certain asymmetry of the outputs and

input impedance mismatch of the measurement circuits, further extraction of the
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useful signal is impossible. The higher the frequency of the measured magnetic
field, the higher the interference voltage Vemas, Which causes the measurement ac-
curacy to decrease. The minimization of the active layer of the second Hall trans-
ducer in sensor design #3 provides the increasing of the ratio between the useful
signal voltage V46 and interference voltage Vemas. This, in its turn, contributes to
the measurement accuracy increasing.

One should state that the high-sensitive Hall transducers with small thick-
nesses of the active layer have insufficient time stability, which requires the peri-
odical control of their parameters. Such control is performed in the second opera-
tion mode of the type #4 transducer. For this, the latter is placed into one or some
points of a permanent magnetic field and the voltages at the voltage outputs of both
Hall transducers are measured. In this mode, the first and the second Hall trans-
ducers are used. The first Hall transducer has sufficiently high sensitivity stability,
and therefore it is used as a reference during the sensitivity control of the second
Hall transducer.

As a result of the performed control, the sensitivity of the second Hall trans-
ducer is determined. The period of performance of the control is determined by
such factors as the time drift of the high-sensitive Hall transducer and the accuracy
required for the measurements. So, using three components in type #4 transducer
— high-sensitive Hall transducer, high-stable Hall transducer and electromagnetic
compensation loop allows increasing the measurement accuracy of the high-fre-
guency magnetic fields.

Besides, sensor design #3 may be used as a test structure for high-accuracy
measurement of metal-semiconductor contact resistance. For this, current is fed
through contact areas 1 and 2, and the voltage difference is measured at contact
areas 7 and 8. The measurement result will be the intermediate resistance between

the metal film (electromagnetic compensation loop) and semiconductor film R =
V78/112'
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2.6. Sensor design #4

Sensor design #4 is shown in Fig. 2.15, where the following notations are
used: 1 — substrate; 2, 3, 4, and 5 — four arms of the cross-shaped figure, formed
by the crossing of two semiconductor areas of vertical Hall transducers; 6, 7, 8 and
9 — current contacts; 10, 11, 12 and 13 — voltage contacts; 14 — semiconductor area

of a horizontal Hall transducer.
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Fig. 2.15. Sensor design #4.

Arms 2, 4 and contacts 6, 8, 10, 12 form the first vertical Hall transducer,
whereas arms 3, 5 and contacts 7, 9, 11 and 13 build the second vertical Hall trans-
ducer. The first transducer is intended for measuring the Bx magnetic field vector
projection, and the second one — for measurement of By projection. The measure-
ment principle of Hall transducers is in forming the voltage difference at the volt-
age outputs during the deviation of charge carriers in the semiconductor area under
the electromotive force influence.

The operation of sensor design #4 presumes two power supply modes. The
first mode provides the operation of vertical Hall transducers, whereas the second
one enables the operation of the horizontal one.

The first power-supplying mode presumes the connecting of the current con-
tacts of the vertical Hall transducers when the currents in their semiconductor areas

are flowing in mutually opposed directions. For this, the current contacts of both
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vertical Hall transducers are connected into one circuit. Namely, contacts 6 and 8
of the first vertical Hall transducer are connected together to the first, for example,
positive output of the power source, whereas contacts 7 and 9 of the second vertical
Hall transducer are also connected together to the second (therefore, negative) out-
put of the power source. So, in the first vertical Hall transducer the currents are
flowing from the top to the bottom (current I, in arm 2) and from the bottom to the
top (current I, in arm 4), and in the second — from the left to the right (current I5in

arm 3) and from the right to the left (current Is in arm 5). In the case of ideal sym-

metry of the transducer structure the equality takes place: E = —E; E = —E.

Output signals of vertical Hall transducers are formed at the voltage outputs
as a voltage difference, which is proportional to the multiplication of the power-
supply current value of the transducer and the correspondent magnetic field vector
projection:

Vy =V(12) —V(10) = Ky - I - By /W — for the first transducer and

Vy =V(13) —V(11) = Ky - I - By /W —for the second transducer,
where V(10), V(11),V(12), V(13) and V(14) are the voltages at the voltage out-
puts 10, 11, 12, 13, 14, correspondingly; Vy, V, and Ky and K, — output signals
and transducing coefficients of the first and second transducers correspondingly; I
— operational current, W — the width of semiconductor areas.

From the physical point of view, the appearance of voltage difference at the
voltage contacts of the vertical Hall transducers is explained by the fact that due to
the opposed current flow directions in both transducer arms, the deviation of cur-
rent carriers in those arms also has the opposed direction. In particular, if carriers
in arm 2 of the first transducer deviate in the direction away from the substrate to
the surface of the semiconductor area, then in arm 4 of this transducer carriers de-
flect in the opposite direction, from the surface to the substrate.

In a highly gradient magnetic field, the voltage difference formed at the volt-
age outputs of the vertical Hall transducers is the informative value of the averaged

field induction value. Taking into consideration that all the voltage outputs of the
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vertical Hall transducers are equidistant from its center (crossing area), the meas-
ured averaged induction value corresponds to the spatial point of the transducer
center.

The second power-supplying mode presumes the application of only one pair
of current contacts, namely 6 and 8 of the first vertical transducer. Then, output 6
Is connected to the first power supply output, and output 8 to the second one. This
provides the linear trajectory of the charge carriers in semiconductor area 14 of the
horizontal Hall transducer.

The output signal of the horizontal Hall transducer is a voltage difference,
proportional to the multiplication of the transducer power supply current and the
Bz projection of the magnetic field induction vector, formed at the voltage outputs
11 and 13 of the second vertical Hall transducer:

V,=V(13)-V(11) =K,-I1-B,/d,
where K is the transducing coefficient; d, is the thickness of the semiconductor
area of the horizontal Hall transducer.

From the physical point of view, the appearance of the voltage difference at
voltage outputs 11 and 13 is explained by charge carriers deviation in semiconduc-
tor area 14 of the horizontal Hall transducer under the influence of Bz magnetic
field induction vector projection that is in the direction from arm 5 to arm 3, or
backward.

As in the vertical transducer, the horizontal Hall transducer measures the mag-
netic field induction value in the transducer center spatial point. Thus, type #3
transducer allows measuring all three projections Bx, By and Bz of the magnetic
field induction vector in a single spatial point.

The other distinctive feature of the type #3 transducer is the possibility to
change the d, thickness of the horizontal Hall transducer semiconductor area. This
allows the formation of the transducer with equal sensitivity value to all three mag-

netic field induction vector projections: Vy/By =V, /By =V, /B,. Taking into
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consideration that the sensitivity of vertical Hall transducers is inversely propor-
tional to the semiconductor area width W, and for horizontal transducer — to the
thickness of its semiconductor area d,, the equality of the stated values of sensitiv-
ity is provided by the corresponding selection of W / d; ratio. It is important that
in contrast to the d; thickness of the vertical Hall transducer areas, the d; thickness
of the horizontal transducer semiconductor area may change after the outputs for-
mation. In particular, the decrease of d, thickness may be implemented by partial
etching of the semiconductor layer.

The increase in the accuracy is caused by the fact that the horizontal Hall
transducer is placed in the center (crossing area) of the vertical Hall transducer.
This provides the high spatial alignment of all transducers (two vertical and one
horizontal), and therefore all the three projections Bx, By and Bz of the magnetic
field induction vector are measured in a single spatial point. During the measure-
ment of highly gradient fields, this gives the ability to decrease the magnetic field
induction vector measurement error by several times. The simplifying of construc-
tion is caused by a series of circumstances. First, the measurement function of
magnetic field three projections is performed by one transducer instead of a set of
vertical and horizontal transducers. Second, the number of transducer outputs is
decreased.

Usage of sensor design #4 is mentioned to be merged with the above-pre-

sented sensor design #1 and its implementation requires no further explanation.

2.7. SPICE model of 3-D magnetic sensors

In contrast to traditional Hall sensors, 3-D magnetic sensors on SHSs have
much more complex measurement conversion functions. Moreover, to obtain their
signals, one needs more complex signal transducers. That is why unified ap-

proaches to circuit simulation in SPICE allow us to simplify the synthesis and anal-
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ysis of the equivalent circuit of an SHS. Having compared the signal families ob-
tained during the analysis of these equivalent circuits with the experimental results,
it is possible to refine the SHS model and then form arrays of data that can be used
for developing calibration techniques.

It is worth mentioning that, for several reasons, it is impossible to use SPICE
or SPICE-based programs directly for magnetic sensors simulation. Firstly, SPICE
libraries do not support any magnetic field parameters. Secondly, simulation anal-
ysis of Hall sensors, especially structurally complex ones based on SHS, should
account for changes not only in the magnetic flux density but also in the sensor
position in a magnetic field. Moreover, depending on the simulation analysis ob-
jectives, the function can have the following arguments: the magnetic flux density
vector length, the projections of the magnetic field vector onto the coordinate sys-
tem associated with the sensor (its spatial position), and the parameters of the sen-
sor structure or temperature.

To solve the above-stated problem, a SPICE model of 3-D magnetic sensors
has been developed. The model is based on equivalent circuits whose elements are
controlled by formal analogs’ parameters, namely, voltage, current, or resistance.
Such formal analogs are the parameters of auxiliary circuit components that for-
mally describe the numerical values of the magnetic field, the position of the sensor
in the magnetic field, and the coefficients of the functional characteristics of the
sensor, including its sensitivity, offset voltage, input, and output resistance, etc.

SPICE and MicroCARP libraries offer a wide range of typical components: re-
sistors, capacitors, diodes, transistors, and controlled voltage and current sources
(VofV, Vofl, lofV, lofl, NFV, etc.) whose syntax allows to preset the dependencies
of the source output on some specific voltages or currents in the circuit in analytical
or table form. From the point of view of designing equivalent circuits for SHS, the
models of the elements that synthesize such equivalent circuits should allow an
analytical description of:

e controlled voltage sources for Hall voltages simulation;
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e controlled resistors for modeling ohmic signal components;

¢ functional dependencies between the parameters of Hall sensors and the mag-
netic field vector components that are implemented by formal analogs and de-
scribed using trigonometric functional relationships, particularly the dependen-
cies of the Hall and ohmic signal components on the sensor tilt angle in the
magnetic field.

Analysis of the functional and parametric capabilities of the controlled
sources has shown that controlled voltage sources of NFV type are the most rea-
sonable choice for the synthesis of Hall voltages.

The functional dependency of the Hall voltage on angle o between the mag-
netic field vector B and the perpendicular N to the sensor plane, Vy = V), - cos ay,
can be formally described analytically as V(E) = V,, - cos(V (1) - ©/180) where
V(E) is the voltage of the NFV source E; V,, = 1V is the normalized maximum
voltage; V(1) is the voltage in node (1) formed by voltage source Va. The latter is
the formal analog of the tilt angle, V(1) = V(V,) = ay, as shown in Fig. 2.16. An

example of the modeling analogy obtained in this way is shown in Fig. 2.17.
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Fig. 2.16. An example of an NFV-type voltage source control circuit.
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Fig. 2.17. An example of the modeling analogy between Hall voltage V, and angle ay.

A model of a functional resistor whose resistance can be set analytically is
used for the synthesis of the sensor magnetoresistive structure. Fig. 2.18 depicts a
sample result of synthesizing the quadratic dependency of resistance Rg of the sen-
sor resistive structure on magnetic flux density B: Rg(B) = Ry - (1 + Kzp - B?) in
the form of dependency R(R;) = R, (1 + Krg - V(1)?) where Ry =100 is re-
sistance at B = 0; Krg is the quadratic magnetoresistance coefficient; V(1) =

V(VB) = B is the formal analog of the magnetic flux density.
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Fig. 2.18. A sample specification for a magnetoresistive structure model.

Upon the above-mentioned approaches for component specification, an
equivalent circuit for the SPICE model of a 3-D magnetic sensor has been synthe-
sized (Fig. 2.19). The model uses the following functional components as formal
analogues:

e VB as the analog of the magnetic flux density vector B;
e Valf and Vbet as analogs of angles o and B of the magnetic flux density vector
orientation in respect to the SHS plane;

e RE and RV as analogs of the magnetoresistance coefficient;
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e EBX, EBY, EBZ as analogs of the Hall voltages in respect to axes X, Y, Z.
These functional components can be placed and connected arbitrarily since
it’s their numerical values, not the result of interaction in the circuit, serve as the
informative value in this representation. However, one should make sure that there
are no idle speed modes or short circuits in the voltage sources since they usually
cause a SPICE syntax error. When appropriate, other functional components may
be added to the model, including those needed for the description of the planar

effect coefficients and SHS asymmetry.

VIE2)
—

valf R63
RB73

RVET RB71
EH8
RE

RB72

Fig. 2.19. The SPICE model equivalent circuit.

Then upon the obtained numerical values of the functional components, the
equivalent circuit of the SHS structure is synthesized. For this purpose, we use the
above-mentioned controlled resistive components RB** and voltage sources EH**
(here ** denote the component number). At the final stage, we equip the synthe-
sized equivalent circuit with an electric feeding circuit including current sources
IE1, IES.

Fig. 2.20, a shows sample simulation results including the normalized signals
Sx and Sy that represent the dependencies of the output voltage differences be-

tween electrodes E2 and E6 (signal Sx) and electrodes E4 and E8 (signal Sy) on
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the rotation angle (Angle, deg) of the structure in the magnetic field. The simula-
tion was conducted for three values (1, 2, 3) of the structure asymmetry that was
marked with some discrepancies in the modulation coefficients of the model com-
ponents’ parameters. Fig. 2.20, b visualizes an evaluation of such asymmetry with
normalized dependencies Sy = fyy (Sxy). When the structure is ideally symmetric,
the following condition should hold: SZ + SZ = const. Taking into account this
fact, one can assess the asymmetry by the extent to which function fxy deflects (2,

3) from an ideal circle (1).
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Fig. 2.20. Sample simulation results.
The parameters of the presented SHS model can be corrected according to the
experimental results. The simulation results are useful for the development and

optimization of SHS calibration techniques.

2.8. Summary for Chapter 2

The new design of 3-D magnetic sensors based on SHS is presented in the
chapter. Combining current flows in such sensors, one measures voltages upon
which one then calculates projections Bx, By, and Bz of the magnetic flux density
vector. The proposed 3-D sensor includes a traditional Hall sensor whose sensitiv-

ity axis (Z) is perpendicular to the semiconductor layer plane and two vertical SHSs
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whose sensitivity axes, X and Y correspondingly, are parallel to this plane. In con-
trast to known solutions, the potential (Hall) electrodes of the vertical SHSs are
formed in the intermediate area between the semiconductor layer and the dielectric
substrate and not on the surface of the semiconductor layer. Due to this solution,
such sensors can be manufactured by traditional thin-film technology.

In comparison to the known 3-D magnetic field sensors, the developed sen-
sors on SHS are characterized by two principal differences. First, in the new sen-
sors on SHS, radiation-resistant semiconductors are used. Second, designs of such
sensors do not require p-n junctions isolation with low radiation resistance. These
differences provided high radiation resistance of the developed sensors.

A SPICE model of the 3-D magnetic sensor based on SHS has been devel-
oped. The model incorporates controlled voltage sources for simulation of Hall
voltages and controlled resistive components for modeling the magnetoresistive
modulation of the structure ohmic areas. The functional relationships between the
parameters of the Hall sensors and the magnetic flux density vector projections are
implemented by formal analogs and described by trigonometric functional depend-
encies, including those existing between the Hall and ohmic signal components

and the sensor tilt angle in the magnetic field.
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3. METHODS OF IN-SITU CALIBRATION AND DATA FUSION BASED
ON INTEGRATED MAGNETOMETRIC TRANSDUCER.

3.1. Overview of topics on in-situ calibration technique

The true value of a physical quantity can never be determined exactly with
one measurement. Errors of measurement should be minimized by specific meth-
ods of calibration and data processing, for example, as are presented in up-to-date
books [1, 2]. The main approaches and advantages of in-situ calibration in common
aspects are presented, as an example, in the chapter “Advantages of in-situ Cali-
bration” of the book [3].

Most recent results in this field may be shown by the following topics: multi-
modal mechanical stimuli stage for in-situ calibration of MEMS gyroscopes [4],
accurate pH measurement and determination in deep-sea environments by an in-
situ pH sensor calibration device [5], development of in-situ microbial analyzer
and internal standard calibration method [6], in-situ calibration of accelerometers
in body-worn sensors using quiescent gravity [7], research on in-situ calibration
technology of six-dimension force sensor for the LIDM docking performance test-
bed [8], in-situ calibration to account for transmission losses in backscatter coeffi-
cient estimation [9], verifying Aquarius radiometer calibration drift using in situ
data [10], improvements in the integration of lidar and photogrammetric datasets
by in-situ camera calibration [11], rapid automatic high-precision in-situ wave-
length calibration for tunable lasers [12], improved permittivity calibration method
for wideband in-situ permittivity probe [13], in-situ array calibration for synthetic
aperture sonar [14].

Some recent examples of in-situ calibration techniques in harsh radiation con-
ditions are as follows: N42.28-2002 — American national standard calibration of
germanium detectors for in-situ gamma-ray measurements [15], in-situ cross-cali-

bration of in-core thermocouples in fast breeder test reactor [16], over-the-air array
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calibration of mmWave phased array in beam-steering mode based on measured
complex signals [17].

This chapter addresses the problems of developing magnetic field measure-
ment transducers’ in-situ calibration in harsh radiation conditions. Presented in the
chapter in-situ calibration methods and magnetic field measurement transducers
are considered within the data fusion concept that recently emerged in information
technologies [18]. In general, data fusion means combining multiple data sources
to obtain more accurate, consistent, and valuable information than any individual
data source can provide [19]. Data fusion techniques are typically used in prognos-
tics systems [20], smart ubiquitous environments including Internet of Things
(1oT) [21], navigation systems [22], image processing systems, particularly medi-
cal imaging [23], human-machine interface devices, and diagnostics devices in-
cluding brain-computer interface [24], etc.

In sensor engineering, the data fusion concept gave rise to sensor data fusion
or, for brevity, sensor fusion. This term mainly refers to heterogeneous sensor data
fusion, i.e. fusion of data from integrated heterogeneous sensors. The latter are
information sources that exploit different measurement techniques [25]. Among
the main research topics in this area, one should mention multisensor data fusion
algorithms [26], analysis of judicious fusion of inconsistent data obtained from in-
tegrated sensors [27], algorithms and unified framework for integrated sensors
[28], etc. Some sample modern data fusion solutions include but are not limited to
navigation systems [29], human activity monitoring [30], allergens detection and
study [31].

In this chapter, the above-mentioned problem of magnetic field measurement
transducers’ in-situ calibration in harsh radiation conditions is solved by data and
sensor fusion techniques on the integration of galvanomagnetic transducers (Hall
effect transducers, Hall sensor) with induction transducers (induction coil sensor,

magnetic loop sensors, search coils, pickup coils).
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A wide range of aspects of design and applications of induction transducers
are presented in recent publications: miniaturization design on magnetic induction
sensors [32], high sensitivity and wide range soft magnetic tactile sensor based on
electromagnetic induction [33], differential electromagnetic induction sensor using
a spinning magnet excitation [34], development of compatible induction coil with
pure ac for hall effect sensor: a study on metal materials thickness [35], close-range
electromagnetic tracking of pulse induction search coils for subsurface sensing
[36].

The authors’ main results on the mentioned topics of in-situ calibration and
data fusion in magnetic field measurement integrated galvanomagnetic and induc-
tion transducers for harsh radiation conditions are presented in our publication [37,

38] and patents [39, 40]. This chapter briefly summarizes these results.

3.2. Method # 1

The periodical in-situ calibration within Method #1 is performed when a
change of a magnetic field to be measured exceeds a previously given value during
some predetermined time interval. Such a method is called in-situ calibration in a
quasi-stationary magnetic field.

The example of the time dependence of induction B of a quasi-stationary mag-
netic field to be measured is shown in the upper diagram of Fig. 3.1. It shows the
induction changes AB, of the quasi-stationary magnetic field to be measured cor-
responding to the time intervals At = t, — t,, at increase and decrease of magnetic
field induction B. According to Method # 1, these induction changes AB, of the
quasi-stationary magnetic field to be measured are used for calibrating galvano-
magnetic transducer sensitivity directly in the process of magnetic field measure-

ment.
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Galvanomagnetic transducer calibration includes coefficient Kg determina-
tion, which determines the transducer’s sensitivity and binds its V4 output voltage
with magnetic field induction B by the following equation:

Vy =Kg-B (3.1)

The galvanomagnetic transducer transduction function at its linear approxi-

mation is shown in Fig. 3.2. Coefficient Kg is given by the formula as follows:

AV
KB — HO’
AB,

(3.2)

where AV, = Vy(t,) — Vy(t,) is a difference between the output voltages Vi (t,)
and Vy (t,) of the galvanomagnetic transducer on boundaries of At = t, — t, time

interval. By using Kg coefficient defined in this way and using equation (1), the
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magnetic field induction By, is calculated for any t point of time (Fig. 3.2) in ac-

cordance with the defined galvanomagnetic transducer output voltage AV,,, .

Fig.3.2. The transduction linear approximation of the galvanomagnetic transducer.

According to Method # 1, the induction change ABy of the quasi-stationary
magnetic field to be measured is measured by a magnetic field induction sensor,
which is usually comprised of coil 2 located in the magnetic field to be measured.

Voltage Vcoi 0n coil 2 outputs is proportional to the effective area A of its
loops and the rate of change perpendicular to A area of magnetic field B induction

vector component:

Veorr = Ke 'Z_l:, (3.3)

where K is the coefficient of proportionality.
According to Method # 1, the change of induction of a magnetic field to be
measured is determined by the integration of the measured induction field trans-

ducer output voltage by the formula
Vour = K-+ AB, (3.4)
where t is a time interval during which the integration takes place.
Since for calibration of galvanomagnetic transducer 1, it is necessary to de-
termine the value of changes of magnetic field induction AB to be measured exactly

in the area of galvanomagnetic transducer 1 allocation, this transducer is allocated

inside coil 2 of the induction field transducer.
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The proposed quasi-stationary magnetic field measurement method can be
embodied in the device for quasi-stationary magnetic field measurement, the block
diagram of which is shown in Fig. 3.3. This device is comprised of galvanomag-
netic transducer 1 in the form of Hall transducer, magnetic field induction trans-
ducer coil 2, driver 3, which is connected to galvanomagnetic transducer 1 and
provides its operating, time discriminator 4, which is connected to coil 2 and de-
termines time intervals, in which magnetic field change reached the value known
in advance, on-line data storage 5, which is controlled by time discriminator 4 and
stores the results of driver 3 output voltage measurement, and corrector 6, which
Is controlled by time discriminator 4 and provides device periodical calibration

according to the proposed method.

3 » 6

R
ﬂyhgr

4

Fig.3.3. A block diagram of the device for magnetic field measurement.

Galvanomagnetic transducer 1 is located inside coil 2 of the magnetic field
induction transducer (Fig. 3.4). The galvanomagnetic transducer 1 sensitivity axis
(in particular, normal N to Hall transducer area) coincides with the coil 2 axis.
Consequently, the measurement of magnetic field induction changes is provided
by an induction transducer in the same section of the field in which the magnetic
field induction is being measured using the Hall transducer.
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Fig.3.4. The position of galvanomagnetic transducer 1 in coil 2.

Only galvanomagnetic transducer 1 and coil 2 of magnetic field induction
transducer are allocated in the area of magnetic field measurement under extreme
operating conditions. The other elements of the magnetic field measurement device
are located out of the extreme operation conditions area, which prevents the influ-
ence of destabilization factors existing in the area of extreme operating conditions.

Magnetic field measurement is performed by galvanomagnetic transducer 1
(Hall transducer). Driver 3 provides galvanomagnetic transducer signal formation
and is comprised of a galvanomagnetic transducer current supply stabilizer, ampli-
fier and analog-digital converter.

To simplify the disclosure of Method # 1 let us use a linear approximation of
the transduction function of the magnetic field measurement device with the Hall
transducer as a galvanomagnetic transducer. Then driver’s output voltage Vi can
be described as follows:

Vy =Ky Ky Iy B, (3.5)
where K, is the magnetic sensitivity of the Hall transducer; K, is a coefficient of
signal transformation by the driver; I, is the Hall transducer supply current; B is
the magnetic field induction vector component, which is perpendicular to the Hall
transducer area.

In the process of long-term exploitation of the magnetic field measurement

device under extreme operating conditions, the galvanomagnetic transducer mag-
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netic sensitivity Ky is being changed, which is followed by measurement inaccu-
racy. In the general case, destabilization sources could be the transformation coef-
ficient Ka and supply current 1. That is why galvanomagnetic transducer calibra-
tion provides for the determination of single coefficient Kg, which binds output
voltage Vy with magnetic field induction according to formula (1).

Time discriminator 4 determines the time interval, on the boundaries of which
the magnetic field change, measured by means of coil 2, reaches the given value
ABy. According to Method # 1, voltage Vcoi. from magnetic field induction trans-
ducer coil 2 is applied to the input of time discriminator 4, and the output of time
discriminator 4 controls the operation of on-line data storage 5 and corrector 6 of
this device.

A possible variant of the time discriminator 4 layout and its links with other
elements of the device are shown in Fig. 3.5. Such a time discriminator is com-
prised of an integrator, which has operating amplifier OAL, resistor R, capacitor C
and switch SW, two comparators on operational amplifiers OA2, OA3, logical el-
ement LE and timer TM.

4
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Fig.3.5. Time discriminator layout.
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Voltage Vour on integrator output is described by formula (4), wheret = R -
C is the integrator time constant. So the magnetic field induction transducer coil 2
and integrator provide magnetic field induction change measurement, the result of
which is almost independent of destabilization factors, in particular, high penetrat-
ing radiation level and temperature. It must be emphasized that a possible change
of electro-physical parameters of coil 2 wire has no effect on the signal in any way.
According to formula (3), the signal, which is picked up from coil 2, is determined
not by electrophysical parameters of wire, but only by its loops’ effective area A,
which is not affected by the radiation.

The time discriminator operation is demonstrated by time diagrams (Fig. 3.1),
which show a time change of magnetic field induction B(t), integrator output volt-
age Vour(t) and operating pulses Sy, Sy, Ss. Timer TM (Fig. 3.5) forms a sequence
of synchronizing pulses S;(t), duration and sequence period of which are fixed P,
= P, = P3 = const. Synchronizing pulses Si(t) periodically turn on the switch SW,
which resets the voltage on integrator output, V,,(t;) = 0. Just after each syn-
chronizing pulse termination (t;) a periodical integration process starts (magnetic
field measurement) and the rise-up edge of the pulse S,(t) is formed for controlling
the on-line data storage. This pulse acts as a function of command, which selects
and stores the output signal Vy(t;) of driver 3 of the galvanomagnetic transducer 1
in the on-line data storage. In most cases, this signal has already been formed dig-
itally by the analog-digital converter of this driver. Thus, voltage Vu(t) is recorded
in the on-line data storage 5 and is an informative value of magnetic field induction
B(t1), which is measured by means of galvanomagnetic transducer 1.

Further operation of the time discriminator depends on magnetic field B(t)
change rate. In the case of a sufficiently fast change of magnetic field, the voltage
Vout on integrator output will exceed one of the reference values +V, (for example,
the first period P; in Fig. 3.1) or -V, (the third period P3in Fig. 3.1) before the
start-up of the next synchronizing pulse. These reference values of voltage deter-

mine the threshold values of magnetic field change AB,. In time point t,, when the
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integrator output voltage is equal to one of the reference values Vyyr = +V,, the
drop of pulse Sy(t) and the rise-up edge of the pulse Ss(t) of corrector 6 control are
formed (Fig. 3.1). During this time, output signal Vu(t;) of the galvanomagnetic
transducer driver is measured and recorded in the on-line data storage.

Otherwise, when magnetic field change does not exceed the threshold value
AB, before period termination (for example, second period P;), synchronizing
pulse Si(t) of the next period will be reset by the integrator. As the result, pulse
Ss(t) will not be formed. Thus, at minute magnetic field change, when integrator
operating accuracy is low, the correction of the transduction function of the mag-
netic field measurement device is not performed according to Method # 1.

Corrector 6 (Fig. 3.3) calculates coefficient Kg, which binds a time interval
At = t, — t;, determined by the time discriminator in which magnetic field ABy
change took place, with output voltages Vu(t;) and Vu(t,) of the galvanomagnetic

transducer driver on the boundaries of this time interval, by the formula

Vy(ty)—Vy(t,)
Ky = A, (3.6)

Taking into consideration equation (3.4) and that during time At the magnetic

field change is AB,, coefficient Kg is described as

K, = K, -4 ) Vae) (3.7)

T Vo

where V, is a value of the reference voltage of the time discriminator layout.
Then, by measuring the galvanomagnetic transducer driver voltage value Vywm

in any time point and by using coefficient Kg, the calculation of magnetic field

induction By, is performed. In particular, at a linear approximation of the transduc-

tion function (Fig. 3.2), according to Method # 1 the measurement of magnetic

field induction will result in the determination of the induction value:

By, = M (3.8)
Kp
At piecewise-linear approximation of the transduction function of the mag-

netic field measurement device, coefficient Kg;jis determined for each part j of the
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transduction function. At approximation of the transduction function by polynomi-
als, a set of equations, in which, in particular, coefficient Kg(B) dependence is rep-

resented as the first derivative dVV4/dB, is used for calculation.

3.3. Method # 2

The periodical in-situ calibration within Method #2 is performed by a group
of interconnected induction transducers, at least in four stages of the measurement
transformation. As an example, Fig. 3.6 shows the first induction transducer 1 con-
ventionally placed in a magnetometric module, the second induction transducer 2

and galvanomagnetic transducer 3.

Fig.3.6. Calibration stages at Bx = 0.

The measurement of the magnetic field with the periodic calibration of the
measuring transducer according to Method # 2 is carried out by the first induction
transducer 1 (Fig. 3.6, a), by the second induction transducer 2, and by galvano-
magnetic transducer 3, which constitute an integrated magnetometric module.

Depending on the stage of the measuring transformation, the induction trans-
ducers form the test magnetic field Bz or measure the change in the measuring
magnetic field Bx. There is an interaction between the above-mentioned transduc-
ers of a functional module. Namely, the test magnetic field, which is formed by
one of the induction transducers, affects the signals of another induction transducer

and the galvanomagnetic transducer.
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The magnetic flux through induction transducers, which are informative pa-
rameters of the change in the measured magnetic field, causes the formation of the
electromotive force (voltage) on the leads of these induction transducers. This volt-
age is integrated over a period of time by the integrator whose signal is the result
of measuring the change of the magnetic field during the integration. In addition,
induction transducers can form a test magnetic field Bz, which occurs as a result
of applying biasing voltage (current) to these transducers appropriately.

The magnetic field measurement by the galvanomagnetic transducer, in par-
ticular the Hall semiconductor transducer, is based on the measurement of the out-
put voltage of this galvanomagnetic transducer and the subsequent calculation of
the magnetic field induction using the known value of the sensitivity of the trans-
ducer. By applying biasing voltage (current) to the galvanomagnetic transducer the
stream of charge carriers is created in it. Under the influence of the Lorentz force
on a moving charge carrier in the galvanomagnetic transducer, a signal occurs, for
example, the voltage difference on the output terminals of the Hall transducer. This
voltage is an informative signal of the process of measuring the magnetic field.

Measurement of a magnetic field with a periodic calibration of a measuring
transducer according to Method # 2 includes measurement of the output voltage of
the galvanomagnetic transducer and the subsequent calculation of the induction of
the measured magnetic field by the measured output voltage and the previously
known sensitivity of the galvanomagnetic transducer. The indicated sensitivity is
determined by periodically calibrating the galvanomagnetic transducer by estab-
lishing the relationship between the change in the magnetic field and the corre-
sponding change in the output voltage of the galvanomagnetic transducer, and the
calibration is carried out directly in the process of measuring the magnetic field.

The change in the magnetic field used for periodic calibration of the galvano-
magnetic transducer is formed by a sequence of combinations of a previously un-

known measuring magnetic field and a predetermined test magnetic field, with the

77



Methods of in-situ calibration and data fusion based on integrated magnetometric transducer

formation of the test magnetic field and the measurement of the magnetic field
change, carried out by at least two induction transducers, at least in four stages.

In the first stage of the measurement transformation (Fig. 3.6, b), the test mag-
netic field Bz is formed, say, by the first induction transducer 1, and the measure-
ment of signals generated by this test magnetic field is carried out, for example, by
the second induction transducer 2 and galvanomagnetic transducer 3.

In the second stage of the measurement transformation (Fig. 3.6, c), the test
magnetic field Bz is formed by the aforementioned second induction transducer 2,
and the measurements of the signals generated by this test magnetic field are car-
ried out by the aforementioned first induction transducer 1 and galvanomagnetic
transducer 3.

In the third stage of the measurement transformation (Fig. 3.6, d), the test
magnetic field Bz is formed by the superposition of the magnetic fields of the
above-mentioned first and second induction transducers, and the measurements of
this superposition of magnetic fields are carried out by galvanomagnetic transducer
3.

In the fourth stage of the measurement transformation (Fig. 3.7, a), measuring
magnetic field Bx is carried out by galvanomagnetic transducer 3 and two (first
one 1 and second 2) induction transducers. The number of stages of the measure-
ment transformation can be arbitrary with the superposition of the measuring Bx
and the test Bz magnetic fields. Such superposition of the fields is shown in
Fig. 3.7, b (test magnetic field Bz according to the first stage of the measurement
transformation), Fig. 3.7, ¢ (test magnetic field Bz according to the second stage
of the measurement transformation), and Fig. 3.7, d (test magnetic field Bz accord-

ing to the third stage of measuring transformation).
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Fig.3.7. Calibration stages at Bx = var.

Induction transducers are coils of metal wire, at least containing such coils
and a number of auxiliary elements, in particular, a frame and leads (not shown in
the figures). The coils of the induction transducers 1, 2 and the galvanomagnetic
transducer 3 form a single functional magnetometric module whose design is opti-
mized to provide the required calibration accuracy. In particular, as shown in Fig.
3.8, the coil of the first induction transducer 1 is formed in the coil of the second
induction transducer 2, and galvanomagnetic transducer 3 is located inside the coil
of the first induction transducer 1.

A prerequisite for the high accuracy of calibration is the presence of a signif-
icant effect of the test magnetic fields of the induction transducers on the signals
of the galvanomagnetic transducer and the high temporal stability of such an ac-
tion. This prerequisite is provided by the corresponding parameters of the coils of
the induction transducers, in particular, the diameter of the coils, the number of
turns and the power supply, the mutual spatial arrangement of the coils and the
galvanomagnetic transducer, the mechanical and temperature stability of the de-

sign of the functional magnetometric module, etc.
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Fig.3.8. Components of the integrated magnetometric module in Method #2.

According to Method # 2, an increase in the accuracy of the measurement of
a magnetic field with a periodic calibration of a measuring transducer is achieved
by the formation and use of an appropriate sequence of test signals. The latter are
caused both by changes in the induction of the measured magnetic field and by the
test magnetic field generated by induction transducers. In particular, if the rate of
change in the measuring magnetic field is too slow or too fast for the formation of
qualitative signals of integrators, only the test magnetic fields of induction trans-
ducers are used, or the superposition of these test magnetic fields with a measuring
magnetic field.

In addition, using such superpositions of magnetic fields, one can detect
measurement errors due to the signal lines between the signal transducer (in par-
ticular, an integrator) and a functional magnetometric module. Then, taking into
account the determined errors, one carries out the correction of the measurement

results, and, therefore, increases the measurement accuracy.

3.4. Method #3

The objective of Method # 3 is to improve the accuracy of magnetic field
measuring by in-situ calibration of a galvanomagnetic transducer with output volt-
age off-set cancelation technique. In this case, the galvanomagnetic transducer

with two pairs of leads provides measurement in two stages. At the first stage, the
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first pair of leads is used to supply power to the galvanomagnetic transducer, while
the other pair is used to measure the output voltage. At the second stage, the first
pair of leads is used to measure the output voltage, and the other pair is used to
supply power to the galvanomagnetic transducer.

Herewith, the accuracy is improved due to periodical calibration of the galva-
nomagnetic transducer while measuring the magnetic field using for this calibra-
tion at least two values of output voltage, the first being provided by the action of
the measured magnetic field only, whereas the other represents the sum of the
measured magnetic field and test field, whose value is given in advance.

The objective is achieved by a combination of galvanomagnetic transducer
output voltage forming caused by the measured Bx magnetic field at the first (Fig.
3.9, a) and the second stages (Fig. 3.9, b), as well as, by the sum of the measured
Bx and test Bg magnetic fields at the first stage (Fig. 3.9, ¢) and at the second stage
(Fig. 3.9, d).

d)

Fig.3.9. Stages of forming the output voltage.
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The galvanomagnetic transducer (HG) is a rectangular semiconductor struc-
ture that has two pairs of leads: the first pair — leads 1a, 1b, and the other pair —
leads 2a, 2b. These transducers operate on the principle of charge carrier deflection
under the action of Lorentz force, and the discrepancy between their output volt-
ages is caused by the Hall effect.

The power supply to the HG transducer is through a voltage or current source
(E). While supplying power to the HG transducer via leads 1a, 1b, output voltage
Viout IS formed on leads 2a, 2b (Fig. 3.9, a). The equivalent scheme of the galva-
nomagnetic transducer is represented by resistors Ry and Rz, whereas resistance Rz
Is included in the equivalent scheme for describing the non-symmetric nature of
the transducer. The structure of the ideal galvanomagnetic transducer is symmetric,
which meets the condition of Rz = 0. If there is no magnetic field (B = 0), the out-
put voltage of the ideal HG transducer is zero Vyyr - (B = 0) = 0.

However, the existing transducers do not have the ideal symmetry, which is
caused, in particular, by the uneven distribution of admixtures in the semiconductor
material of which the transducer was made, deviation in the structure size, anisot-
ropy, etc. The availability of resistance Rz, which represents the total influence of
the above effects on the output voltage, leads to the formation of the residual volt-
age Voyr (B = 0) = Vgg.

Under the action of magnetic field Bx the output voltage Viout Of the galva-
nomagnetic transducer (Fig. 3.9, a) is approximately proportional to the magnetic
field induction By, and under the availability of the residual voltage Vg7 it equals

Viour = Kp * By + Vgz, (3.9)
where Kz — sensitivity (proportion coefficient of the linear conversion function).

As seen from the scheme in Fig. 3.9, b, at the second stage of measuring the
sign of the residual voltage Vrz becomes the opposite, that is the output voltage of
the galvanomagnetic transducer is

Vaour = Kp * Bx + Vgz. (3.10)
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The effect of the residual voltage Vrz compensation is achieved by summing

up the results of measurements of both stages
Viour + Vaour = 2 Kp " Bx. (3.11)

Thus, the Vrz residual voltage drift of the galvanomagnetic transducer, which
occurs, in particular, under long-term radiation operation conditions of the trans-
ducer, does not affect the result of the above two-stage measurement. Nevertheless,
the sensitivity drift Kg is still a problem, which does not enable achieving the re-
quired accuracy of magnetic field measuring.

This problem, complying with Method # 3, may be eliminated by the fact that
sensitivity Kg of the galvanomagnetic transducer is found at least during one of the
above stages by determining at least two values of output voltage, the first of which
Is caused by the measured magnetic field, while the other is caused by the sum of
the measured magnetic field and test field, whose value is given in advance (Fig.
3.9, ¢, Fig. 3.9, d).

The result of measuring the output voltage caused by the sum of the measured
Bx and test Bg magnetic fields while using the galvanomagnetic transducer accord-

ing to the scheme of the first stage is

Vzour = Kg * (Bx + Bg) + Vgz. (3.12)
Similarly, the output voltage under the scheme of the second stage is
Vaour = Kp " (Bx + Bg) — V. (3.13)
Using the results of the carried out measurements, it is possible to receive the
following:
Vaour — Viour = Kp " B (3.14)
Vaour = Vaour = K * B (3.15)

The sensitivity of the galvanomagnetic transducer is found by using equation
(3.14) or (3.15)

Ky = V3OUTB;V10UT (3.16)
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The measurements of the output voltage of the galvanomagnetic transducer,
caused by the sum of the measured Bx and test Bg magnetic fields, may be made
by using a coil, which, together with the galvanomagnetic transducer, creates an
integrated measuring probe and is placed in the magnetic field measurement area.

There are two ways of forming a test magnetic field.

Under the first way the value of the beforehand given test magnetic field Bg
Is achieved by supplying power to the coil at the given current. The magnitude of
the magnetic field of the coil is determined by its geometrical dimensions, number
of loops and the power supply current. Therefore, this test field does not depend
on destabilizing radiation operation conditions and may be considered constant and
given in advance.

The other way of creating the test magnetic field suggests that the measured
field is a variable value. The change of the measured magnetic field is established
with the use of the coil and serves as a test field Bg. Like in the above-mentioned
first way, it is possible to ignore the impact of radiation conditions and the coil
parameters. Consequently, a signal from the coil, with the use of which the magni-
tude of the test field Bg is determined, may be considered constant.

It should be noted that the use of the coil for measuring the change of the
measured magnetic field that serves as the test value Br is justified only under
specific parameters of this field change. Thus, the coil, whose output voltage value
Is determined by the speed of the magnetic field change with time, does not enable
measuring stable or quasi-stationary magnetic fields, and therefore, it may not re-
place the galvanomagnetic transducer in the proposed measurement method. In-
stead, the galvanomagnetic transducer has no limitations on measuring stable or
quasi-stationary magnetic fields. However, the stability of its residual voltage and
sensitivity to destabilizing, particularly, radiation operation conditions, are unsat-
isfactory.

This problem is solved by the proposed method for measuring the magnetic

field, which enables combining residual voltage compensation on the one hand and
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calibration of the galvanomagnetic transducer sensitivity on the other hand. Con-
sequently, the proposed method provides high accuracy of measuring magnetic
field with the use of the galvanomagnetic transducer under long-term destabilizing
operation conditions, for instance, under the action of high penetrating radiation.
Depending on operation conditions the method under discussion enables con-
siderable improvement in the accuracy of measurements. In particular, under the
radiation fluence of fast neutrons of 10'® cm degradation of the galvanomagnetic
transducer based on semiconductor material InSbh leads to the increase of residual
voltage by 5 times (particularly, for the standard sample of Hall transducer with
Vrz =1 mV to Vrz =5 mV) and decrease of the sensitivity by 7 times (in particu-
lar, under Kg =350 mV/T to Kg =50 mV/T). It is evident that tolerance of the
measurement made by the magnetic transducer with the use of the mentioned Hall
transducer sample is within 75%, which means that it is possible to consider that
measuring as a process becomes purposeless. Instead, the use of the proposed
measurement method provides the offset voltage compensation to the rate of
0.1 mV and calibration of sensitivity with the tolerance of maximum +0.25% (un-
der 0.2% nonlinearity of conversion function Kg within the range of magnetic field
1T), which totally corresponds to the tolerance of magnetic field measuring of up

to + 0.3% (within the range of magnetic field from+0.03 Tto+1T).

3.5. Integrated magnetometric transducer and data processing

Based on the data fusion concept and previously described methods of in-situ
calibration, a new type of magnetic field measurement unit, namely, Integrated
Magnetometric Transducer (IMT), has been developed. IMT comprises a Hall sen-
sor, a coil, and some auxiliary components (Fig. 3.10). The simple one-dimen-
sional (1-D) and 3-D versions of IMT are presented in Fig. 3.11. IMP provides:

e direct measurement of magnetic field induction;

e temperature measurement by the coil resistance (as a copper thermoresistor);
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e HG thermostatting by means of controllable heating of the coil;

e measurement of weak magnetic field induction by means of compensation
method;

e formation and measurement of stationary test magnetic fields;

e formation and measurement of pulsed magnetic fields with high induction val-
ues;

e formation and measurement of differential test magnetic field;

e thermostatting with simultaneous measurement of magnetic fields;

e constant or pulsed periodical annealing of radiation defects.

A gh b 28 28 2 28 o 28
B B b A

§
§
\
\
\
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§
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Fig.3.10. Integrated magnetometric transducer:
1 — Hall sensor, 2 — coil, 3 — base, 4 — outputs.

Fig.3.11. IMT (a) and 3-D probe on IMT (b).

e The main approaches to IMT signals processing are as follows:
¢ simultaneous analysis of the transducing parameter by the integral and differ-

ential components of the signal,
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o frequency separation of the integral and differential components of the signal;
e state-of-art calculation method within the data fusion concept.

Frequency separation of differential and integral components of the signal,
which is the base of the given algorithm, is caused by the necessity of high meas-
urement accuracy of the signal change (differential component) at the high value
of the signal formed by the measuring field (integral component). Thus when meas-
uring a change of the test field of the actuating coil with the induction of AB =1 mT
at a relative measurement error of 5B = 1073, device resolution should not be worse
than ABnin = 1 uT. Reaching such resolution and appropriate stability at magnetic
field measurements up to 10 T presupposes providing the dynamic range of the
signal in the measuring circuit not less than 140 dB.

It is obvious that such parameters are practically unachievable. The solution
to the problem means the independent processing of differential and integral com-
ponents of the signal. The simplest method of such separation is the processing of
the integral components in the direct current circuit, and test one — in the frequency-
selective circuit, when an alternate current frequency is set up in the actuating coil.
In each of the tracks, a dynamic range of (70 + 80) dB is provided, which allows
obtaining the ratio of the maximum measuring field value Bnax to the resolution by
test field ABnin near (140 + 160) dB.

Depending on measurement accuracy let us consider the transducing function
as a linear relationship, polynomial one, or mathematical model which links Hall
voltage with electrophysical and design parameters.

Taking into account the rather good linearity of transducing function, the
function derivative may be considered a constant value in all measuring ranges
with an error within 0.1+5.0 %. Then the problem of determining the transducing
function, which could drift during long-term operation under hard radiation, is re-
duced to the measurement of curvature S = AU, /AB, where AUy, is the Hall volt-

age change, caused by the test field with induction AB. In the case of analogous
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signal processing, an efficient method is a correction of HG operating current in
such a way that the ratio AU, /AB is constant during all measurements.

The use of polynomial representation of the transducing function allows one
to improve the measurement accuracy considerably. It is expected that transducing

function

Uy, = X7t B (3.17)
(a; are the coefficients of the polynomial series) drifts almost linearly (Uy, = G -
Uy,, Where G is the factor of proportionality). The transducing function and quan-

tities to be measured are presented in Fig. 3.12.

Hall voltage,U
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Fig.3.12. Transducing function correction.

If the change value AU, /AB of the measured voltage in the point of Uy_(By)

is equal to the nominal function derivative in this point, then the HG parameter is
constant. But, as one may see in Fig. 3.12, when the transducing function drifts, its
change value is not constant too: AU, /AB # AU,/AB.

Having determined the transducing function derivative

dUHe _ d(G-UHO) - G- dUHo
dB dB dB

and taking into account condition

=G Yl j a; B! (3.18)
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AUy _ dUy

1m ,
AB—0 AB dB

let us write the system of equations for linear scaling:

UHe(BX) =G UHO(BX)
AUy (Bx) _ . dUn,(Bx) (3.19)
dB dB

After appropriate transformations we receive

UHe(BX) 'Z?:U. " qj B/t = AUZ—S:X)' }1:0 aj - BJ (3.20)

In order to solve (20) for By with known values of integral Une(Bx) and differ-

ential AU¢(By) signal components and given actuating field value AB=const, let us
apply Newton iteration method.

Let us transform (20) to the equation f(B)=0:

f(B) = U_H 7:0 aj - BJ _Z?=1j ;e Bi7t=0 (3.21)
where Uy = LA]U"’—E?; . é is the normalized value of the signal.
Ho\Bx

Taking into account that at the [Be, B,] interval
d?f(B) d*f(Be)
2 7 0and f(B,) ——=>0,

___f(Bm-1)
df(Bm—l)/
dB

the root is determined by B,,, = B,,,_; iteration.

As the initial iteration root, we take B1=B., which is determined without cor-
rection. Therefore the second iteration root is

UnYieoa;-BI-¥0, joa;BI~1

B, = b, — — : : —y -
2 ¢ Up¥l,japB~t-3%,j-(j-1)a;Bi2

(3.22)

The iteration process continues until the condition |By — B,,,_1|/B,, < B is
satisfied, where §B is the relative error of the measurement. The calculation result
will be the true value of the field induction measured By = B,,,. As it has resulted
from the investigations carried out, the error of the presented algorithm is in the
range of 0.05% + 0.1% and depends on the drift value when operating under radi-

ation conditions.
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3.6. Summary for Chapter 3

Three new methods of magnetic field measurement transducers’ in-situ cali-
bration in harsh radiation conditions are described. Based on these methods and
the data fusion concept the new type of magnetic field measurement unit — Inte-
grated Magnetometric Transducer (IMT) — has been developed. IMT comprises a
Hall sensor, one or more coils, and some construction components.

The periodical in-situ calibration within Method #1 is performed when a
change of a magnetic field to be measured exceeds a previously given value during
some predetermined time interval. In-situ calibration within Method #2 is per-
formed in some stages of the measurement by a group of interconnected induction
transducers. Method # 3 is aimed at improving the accuracy of magnetic field
measuring by in-situ calibration of galvanomagnetic transducer with output volt-
age off-set cancelation technique.

An increase in the accuracy of the measurement with a periodic calibration of
a measuring transducer is achieved by the formation and use of an appropriate se-
guence of test signals, which are caused both by changes in the induction of the
measured magnetic field and by the generated induction transducers of the test
magnetic field. In particular, if the rate of change in the measuring magnetic field
is too slow or too fast for the formation of qualitative signals of integrators, only
the test magnetic fields of induction transducers are used, or the superposition of
these test magnetic fields with a measuring magnetic field.

The main approaches to IMT signals processing comprise simultaneous anal-
ysis of the transducing parameter by integral and differential components of the
signal, frequency separation of integral and differential components of the signal,

as well as state-of-art calculation method within the data fusion concept.
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4. MAGNETIC MEASURING INSTRUMENTATION FOR HARSH
RADIATION CONDITIONS

4.1. Overview of topics on measuring instrumentation for harsh radiation

conditions

In this chapter, a set of novel magnetic field measuring instrumentations on
Hall sensors for harsh radiation conditions is presented. The set includes:
¢ RHP-ISC and RHP-WB instrumentations for plasma magnetic field monitoring
in nuclear fusion reactors;

e RHP-MAP instrumentation for permanent cyclotron magnet magnetic field
high precision mapping in charge particle accelerators;

e RHP-RAD instrumentation for testing sensors directly during their irradiation.

Owing to its high temperature, nuclear fusion plasma cannot be confined di-
rectly to material vessels. The problem is obviated by using magnetic fields, which
confine and thermally insulate the fuel, keeping it away from the vessel walls. Re-
cent results in magnetic field measurements in nuclear fusion research may be
shown by the following topics: comparison of two different techniques for long-
term magnetic measurements in nuclear fusion research [1], approaches for mag-
netic sources reconstruction in controlled thermo-nuclear fusion technology [2],
the plasma compression fusion device enabling nuclear fusion ignition [3], evalu-
ation of positional stability in active magnetic levitation using spherical HTS bulk
for inertial nuclear fusion [4], fast identification problems in 3-D iron core fusion
devices [5].

Development of magnetic field measuring instrumentations for JET (Joint Eu-
ropean Torus) and ITER (International Thermonuclear Experimental Reactor) re-
actors are presented, for example, in the publications: real-time systems in JET
tokamak [6], flexible system for the control of external magnetic perturbations in
the JET tokamak [7], electromagnetic analysis of the 3-D effects of the metallic

structures in JET tokamak [8], recent improvement of the design of the ITER

91



Magnetic measuring instrumentation for harsh radiation conditions

steady-state magnetic sensors [9], progress in the design and testing of in-vessel
magnetic pickup coils for ITER [10], axisymmetric magnetic control in ITER [11].

Magnetic field mapping is the development of maps or images of magnetic
fields in space. Magnetic field maps are needed for designing and optimizing mag-
nets used in particle accelerators. Development of instrumentation for magnetic
field mapping may be observed, for example, by topics: a study on magnetic field
mapping method in the center volume of the air-core solenoid [12], magnetic nav-
igation system utilizing a closed magnetic circuit to maximize magnetic field and
a mapping method to precisely control magnetic field in real time [13], design and
instrumentation of a magnetic field micro-probe mapper: an e-lab apparatus to map
a coil's magnetic field [14], 3-D field mapping and active shimming of a screening-
current-induced field in an HTS coil using harmonic analysis for high-resolution
NMR magnets [15].

In cyclotron-type particle accelerators, these topics are presented in studies:
radial magnetic field optimization of the 5 T superconducting cyclotron for medical
application [16], magnetic field optimization and tolerance study of a medical su-
perconducting cyclotron [17], the magnetic field design of HITFiL cyclotron [18].

A few recent studies and developments of instrumentations for testing mate-
rials and fusion reactor components in radiation conditions are the following: a
new facility for combined-load testing of fusion reactor in-vessel components [19],
construction of an in-situ radiation test system for semiconductor materials and
devices based on a 4.5 MV accelerator [20], high-vacuum gamma irradiation facil-
ities for synergistic effects testing on optoelectronic components and materials
[21], material damage test for ILC collimators [22].

The authors’ main results in the above-mentioned topics of measuring instru-
mentation for harsh radiation conditions are presented in our publication [23-30].

This chapter briefly summarizes these results.
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4.2. RHP-ISC instrumentation

Magnetic measuring instrumentation with the in-situ calibration technique,
which has been mentioned in the previous chapter and is further referred to as RHP-
ISC instrumentation, has been developed for plasma magnetic field monitoring in
nuclear fusion reactors. RHP-1SC consists of sets of radiation-stable 3D probes and
an electronic unit (Fig. 4.1). Each 3D probe contains (Fig. 4.2, Fig. 4.3): 3 Hall
sensors, 3 coils, and 1 thermo-diode. The Hall sensors generate output voltages
Vuex, Vuaey, and Vyez, which are proportional to the corresponding magnetic field
induction components Bx, By, and Bz. The coils perform two functions. In pick-
up mode, they generate voltages Vcix, Vcvy, and Ve z, which are proportional to
the corresponding magnetic field induction change rate components ABx, ABy, and
ABgz. In calibration mode, the coils generate test magnetic fields Box, Boy, and By

of approximately 5 mT at supply current of about 20 mA.
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Fig. 4.1. The layout of RHP-ISC instrumentation.
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Fig. 4.3. The assembling of the 3D-probe.

This test magnetic field does not depend on the radiation dose, and thus it can
be used for periodic determination of the Hall sensors' sensitivity. The thermo-
diode provides the possibility of the probe's temperature measurement in the range
up to 100°C, which gives the possibility of estimating magnetic fields taking into
account temperature-induced changes of the parameters of the Hall sensors and
coils.

The main parts of the electronic unit are:

e CSyc — the source of DC supply current to the Hall sensors;
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e (CScx, CScy, CScz — sources of AC supply current to the coils;

e CSy—the source of DC current to the thermo-diode;

o Aux, Auy, Anz — differential amplifiers of the Hall sensor signals;

o Acx, Acy, Acz — differential amplifiers of the coil signals;

e Ag—differential amplifier of the thermo-diode signal;

e SDyx, SDny, SDuz — synchronous detectors of the test field signals;

o SWhyx, SWhy, SWhz, SWex, SWey, SWez — switches of the operation modes;
e ST —supply voltage stabilizer +5 V;

e M; — controller of operation mode “Measurement — calibration”;

e M, — controller of the Hall sensors' power supply mode “ON—OFF”.

The electronic unit provides analog differential signals (voltages), which are
then transmitted by twisted pairs into the next stage units for analog-to-digit con-
version, filtering, data storage and presentation. The output signals of the electronic
unit are:

o Vux, Vuz, Vuz — differential voltages generated by the Hall sensors (B-Chan-
nel);

o Vcx, Vez, Vcz — differential voltages generated by the coils (C-Channel);

o V- the differential voltage generated by the thermo-diode (T-Channel);

The differential voltage amplifiers Viux, Vuz, Vuz, Vex, Vez, and Vez have
two amplification factors Ky; = 10 and Ky, = 100. The choice of the amplification
factor is made independently for each amplifier with the help of mechanical
switches located on the PCB of the electronic unit. This gives the possibility of
choosing one out of two magnetic field measurement ranges: for instance, the first
one—B<0.2T,thesecondone—-B<2T.

Control over the electronic unit operation modes is provided by logic signals:
e CTR; — control over operation mode “Measurement — calibration”;

e CTR; - control over the Hall sensors' power supply “ON-OFF”.

The electronic unit has two modes of operation:
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e “Measurement” — CTR; = Low;
e “Calibration” — CTR; = High.

The possibility of controlling the Hall sensors' supply current is provided for:
o “Ine-OFF” - CTR, = Low;

e “Ie-ON” — CTR; = High.

In “Measurement” mode (B-Channel), three components of the magnetic field
induction Byx, By, and Bz are measured online at the frequency of analog-digital
conversion of 10 kHz. Output voltages of the electronic unit serve as information
signals for this mode:

Vumx = Vhex 'Kvi; Vamy = Viey - KVi: Vimz = Viez - KVi
where Vyex, Vigy, Vigz — Hall sensors' output voltages; K, — amplification fac-
tors of differential amplifiers Ay x, Ayy, Ayz.

Besides, the values of the magnetic field change ABx, ABy, ABz (optional),
whose information signals are the output voltages of the electronic unit, are meas-
ured:

Vex = Verx - Ky, Vey = Vewy * Ky, Vez = Verz " K,
where V¢ x, Very, Verz — output voltages on the coil terminals in pick-up mode;
Ky, —amplification factors of differential amplifiers Acx, Acy, Acz.

“Calibration” mode (C-Channel) is meant for periodic determination of the
sensitivity of the Hall sensors, whose parameters can partially drift during long-
term exploitation in a radiation environment. VVoltages are information signals for
this mode:

Viex = Viex(Box) *Kve, Viey = Viey (Boy) * Kve, Vicz = Viez(Boz) * Kve
where Vyex (Box), Vuey (Boy)s Vuez(Boz) — the Hall sensors' output voltages at the
test fields in coils of By, Byy, Byz; Ky — total factors of transmittance character-
izing differential amplifiers Apx, Any, Anz and synchronous detectors SDnx,

SDny, SDyz. The typical value is Kyc~1000, which at Bo~5 mT and Hall sensor
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sensitivity of Sg =100 mV/T provides the electronic unit's output signal of
Vucex ® Vaey ® Vuez = 0.5 V.

In “Calibration” mode, the values of the external magnetic fields Bx, By, and
Bz, at which such measurements are conducted, do not influence voltages Vucx,
Vucy, Vucz; and this is of crucial importance. This condition is satisfied with the
help of synchronous detectors separating the signals generated by the coils' AC test
magnetic field from the signals generated by the DC external magnetic fields.

lne-OFF mode is determined for measuring the level of electromagnetic noise.
In all the modes, the temperature is measured (T-Channel). Its information signal
is voltage V; = Vpr - Ky, Where Vi, — voltage on thermo-diode D+, Ky — ampli-
fication factor of differential amplifier Ar.

The parameters of each set (3D-probe & Electronic Unit) are described by an

array of 32 linear approximation coefficients (Table 4.1).

Table 4.1.

The calibration coefficient array for the 3D probe & Electronic Unit

3D probe & Electronic Unit #
Parameter description o Ao

1 T-channel ar[#] Vo[#]

2 C-Channel X ac [#X] Veo[#X]
3 C-Channel Y ac [#Y] Veo[#Y]
4 C-Channel Z ac [#7Z] Veol#Z]
5 B-Channel X @ KL for Vg owvoaL[#X] VooaL [#X]
6 B-Channel X @ KL for Kg axseL[#X] KeoaL[#X]
7 B-Channel Y @ KL for Vo owvoaL[#Y] VooaL[#Y]
8 B-Channel Y @ KL for Kg oke@L[#Y] KeoaL[#Y]
9 B-Channel Z @ KL for Vo avoaL[#Z] VooeL[#Z]
10 B-Channel Z @ KL for Kg okeaL[#Z] KeoaL[#Z]
11 B-Channel X @ KH for Vo avoaH[#X] VooaH[#X]
12 B-Channel X @ KH for Kz axseH[#X] KeoaH[#X]
13 B-Channel Y @ KH for Voy ovoen[#Y] VooeH[#Y]
14 B-Channel Y @ KH for Kg axseH[#Y] KeoaH[#Y]
15 B-Channel Z @ KH for Vo avoaH[#Z] VooeH[#Z]
16 B-Channel Z @ KH for Kg axseH[#Z] KeoaH[#Z]
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Linear approximation of temperature dependencies

Temperature dependencies of Ay values are approximated in the following
way:

Ayr = Ao (1 +ay - T),

where A, a, are linear approximation coefficients; T is temperature in °C.

During the calibration process the coefficients Aur and a.a are determined by
measuring the value Ayt at two temperatures T, T, (for example, T; = 25°C,
T, =100°C):

{AMTl =Aro-(1+au-Ty)
Ayry =Aro- (L +ay-Ty)
After conversion

Ayr, 14 a,-T,
Ayrs 1+ag T,

Ayrs t Ayrz " Ty = Ay + Ayrr " g T

we receive the formula for the calculation of linear approximation coefficients:

_ Ayra — Ayra - Ayt
Aur1 To—Ayra T 770 14a, Ty

Channels for temperature measurements (T-channel)

a4y

Calculation of temperature Ty of the probe is done by the following formula:

Ty = =T (4.1)

Vroar
where Vi is the measured value of T-channel output voltage; V-, and a are
linear approximation coefficients.
During the calibration process the probe is located in the thermostat and the
measurement of two output voltages V1, V1, of the T-channel is done at two tem-
peratures Ty, T, being determined by the reference thermometer

{VTl =Vro (1 +ar-Ty)
Vra =Vro (1 +ar-T,)

Thus, the linear approximation coefficients are calculated
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Further, the coefficients or and Vi are used for the determination of the
probe’s temperature.

The channels for magnetic field measurements (B-channel)

The thermally compensated value of magnetic field induction Bris calculated
by the formula:

Br = Kgr - (Vy — Vor), (4.2)
where V,, is the measured value of B-channel output voltage (here and further the
result of B-channel voltage measuring is a difference of two values, the first of
which is measured at Iy; => ON, and the second at I;; => OFF); Kgy IS the
temperature-dependent transduction coefficient; V,; is the temperature-dependent
value of the offset voltage value.

Temperature dependencies of Kgt and Vor values are described as follows:

Kgr = Kpo - (1 + ayo - Ty); (4.3)

Vor = Voo - (1 + ayg * Ty), (4.4)
where Kgq, kg, Voo, @yo are linear approximation coefficients, being determined
in the process of B-channel calibration; T, is the measured value of the probe’s
temperature in °C.

The possibility to select one of the magnetic field measurement ranges +2 T
or £0.2 T is provided by the corresponding selection of amplification coefficients
K. or Ky of output differential voltage of the electronic unit. That is why during
calibration two sets of coefficients are being determined: KgogL, 0kseL, VooaL,
awvoaL and KeoaH, 0ksaH, Voo@H, Civo@H-

The process of measurement of a magnetic field is fulfilled as follows:
bl) —the voltage V1 of T-channel is measured and the temperature Ty is measured
by formula (4.1);
b2) — the temperature-dependent value of B-channel transduction coefficient Kgr
Is calculated by formula (4.3);
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b3) — the temperature-dependent value of B-channel offset voltage Vor is calcu-
lated by formula (4.4);
b4) — the voltage V\ of B-channel is measured and then the real value Bg of mag-
netic field induction is calculated by formula (4.2).
During magnetic field measuring the optimal amplification coefficient (K or
Ku) 1s selected, and for calculation the corresponding set of coefficients is applied.
The calibration process of B-channel is performed as follows:
k1) — the probe is located in a magnetic field null-chamber (B = 0);
k2) — the value of the offset voltage of B-channel Vor; is measured at temperature
T1go (for example Tigp = 25°C) and the value of Vo, is measured at temperature
Togo (for example Togo = 100°C);
k3) — using the system of equations

{Von = Voo - (1 + ayo * T1go)
Vorz = Voo - (1 + ayo * T2p0)
the linear approximation coefficients are calculated:

ayo = Vor2—Vor1 ) — __ Vora (4.5)

0 — ’ Voo - .
Vor1' T2B0—Vor2'T1B0O 1+ayoTigo

k4) — the probe altogether with a gaussmeter is located in a calibration electromag-
net;

k5) — at temperature Tig (for example, T1g = 25°C; the equality of temperatures
T1s = T1go IS NOt Necessary) and at two values of magnetic field induction B+; being
reverse (for example, Bri: = 500 mT, By1- = -500 mT for amplification coefficient
K. and Bri+ = 100 mT, Bri- = -100 mT for amplification coefficient Ky) the values
of output voltages of B-channel V11g+ and V- are measured;

k6) — temperature-dependent values of transduction coefficient Kgr; are calculated

(for the temperature T1g)

Br1+—Br1—
Kpri = — )
VriB+—Vor1B



Radiation-resistant Hall magnetic field sensors and instrumentations

k7) — at the given value of induction Bt of the magnetic field and two values of
temperature TigT, T2gT (for example, T1g = 25°C; T,g = 100°C) the value of output
voltages of B-channel V115 and V125 are calculated;
k8) — the temperature-dependent values of the off-set voltage are calculated

Vorie = Voo * (1 + ayo * Tip)
k9) — the temperature coefficients of linear approximation are calculated as fol-
lows:

VBTZ - VBTl KBl
. KBO:l‘i‘aKB'TlB

K - )
5o Ver1 " Top — Vprz " Tip

where Vgry = Vrig — Vorig: Verz = Vrzs — Vorzs-
The calibration process provided above is performed for both values of am-
plification coefficients K. or Ky of the electronic unit’s output differential voltage.
Channels of periodic in-situ calibration (C-channel)
The compensated value of the voltage of periodic in-situ calibration is calcu-
lated by the formula
Ver =Veo- M+ ap-T) (4.6).
Voltages V. of C-channel are determined as the difference
Ver = Verllug => ON] = Ver[lyg => OF]
where Ver[Iye => ON] and Vg [Iy; => OF] are the measured values of C-chan-
nel voltage at switched on and switched off current of the Hall sensor supply cor-
respondingly.
During calibration, the measurement of output voltages Vcr of C-channel is
performed at two temperatures T, and T, determined using T-channel. By results

of these measurements and using the system of equations

{VCTl =Veo (1 +ac-Ty)
Verz = Voo (L +ac - Tp)

the following constants are calculated:

_ Verz = Vera V. = Vera
VCTI'TZ_VCTZ'Tl' €0 1+ac-T

Ac
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During periodic calibration the following measurement and calculations are
performed:
cl) —the voltage Vry of T-channel is measured and using formula (4.1) the tem-
perature Ty is calculated;
c2) — using formula (4.6) the basic temperature-compensated value of voltage Vcrn
of C-channel is calculated;
c3) — the real values of voltage of C-channel are measured Vorgr = Verllye =>
ON] = Verrllyg => OF];
c4) — the coefficient K. = Vorr/Verr, Which determines the discrepancy between
the real Hall sensor sensitivity and its basic value, is measured. This coefficient is
used for the determination of the drift of Hall sensor sensitivity under irradiation

effect and, if necessary, for the correction of coefficient Kgr.

4.3. RHP-WB instrumentation

RHP-WB instrumentation, as well as previously described RHP-1SC, has
been developed for plasma magnetic field monitoring in nuclear fusion reactors.
The main feature of RHP-WB is wideband magnetic field measurement with elec-
tromagnetic noise compensation.

RHP-WB instrumentation is based on radiation-stable Hall sensors. As was
mentioned before, in contrast to pick-up coils, which have been traditionally used
for nuclear fusion reactors’ magnetic field measuring, Hall sensors do not have any
particular restrictions on measuring steady-state and DC magnetic fields. However,
considerable electromagnetic noise on the outputs of Hall sensors and signal lines,
which connect the sensors and signal processing circuits, sets a restriction upon the
frequency range of the Hall sensor devices.

The electromagnetic noise is caused by the electromotive force, which gener-

ates the voltage Vemrin the sensor’s measuring circuit. The value of this voltage is
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proportional to the effective area of the Sg loop, on which the magnetic field in-

duction is being changed:

dB
Vemr~Sg - E

The effective area of the loop Sz = Sy + S, includes the area Sy, which is
formed by the outputs of the Hall sensor, and the area S, which is formed by the
signal line wires (Fig. 4.4). So that to minimize the electromagnetic noise, it is
necessary to reduce the above-stated areas, which can be done by using the special
topologies of Hall sensors and signal lines TL in the form of twisted pairs. How-
ever, as far as the electromagnetic noise is proportional to the frequency fy, such a

solution is not appropriate at fiy > 10 kHz.

Hall Bar

dB

Videey @

AAAAAAAAIN B
/ S : — — VEMF~(SH+SL)E

L

Fig. 4.4. Electromagnetic noise Vewmr generation in the Hall sensor circuit.

The stated problem is especially noticeable when the Hall sensors are located
in the vacuum vessel of the nuclear fusion reactors. In this case, first, the length of
the signal lines more than 5 m between the sensor, which is located in the reactor
vessel, and the signal processing circuit, which is located outside of the vessel, is
significant, which leads to the increase of the area Sy and response Ve. Second, it
Is impossible to make a high-performance twisted pair of wires with polymer in-
sulation due to thermal instability and outgassing of the insulation, while using the

wires with mineral insulation does not allow minimizing their area S, due to the
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considerable diameter and rigid case of these wires. Third, thermally stable radia-
tion hard Hall sensors are characterized by low sensitivity (less than 50 mV/T),
which results from the necessity to use thermally stable heavily-doped semicon-
ductors with low charge carrier mobility. This significantly impairs the signal-to-
noise ratio, and thus restricts the operating frequency range (not more than 10 kHz)
for the magnetic field measuring devices based on Hall sensors.

So that to solve the problem of making the magnetic field measurement fre-
guency range wider up to fyy = 250 kHz at analog-to-digital conversion frequency
fapc = 500 kHz, the method of synchronous signal detection is used. This would
allow a significant decrease (more than by the factor of 100) in the influence of the
electromagnetic noise Vemr induced on both sensor (with the active area Sy) and
signal lines (with active area S.). To implement this method, each measurement is
performed once per two cycles, with the direction of the current through the Hall
sensor being changed in each cycle. Taking into account that when the supply cur-
rent direction is changed, the galvanomagnetic component of the output signal is
reversed while the polarity and value of the electromagnetic noise remain the same,
we can state the following system of equations:

dB
VM1=KH'IH'B+KEMF'SE'E

dB
V2 =_KH'IH'B+KEMF'SE'E

where: Vy1, Vy, is the voltage in the measuring circuit in the first and the second
cycles; Ky, Iy is sensitivity and supply current of the Hall sensor; B is magnetic
field induction; Ky g, Sg is a transduction factor and effective area, on which the
electromotive force is generated (electromagnetic noise).

So to solve the above-stated equation system, we can subtract one equation
from another and receive the result of the magnetic field induction measuring,
which, in the first approximation, does not depend on the electromagnetic noise.

However, practically, the efficiency of synchronous signal detection is not a simple
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task. The problem is that electromagnetic noise, which is a term in both above-
mentioned equations, is not a constant value.

This problem might be solved by the filtration of the high-frequency signal
component and averaging the results of several two-cycle measurements, as well
as by the analogue method applying the integrators and the digital method applying
the spectral analysis. It is obvious, that such solutions restrict the frequency band
of the magnetic field to be measured and for this reason cannot be applied for high-
frequency measurements.

RHP-WB instrumentation is based on an alternative solution by increasing
the Hall sensor’s supply current switching frequency up to the level, which exceeds
the frequencies of the magnetic field and electromagnetic noise. Such a solution
does not restrict the measuring frequency band, but it raises considerable technical
problems: it is necessary to generate, transmit at a long distance and accurately
convert high-frequency signals. In particular, if it is necessary to receive the stream
of signal data at the analog-to-digital transduction frequency fapc = 500 kHz, then
supply current switching, the transmission of the small Hall sensor signal at a long
distance and its amplification should be performed at the 1MHz frequency at the
least. That is why for the two-cycle synchronous measurements it is necessary to
use two analog-to-digital transducers fapc = 500 kHz (one transducer per one
measurement cycle) and corresponding units of analog signal commutation and its
storage during the analog-to-digital transduction.

The layout of RHP-WB instrumentation is presented in Fig. 4.5. Each set con-
sists of a probe and an electronic unit (ELU) connected by a signal transmission
line (TL). The probe contains three orthogonal Hall sensors HGx, HGy, HGz and
RT thermo-resistor. The electronic unit generates and amplifies signals Vwuxa,

Vuv1, Vmzi, Vuxz, Vmvz, and Viuzz by means of two-cycle synchronous detection.
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Fig. 4.5. The layout of RHP-WB instrumentation.

Based on these signals, three components of the magnetic field induction vec-
tor Bx, By and Bz are calculated. Two signals, Vu: and Vg, are provided for the
calculation of each magnetic field induction vector component. Subsequent ana-
log-to-digital conversion of these signals at frequency fapc = 500 kHz makes the
electromagnetic noise compensation possible, which in its turn provides accurate
magnetic field measurement within the 0+250 kHz frequency range. The electronic
unit contains current sources SCH, SCT, switches SW,, SWx, SWy, SWz and dif-
ferential amplifiers Axi, Axz, Avi, Avz, Az1, Az, Agr.

The design and the prototype of the probe are shown in Fig. 4.6, where: 1 -
base, 2 — assembly cube, 3 — Hall sensors, 4 — thermoresistor; 5 — ceramic printed
circuit boards PCB, 6 — metallization of PCB, 7 — outputs, 8 — supporting struc-

tures, 9 — lid, 10 — screws or pins, 11 — holes for mounting.
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Fig. 4.6. The design and the prototype of the probe.

4.4. RHP-MAP instrumentation

RHP-MAP instrumentation has been developed for permanent cyclotron mag-
net magnetic field high-precision mapping in charge particle accelerators.

Two principally different approaches are most widely used for high-precision
magnetic field measuring. The first one is based on Nuclear Magnetic Resonance
(NMR) probes and provides very high measuring accuracy. Unfortunately, NMR
probes cannot operate in inhomogeneous magnetic fields. The second approach is
based on Hall sensor (HG) probes. Such HG probes do not have any limitations
concerning field homogeneity, but their measuring accuracy is rather low. Low
accuracy is caused by certain transducing characteristics instability typical of all
semiconductor HG (sensitivity, off-set voltage) and the presence of various para-
sitic effects in semiconductor HG (for example, planar effect).

The novelty of RHP-MAP instrumentation is based on the integration of the

HG probes set and NMR magnetometer into a complex measuring system that is
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calibrated directly in a cyclotron magnet. For HG probes calibration they are placed

around the circle (Fig. 4.7).

Fig. 4.7. Location of the HG probes during the calibration.

The NMR probe should be placed near one of the HG probes and the area of
the NMR probe should meet the requirements of high field homogeneity in the
middle of one of the “hills” or “valleys” of the magnet. During the calibration using
the NMR probe, accurate values of the field and the output signal of the HG probe
located around are measured. The disk rotates during calibration, which allows the
alignment of all the HG probes of the mapper with the NMR probe. This procedure
is performed consequently in the “hill” and “valley” areas, which allows achieving
at least two positions of the field where the maximum calibration accuracy is pro-

vided. During mapping, the HG probes are placed along the radius (Fig. 4.8).

AD bus

—

Fig. 4.8. Location of the HG probes during the cyclotron magnet mapping.
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RHP-MAP instrumentation (Fig. 4.9, Fig. 4.10) consists of a signal pro-
cessing unit, a multiplexer unit (Fig. 4.11), and a set of probes. The signal pro-
cessing unit provides high-precision analog-to-digital conversion and communica-
tion with a computer. The multiplexer unit provides stabilization of the power-
supplying modes of the probes set, amplifying and signals multiplexing from 24
magnetic field sensors and 2 temperature sensors. RHP-MAP is complemented
with two multiplexer units that are operating synchronously with one signal pro-
cessing unit. This allows an increase in probes amount: 48 magnetic field probes
and 4 temperature sensors. The probe set and multiplexer unit are located on the
disk in the gap of the magnet under magnetic field mapping.

The signal processing unit contains 5 data buses:

e AD-bus-1, AD-bus-2 — with multiplexer units;
e D-bus — with the computer;
e M-bus — with the step motor controller;

e E-bus — with the angle encoder.

i Y
— D-bus
Signal g Supply
processing unit
= unit
¢ D)
. A
/J)] 1 2
M-bus E-bus AD-bus
o the to the Multiplexer Multiplexer
step motor angle
controller encoder unit unit

P11

E ﬁ ﬁ ﬁ E B R B E ﬁ E
24 HG probes 24 HG probes

Fig. 4.9. The block diagram of RHP-MAP instrumentation.
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Fig. 4.11. The layout of the multiplexer unit with Hall sensors set.

The multiplexer unit consists of:
Reference-voltage source Vo;
Current stabilizer based on the operational amplifier OA (R, — current measur-
ing resistor, Ry, — biasing resistor, Ryz — current set resistor);
Current commutation circuit based on the diode D and field-controlled transis-
tor VT;



Radiation-resistant Hall magnetic field sensors and instrumentations

e Hall sensors feed circuits switches based on the analog multiplexers MX7+
MX9;
e Hall sensors signal switches based on the analog multiplexers MX1+ MXG6;

o Amplifiers of the Hall sensors signals and current measuring circuit based on
the differential amplifiers Ky and resistors R;

e Circuits of the temperature signals based on the temperature diodes D1, D2;

e Output switches based on the analog multiplexer MX10;

¢ Digital circuits of the multiplexers control — Counter 24, Counter 8, Reset.

Consequent commutation of the Hall sensors channels is provided by control
pulses Shift #. Each pulse Shift # increases the amount of the pulses counted by
the counter Counter 24, and, therefore, changes the channel number. In the case of
Shift # = 0 mode of the measurement of the Hall sensors signals Vy is formed.
When Shift # = 1 abridgement of the supply current through the transistor VT oc-
curs, and so current does not flow through the Hall sensors. It allows the measure-
ment and compensation for the offset voltage V.

The output switch provides analog multiplexing of the output voltage Vour.
This switch is controlled by pulses Shift BT which change the number in Coun-
ter 8. During the first cycle Vi and Vo voltages from the amplifier of the signals
of the Hall sensors are formed. During the second cycle V, and V|, voltages from
the amplifier of the signals of the current-collecting resistors are formed. During
the third and fourth cycles the signals from the temperature diodes D+; and D are
formed, correspondingly. When one-level pulses simultaneously occur on two con-
trol inputs Shift # and Shift BT, it resets Counters 8 and Counter 24. This provides
device transition to the initial state — measurement of the magnetic field induction
using the first channel.

The voltage on the temperature diodes D11, Dt is used directly by a program
for the temperature calculation. VVoltages of the Hall sensors Vu, Vo and the cor-
responding voltages from the current-collecting resistor Vg, Vrio are used to form

the normalized signal M calculated by a program according to the equation
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Vu—Vu
M =2
Vri—VRio

Using the normalized signal M as an informative parameter of the measured
magnetic field B solves a problem of the compensation of the additive and multi-
plicative error components and thus provides high measurement accuracy.

It was necessary to solve the principally important problem of strict keeping
of sensors plane parallel to the lower base of the probes during the mapper’s de-
velopment. This problem is relevant because of the necessity of measurement error
decreasing. The measurement error is caused by a change in the sensors’ angle of
slope in the magnetic field of the magnet being investigated.

The output voltage of the sensor at a first approximation is determined by the
cosine of the angle between the vector of magnetic field induction B and normal N
to the plane of the sensor active layer. This angle, in its turn, is determined by two
other angles — by angle o between the field induction vector and normal to the
plane of the probe, and angle B between the plane of the sensor active layer and
plane of the probe (Fig. 4.12). In some cases, these angles are added, and in other
cases — they are subtracted. Rotation of the sensor, whose active layer is tilted in
relation to the probe plane, around its axis by 180° will cause a change of the output

signal for cos(a — B) — cos(a + ).

; 180°

Fig. 4.12. The chip mounting: 1 — chip, 2 — transient layers, 3 — base.

Let us notice that if at least one of the mentioned angles tends to zero, sensor

rotation around its axis does not cause a change in the output signal. Besides, in
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the case of a—0 or g — 0 one can apply approximation cos(a —pf) —
cos(a + B) — 0.

In the cyclotron magnet mapping problem by mounting the probes array onto
the disk, one may observe a change in the output signal during the disk rotation
around its axis (Fig. 4.13). The reason for such a signal change is the presence of
angle (B) between the sensor active layer and lower probe surface and the presence

of angle of disk tilting (a) in the magnet gap.
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Fig. 4.13. The chip mounting on the disk in the magnet gap.

To minimize the angle B value, technology was developed for sensor chip
precise mounting into probes and checking the parallelism of the chip working
plane to the lower probe surface. The know-how of the developed technology con-
sists in methods of keeping the chip mounting zone plane perfectly parallel to the
lower probes surface, top-quality sensor chip gluing and control of parallel mount-
ing.

The technique of parallel chip mounting control is represented in Fig. 4.14.
Control is carried out using the rotation gear that allows the probe to rotate around
its axis in the magnetic field. During the control process, one may measure mini-
mum and maximum signal values by rotating the probe being investigated. To in-
crease measurement accuracy, the probe plane is initially inclined under a certain
angle to the magnetic field induction vector (for example, a. = 50°). Such a location
allows significant sensitivity increasing of the technique of measuring non-paral-

lelism of sensor mounting. It is presented in Fig. 4.15, a. So, at non-parallelism
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B =1° (B is the angle between the sensor active layer and the probe plane) and at a
zero angle of inclination of the probe normal to the magnetic field induction vector
o = 0°, a relative signal change at the rotation of the probe for 180°is 6 = 100% -
(cos(a + B) — cos(a)/cos(a)) = 0.015%.

At the same non-parallelism (3 =1°) and inclination angle o = 50° (Fig. 4.15,
b), the relative signal change is 6 =+1.2%, i. e. non-parallelism measurement

method sensitivity increases in two orders.

Fig. 4.14. Mechanism of control for sensor mounting in the probes.
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Fig. 4.15. Non-parallelism error of mounting sensors into probes.

Using the described technique, sensor mounting non-parallelism was meas-

ured for all probes manufactured for the mapper. The investigations have shown
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that the signal change during rotation of the manufactured probes around their axes
at o = 50° does not exceed & = £0.6%, which corresponds to the non-parallelism
angle B =0.5°. So, at o =0° the signal change will be within the range of
& = +0.005%.

Calculation graphs of the limiting error values of the cyclotron magnetic field
mapping at the different disk inclination angles and maximum values of the sensor
non-parallelism angles of  =0.5° are given in Fig. 4.16. Therefore, for keeping the
measurement error within the range of 6 =+0.01% non-parallelism of the disk

mounting in the magnet gap should not exceed o = 0.5°.
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Fig. 4.16. Non-parallelism error of mounting the disk into the magnet.

High requirements to magnetic field distribution measuring accuracy specifi-
cations at a considerable amount of measuring channels (sensors) have caused the
necessity for special calibration methodology development. The problem is caused
by the fact that Hall sensors’ time stability is insufficient for providing long-term
measurements with an error of £0.01%. Consequently, the necessity of periodical
calibration appears.

We also should take into consideration the fact that Hall sensors field trans-
ducing functions approximation using continuous polynomial functions is very

problematical. On the one hand, at low values of polynomial function degree, it is
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Impossible to reach the defined approximation accuracy. On the other hand, at high
values of the polynomial, it becomes impossible to manage a simple way of trans-
ducing function correction even in case of inessential time drift. This may be ex-
plained by the fact that correction of high-degree polynomial coefficients leads to
considerable function drift: while decreasing approximation error in one of the
field points, the error in other field points increases. This error increase may be-
come several times bigger than before the correction. Besides, it should be taken
into account that in the case of numerous sensors, high-powered polynomial coef-
ficient correction is a complicated and continuous process.

The above-stated facts have caused the necessity of developing such a cali-
bration and transducing function coefficient correction methodology that can pro-
vide high-precision mapper measuring channels transducing function approxima-
tion, simplicity, flexibility, and easiness of the periodical function correction pro-
Cess.

The investigations being carried out have shown that Hall sensors’ field char-
acteristics may be described quite accurately (with accuracy within +0.01%) only
by a high-degree polynomial. However, if periodical transducing function calibra-
tion is necessary, using high-degree polynomials is highly undesirable. In order to
decrease the degree of polynomials, it has been decided to divide the whole field
characteristic into several areas. This allows using second-degree polynomials for
every area. Its correction during the calibration of the sensor is quite simple.

The investigations have shown that in the range of real field values in cyclo-
tron magnets (magnitude of magnetic field induction does not exceed 1.4 T) it is
sufficient to use only three areas to provide +0.01% of measuring results mutual
disarrangement of all Hall sensors, namely:

e area‘“—B” for B<-Bz;
e area “By” for-Bz < B <Bgz;

e area “+B” for B > B,
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where +B7 — field points where a transition between two approximation areas oc-
curs (usually B, =0.5T).

Taking into consideration that the field in the working gap of cyclotron mag-
nets under the investigation is unipolar and usually is within B <—-Bz or B > B, it
Is possible to perform mapping of these magnets only in one of the areas of the
field characteristics (area “—B” or “+B”). This circumstance is of great importance
and it allows us to perform a relatively simple method of periodical mapper cali-
bration.

The general view of “Calibration” window is represented in Fig. 4.17. Every
channel of the mapper has its own window of approximation coefficients, where

four types of calibration are represented:

e “NOMINAL” — nominal characteristics;
e FINE NOM” — corrected nominal characteristic;
e “NMR” — characteristic, based on NMR probe data;
e FINE NOM” — corrected “NMR” characteristic.
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Fig. 4.17. Calibration window view.

The calibration type may be the same for all channels or it may be chosen for

each channel separately. Switching between calibration types may be performed
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using “NOMINAL”, “FINE NOM”, “NMR” or “FINE NOM” buttons, which
may be set first in “All” panel or second in the approximation coefficients window
for a corresponding channel. In the same way, if chosen for calibration magnetic
field values are matching in all channels, they may be set in “All” panel. In the
mismatch case, they may be set in the windows corresponding to the channels.

For the chosen field points, the corresponding values of the normalized M
signals are measured by activating the measuring process. After measuring of
M = f(B) set of data in all seven or at least three field points By, the polynomial
coefficients ao, a1, and a, are calculated. The coefficient calculation is performed
for three reference points of the field. Those reference points are the normalized M
signals by default at minimal, maximal and average values of the field
Mmin = f(Bmin), Mmax = f(Bmax), Mav = f(Bay), that are chosen from the available
M = f(B) set of data.

Calculation is performed by the following equations:

_ (Bmax_Bav Bay—Bmin ) 1
az - - -

Mmax—May May—Mmin

1
Mmax—Mmin

Bay—Bumi _
a, = L — (Mav + Mmin) "4y,

May—Mmin
Ao = Bin — @1 * Mypin — a3 " M.

The field reference points may be changed during the measurement process.
Icons “®” are used for this purpose, which correspond to necessary field values.
Choosing the reference field points is optimal if the minimum value is close to the
field values in the “valleys” of magnets under investigation and the maximum val-
ues are close to the values in the “hills” of the magnet.

Besides the direct polynomial coefficients ao, ai, a2, “NOMINAL” character-
istic is obtained as a result of calculations

Byomi = ag + a4 - M; + a, - M;.
So, by matching calculated values of By,,; With the input B,,; set it becomes

possible to perform a quick approximation quality analysis.
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If approximation quality is insufficient or field characteristic has a little drift
during the mapper transportation, transducing function polynomial coefficients
may be corrected. The corrected nominal characteristic panel (“FINE_NOM?”) is
used for this purpose. Changing the ap, ai, and a, coefficients one may observe
corresponding Brinenowmi Values change.

“FINE_NOM?” characteristics are also used for direct calibration of the map-
per in the magnet under the investigation. In this case, magnetic sensors are placed
on the disc in a circle. The sensors pass through determined spatial points in the
magnet gap by rotating the disc. There should be three such points — a point with
the minimal field (“valley” area), a point with the maximum field (“hill” area) and
a point with the average field value (for example, in the “hill” area in the case of
the increased magnet gap). Such calibration is performed as follows.

First, the normalized signals from all the sensors of the mapper are obtained
at the first point of the magnet gap. The mapper is switched to “Single” step-by-
step measuring mode. Sensor #1 is matching with first spatial point by rotating the
disc. The first channel measurement result is obtained by pressing “Go” button
once. Further, sensor #2 is introduced into this spatial point of the magnet gap by
rotating the disc, and its measurement result is obtained.

Measuring results of all other sensors of the mapper are achieved in a similar
way. During this process in the graphic window one can see field induction meas-
urement results in a defined spatial point using nominal polynomial coefficients.
To improve the resolution of plots, they may be scaled by selecting a scaling area
with a mouse pointer. It is obvious that in the case of the perfect calibration of the
nominal characteristic, the measuring results of all mapper channels will match
absolutely. In practice, the absolute matching of measuring results of all channels
is impossible. It is because of a particular error in the spatial matching of sensors
in a particular field point, because of noises and interferences present in measured

signals, and also because of calibration errors.
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The influence of the first two sources may be decreased by performing the
stated sequence of measurements several times. The results of each measurement
series are recorded with the series number. Correspondingly to the measurement
sequence, the above-stated normalized signals of all the mapper’s sensors in the
second and third spatial points of the magnet gap are obtained and recorded.

Further, “FINE_NOM?” calibration characteristic formation is carried out. For
this purpose, the mapper channels whose results differ from the measuring results’
average value of other channels are determined using the obtained plots. It should
be stated that changes that should be introduced into the coefficients ao, a;, a, are
inessential. Therefore, such correction is performed manually, observing the cor-
responding changes in the available visual-aided measurement results in three field
points.

Transducing functions’ correction may be performed more precisely and
quickly using “NMR” characteristic coefficients. In contrast to “NOMINAL” char-
acteristic, “NMR” characteristic is formed directly at the magnet under the inves-
tigation. Only three field points are used, where induction values are controlled
using a reference magnetometer. The highest calibration absolute accuracy is pro-
vided by using a reference Nuclear Magnetic Resonance type magnetometer
(NMR).

The formation of the “NMR” characteristic is similar to the above-considered
“NOMINAL” characteristic. In this case, magnetic field values are input manually,
using the meterage of the reference magnetometer. As in the previous case, the
polynomial coefficients of “NMR” characteristics may be corrected, using the
“FINE_NOM” panel.

Calculation of the magnetic field induction magnitudes is performed taking
into consideration a temperature change according to the equation By = By, -
(1+ ar - (T —T,)), where B, is field induction value, calculated according to the
chosen calibration characteristic (disregarding the temperature); a, — Hall sensors

temperature coefficients (ot = 0.008 %/°C by default; T, — calibration temperature
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(To = 20°C by default); T — temperature calculated on the base of thermo-diode
voltage Vpr (in case of using two thermo-diodes the temperature value is aver-
aged).

As was stated above, three Hall sensors field characteristics approximation
areas “—B”, “By” “+B” are used for the magnetic field induction calculation. The
transition from one area to another occurs automatically at field induction values
of —B; and B,. For each mapper channel values of —-M, and +M; are calculated by
the software. The calculation is conducted using linear coefficients a; of “By” area
by the approximation formula M, = B;/a,. In the case of —-Mz<M<Mg the “By”
area is chosen, in the case of M<Mzg the “~B” area is chosen, and in the case of
M>M; the “+B” area is chosen. It should be emphasized that to prevent the influ-
ence of transducing function jumps in Bz points on calculation results, Bz values
must be set outside the magnetic field range where maximum measurement accu-
racy is to be provided.

A prototype of RHP-MAP instrumentation is presented in Fig. 4.17, whereas

its main characteristics are given in Table 4.2.

Fig. 4.17. The prototype of RHP-MAP instrumentation.
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Table 4.2.
The main characteristics of RHP-MAP instrumentation
Parameter Value
Number of magnetic field measuring channels 48
Number of temperature measuring channels 4
Magnetic field measuring results repeatability (compared to the < +0.003%
field of B = 1T)
Hall sensor temperature sensitivity coefficient <10.01%/°C
Disagreement in the transducing function approximation results in <+0.01%
all sensors (in the range of field induction of +0.6...1.4 T )
Hall sensors chip inclination into probes <40.5 degree
Temperature measurement resolution <0.1°C

4.5. RHP-RAD instrumentation

RHP-RAD instrumentation has been developed for investigating sensors di-
rectly during their irradiation in nuclear reactors. Here, like in the earlier described
In-situ calibration technique, the main problem is generating a stable test magnetic
field in remote places with a high neutron radiation level. Taking into account the
impossibility of applying permanent magnets under such conditions, the test mag-
netic field is generated by a small electromagnet (solenoid).

For providing the required measurement accuracy, a method of signal syn-
chronous detecting with further analog-to-digital conversion with a 24-bit micro-
converter is used. Such method provides measurement irrepeatability of +0.1 % at
signal level of 0.5 mV (at sensor’s magnetic sensitivity of S =100 mV/T the test
magnetic field AB = 5 mT generates a signal V = S-AB = 0.5 mV) and signal trans-
mission line of the length 20 m.

The signals of the investigated sensors are measured relative to the signal of
the reference sensor located outside the neutron-irradiated area. Besides, the refer-
ence sensor’s test field is generated by an auxiliary coil serially connected to the
coil bearing the sensors being investigated under the radiation impact. Such a so-
lution allows compensation for the time and temperature instability of the test mag-

netic field.
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RHP-RAD instrumentation (Fig. 4.18, Fig. 4.19) consists of two heads (Head
1, Head 2) with investigated sensors, electronic unit and signal lines (TL1a, TL1b,
TL2a, TL2b, TL3). The heads are placed in the reactor channel, while the elec-
tronic unit is outside the reactor in its maintenance area (at the distance up to 20 m
from the heads), and the computer is in the personnel room (at the distance up to

15 m from the electronic unit).
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Fig. 4.18. The layout of RHP-RAD instrumentation.
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Fig. 4.20. The prototype of the RHP-RAD electronic unit (a) and head (b).

Each head contains 6 Hall sensors or galvanomagnetic generators (HG) of
some other type and Coil H for generating a test magnetic field. Head 1 contains a
thermocouple for temperature measurement. The temperature of Head 2 is meas-
ured by the thermo-resistive method, with the temperature dependence of coil wire
resistance used as an informative parameter. Signal lines connecting the heads to
the electronic unit are meant for transferring analog signals and consist of two
parts. TL1a and TL2a parts are made of rigid radiation-hard high temperature re-
sistant wires with a length of 2m (for being installed in a reactor channel), whereas
TL2b and TL1b parts are made of flexible twisted pairs. TL3 signal line is to trans-
fer digital signals between the electronic unit and the computer.

The electronic unit consists of a MUX signal multiplexer, CS1 source of sup-
ply current for galvanomagnetic sensors, CS2, CS3 sources of supply current for
coils, RM1, RM2 reference signal modules, AM amplifier, SD synchronous detec-
tor, FT signal filter, ADC&MC microconverter module, IF interface module, ST
stabilizer, and MB cross-PCB. The sensors are supplied with direct current, while
the coils are supplied with alternating current pulses with a frequency of about 200
Hz. Besides, each coil is supplied with a separate current source.

The signal multiplexer provides a series connection of HG sensors up to CS1
current source and the sensors’ differential signals V) transfer onto AM amplifier
input. Then the signal is converted with SD synchronous detector and filtered with

a low-frequency FT filter. Synchronization of the signal phase in SD detector takes
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place along the pulse edge of current generated by CS2, CS3 coils supply current
SOurces.

Each of the RM1 and RM2 reference signal modules consists of Coil R aux-
iliary coil and HGr reference Hall sensor. These modules are inside the electronic
unit (outside the radiation area), and thus the parameters of HGr reference sensors
and auxiliary coils can be considered unaffected. Taking into account the afore-
mentioned facts and the auxiliary coils serially connected to the coils inside Head
1 and Head 2, periodic measurement of output signals from HGr reference Hall
sensors allows us to determine the test field drift AB with time. Besides, represent-
ing the measurement result as the ratio between the investigated sensor signals and
the HGr reference Hall sensor signal allows compensation for the parameter drift
in the measurement circuit as a whole. Sensor parameters investigation provides
for measuring their sensitivity, off-set voltage, temperature and voltage of interfer-
ences in the measuring circuit.

The main software window of RHP-RAD instrumentation is shown in

Fig. 4.21.
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Fig. 4.21. Main software window of RHP-RAD instrumentation.
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4.6. Testing Hall sensors under irradiation

RHP-RAD instrumentation has been applied for direct investigation into Hall
sensors under irradiation of fast neutrons. The reactor operation mode is shown in
Fig. 4.22. The experiment lasted for 90 days in three sessions of the reactor opera-
tion. During reactor stops at the end of each irradiation session, the facility contin-
ued to perform measurements during the next several days in order to find out if
the sensors’ characteristics were affected by relaxation after the irradiation.

On the first session of the reactor operation, the samples were irradiated up to
the fluence of F1=7,4-10% n cm™2 at the flux intensity of j=6,86-10° n.cm™-s2, till
the end of 11 session — up to the fluence of F,=1,0-10% n-cm™? at j=1,07-10'° n-cm"
2.5'1 and till the end of the 111 session — up to the fluence of Fs=3,1-10* n-cm™ at
j=8,46-10° n-cm™-s. Average reactor neutron energy was equal to E=1.5 MeV,
and the portion of thermal and intermediate neutrons in the experiment was equal

to 20% and 25% respectively, of the integral fast neutron flux.
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Fig. 4.22. The operating mode of neutron reactor during the experiment.

High measurement resolution and noise rejection provided by described
above RHP-RAD instrumentation have been proved. For example, Fig. 4.23 pre-
sents a data array of a relative sensitivity change in one of the samples studied. It

shows high resolution up to 0.01% of the measured value.
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Fig. 4.22. The operating mode of the neutron reactor during the experiment.

Among 6 samples under investigation (Table 4.3), three were based on micro-
crystal (whiskers) with initial carrier concentration of n;=8,6-10' cm® (#1),
n2=6,4-10Y cm= (#2), and n3=9,7-10%" cm= (#3). The other three were based on
thin-film structure InSb with charge carrier concentration of ns = 3,0-10* cm™ (#4),
ns=7,5-101 cm= (#5), and ng= 3,4-10'" cm= (#6). Relative sensitivity (Fig. 4.23)
and charge carrier concentration dependencies (Fig. 4.24) have been studied.

Table 4.3

The parameters of the magnetic field sensor (at 300K) being tested

Initial charge carrier Mobility Resistivity
Ne concentration 2\ 1 o1
n, em™ i, cm*-V*s p, Q-cm
Microcrystal magnetic sensors
#1 8,6-101° 52400 14,3-10™
#2 6,4-10% 24000 4,3-10™
#3 9,7-10Y 22300 2,7-10™
Thin film magnetic sensors
#4 3,0:108 10300 2,1-10™
#5 7,5-10% 22000 4,3-10™
#6 3,4-10Y 24700 7,410
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Fig. 4.24. Relative charge carrier concentration dependence.

The maximum value of concentration change of 24 % under irradiation with
maximum dose can be seen in low-doped microcrystal sample #1 with an initial
carrier concentration of n; = 8,6-10'® cm=. The concentration of electrons in it in-
creases with the growth of neutron fluence, and for highly-doped microcrystal sam-
ple #3, n3=9,7-10" cm™3, the charge carrier concentration decreases during the



Radiation-resistant Hall magnetic field sensors and instrumentations

whole range of fluences. In all film #4, #5, #6 samples the carrier concentration
decreases during the whole range of neutron fluences.

All the dependencies have the non-linear behavior, which means that the rate
of concentration change does not remain constant during neutron fluence growth:
in low compensated samples #1 and #2 the rate of concentration change decreases
while the fluence grows, whereas in highly compensated samples #3, #4, #5 and
#6 it increases. This means that under neutron irradiation both simultaneously run-
ning radiation processes — nuclear doping and introduction of radiation defects —
have opposite signs in low compensated samples #1 and #2 and partially compen-
sate each other. The increase in concentration occurs due to nuclear doping, which
generates electrons in those samples and is a predominant process. The decreasing
of the rate of this concentration increase is connected with the fact that the density
of the introduced acceptor type radiation defects increases while fluence grows and
partially compensates for the concentration of electrons generated by nuclear dop-
ing.

From the analysis of the measurement results, it follows that the most stable
during the whole fluence interval is sensor #2 with initial carrier concentration
n,=6,4-10' cm=. Up to the highest neutron fluence of F=23,1-10° n-m? the
change in its sensitivity didn’t exceed 1 % compared to the initial value, and at the
fluence of F = 1-10% n-m it amounts to only 0,05%. This proves the possibility
of using such sensors in the above-mentioned measuring magnetic field instrumen-

tations for high radiation conditions.

4.7. Summary for Chapter 4

A set of magnetic field measuring instrumentation on Hall sensors for harsh
radiation conditions is described. It includes RHP-1SC and RHP-WB instrumenta-
tions for plasma magnetic field monitoring in nuclear fusion reactors, RHP-MAP

instrumentation for permanent cyclotron magnet magnetic field high-precision
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mapping in charge particle accelerators, and RHP-RAD instrumentation for inves-
tigating sensors directly during their irradiation in nuclear reactors.

RHP-ISC instrumentation is based on radiation-stable 3D probes and an in-
situ calibration technique. Each 3D probe contains 3 Hall sensors and 3 coils. The
Hall sensors generate output voltages Vuex, Vhey, and Vyez, which are propor-
tional to the corresponding magnetic field induction components Bx, By, and By.
The coils perform two functions. In pick-up mode, they generate voltages Ve x,
VcLry, and VcLz, which are proportional to the corresponding magnetic field induc-
tion change rate components ABx, ABy, and AB;z. In calibration mode, the coils
generate test magnetic fields Box, Boy, and Boz of approximately 5 mT at supply
current of about 20 mA. These test magnetic fields do not depend on the radiation
dose, and thus they can be used for periodic determination of the Hall sensors'
sensitivity.

Considerable electromagnetic noise on the outputs of Hall sensors and signal
cables, which connect the sensors with signal processing circuits, set a restriction
upon the frequency range of the Hall sensor devices. To solve this problem, a Hall
sensor’s supply current switching technique at high frequency was applied in RHP-
WB instrumentations. Its electronic unit generates and amplifies a set of signals by
means of two-cycle synchronous detection. Subsequent analog-to-digital conver-
sion of these signals at frequency fapc = 500 kHz makes the electromagnetic noise
compensation possible, which in its turn provides accurate magnetic field meas-
urement within the 0+250 kHz frequency range.

The novelty of RHP-MAP instrumentation is based on the integration of an
NMR probe and HG probes set into a complex measuring system that is calibrated
directly in a cyclotron magnet. The first one provides very high measuring accu-
racy but NMR probes cannot operate in inhomogeneous magnetic fields. The sec-
ond approach using Hall sensors does not have any limitations concerning the field
homogeneity, but their measurement accuracy is rather low. The NMR probe is
placed on a disk near one of the HG probes, and the area of the NMR probe should
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meet the requirements of high field homogeneity in the middle of one of the “hills”
or “valleys” of the magnet. During the calibration using the NMR probe, accurate
values of the field and output signal of the HG probe are measured. The disk is
rotated during the calibration, which allows the alignment of all the HG probes of
the mapper with the NMR-probe. During the mapping the HG probes are placed
by the radius. RHP-MAP instrumentation provides the accuracy of magnetic field
measuring £0.01% at 48 HG probes set.

RHP-RAD instrumentation for investigating sensors directly during their ir-
radiation in nuclear reactors is based on the test magnetic field technique and signal
synchronous detecting with analog-to-digital conversion on 24-bit microconverter.
It provides measurement irrepeatability of +0.1% at test magnetic field
AB =5 mT.

Using RHP-RAD instrumentation Hall sensors relative sensitivity and charge
carrier concentration dependencies have been studied directly during their irradia-
tion. It was shown that the most stable is the Hall sensor with initial carrier con-
centration n=6,4-10' cm=. Up to the neutron fluence of F =3,1-10% n-m? the
change in its sensitivity didn’t exceed 1 % and at fluence of F =1-10" n-m? it
amounts to only 0,05%. This proves the possibility of using such sensors in meas-

uring magnetic field instrumentations for high radiation conditions.
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