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STRUCTURE OF THE DOCTORAL THESIS CHAPTERS

The doctoral thesis entitled "Cryoelectrotechnical methods for high magnetic fields", is
structured in 4 chapters, conclusions and bibliography, and will present the methode to design
and develope an uniform high magnetic field generator using high temperature
superconducting materials. Considering the fact that the field values required to achive the
demands of the application in which this magnetic field generator need to be used exceed the
conventional capabilities of conventional conductors, magnetic fields of up to 2,5 T can be
obtained, the use of superconducting materials is required, to overcome this limitation. In order
to achieve this goal, on the one hand, a rigorous evaluation of the phenomena associated with
the superconducting state, as well as the characteristics of commercially existing materials is
necessary, so that the selection of the materials to be used corresponds to the performances for
which this generator will be designed.

Thus, in Chapter 1, called "SUPERCONDUCTIBILITY (CHARACTERISTICS AND
PERFORMANCES)", the main performances and characteristics of superconducting materials
used in industry, their evolution over time, and also how they become indispensable in the last
decades in the devices developement, from various fields will be presented.

In Chapter 2, entitled "INTENSE AND UNIFORM MAGNETIC FIELD
GENERATORS", the technical solutions for magnetic field generators developed with this
type of superconducting materials are presented, as well as the development of a conceptual
model for such an electromagnet.

Chapter 3, entitled "ANALYSIS OF THE THERMAL PARAMETERS OF THE
COOLING SYSTEM FOR A SUPERCONDUCTING ELECTROMAGNET" deals with the
heat transfer problems associated with equipment using superconducting materials, in order to
ensure their operating thermal parameters.

In Chapter 4, entitled "REALIZATION AND TESTING OF A SUPERCONDUCTING
ELECTROMAGNET", are presented the execution stages, testing methods, and the
experimental results obtained from the tests carried out of the superconducting electromagnet.
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INTRODUCTION

The applications of superconducting materials have expanded in recent decades in many
fields such as electrical engineering, through the creation of power lines, whose performance
are clearly superior to conventional transmission lines [1], high power transformers [2, 3],
current limiters that protects the power lines [4], magnetic field energy storage systems [5]. In
the medical industry, these materials have led on the one hand to the development of facilities
for magnetic resonance investigations [6], as well as the development of new methods for
investigations such as magnetoencephalography [7]. In the transport industry, superconducting
materials have been imposed due to the possibility of developing high-speed trains that use
magnetic levitation, exceeding the maximum speed that can be reached by conventional
methods [8].

Another field in whose development superconducting materials play an significant role is
that of applied physics, the use of superconducting materials making possible the development
of large particle accelerators that can develop energies of up to 14 TeV [9]. Due to the superior
performance of the new high temperature superconducting materials generically called High
Temperature Superconductor (HTS) developed in the last decades, the possibility of obtaining
high magnetic fields, which can reach tens of T [10] opened new possibilities in this field.

The development of high and uniform magnetic field generators using high-temperature
superconducting materials requires, on the one hand, a deep knowledge of these types of
materials, but also of the restrictions imposed by them, restrictions corelated low temperatures
at which they are used.

Design of such high and uniform magnetic field generator made with HTS superconducting
materials for applications in spectroscopy, its realization method, as well as the experimental
results obtained, presented in this work, aim to overcome the limitations imposed by the use of
conventional conducting materials for this type of application.
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1. SUPERCONDUCTIVITY

1.1. INTRODUCTION

The use of superconducting materials in practical applications has demonstrated through
their performance that they become indispensable for technological progress. The use of this
type of materials implies a deep knowledge of their properties and implicitly of the phenomena
that govern the superconductivity state. In this chapter a brief presentation of the
superconducting state of materials, their associated properties and the main parameters that
must be taken into account for practical applications is presented. In the second part of this
chapter, the main applications of these types of superconducting materials that have been
imposed in the last decades in many fields of activity are briefly presented.

1.2.  Superconducting state

The superconductivity state was discovered by Heike Kamerlingh Onnes in 1911 [11].
When the temperature of the studied material is kept below a value called the critical
temperature (7¢), it shows zero electrical resistance, rising the possible to electric current
transport without Joule losses.

In 1933, Walther Meissner si Robert Ochsenfeld [13] have highlighted the fact that this
material at a temperature below the critical temperature (7¢), when is placed in a constant and
uniform magnetic field, a superconducting current spontancously appears at the surface,
shielding the material from the external magnetic field, the material behaving like a perfect
diamagnet, (the Meissner—Ochsenfeld effect) [12, 14]. The equations describing the Meissner
effect were proposed in 1935 by Fritz Wolfgang London and Heinz London brothers [11].
According to them, an external magnetic field Bo, parallel to a superconducting material will
not be completely attenuated at the material interface, it will be attenuated according to the
relation [11]:

(%)

B(x) = Boe M/, (1)
where B(x) is the magnetic field inside the superconducting material. The London penetration
depth of the magnetic field in the material Ar, is [11, 15, 16]:

A = / Te )
Hone

An external current applied to the superconducting material will only flow in the region
determined by the penetration depth [11, 15]. The penetration depth of the magnetic field inside
the superconducting material is dependent on the temperature, its variation being [15]:

AL(0
a(n=— 29 3)

-]

where AL(0) is the penetration depth at 7= 0 K. In the superconducting state, the transport
current is carried out by electrons grouped in pairs (Cooper pairs) [17]. The charge carriers

volume density variation, from the material surface to its center is characterized by the
coherence length & [11, 14].
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1.3.  Superconducting materials classification

Depending on the behavior in the magnetic field, superconducting materials are classified
into two categories, type I superconducting materials and type Il superconducting materials.
The difference between type I and type Il materials is given by the penetration depth
and coherence length ratio, k = /€, where k is Ghinzburg-Landau parameter [15], k < 1/v/2
for type I materials, and k > 1/~/2 for type II respectively [11].
Critical temperature (7¢) is another parameter by which the clasification is made,
differentiating three categories:
- LTS (Low Temperature Superconductor);
- MTS (Medium Temperature Superconductor);
- HTS (High Temperature Superconductor).

1.3.1. Type I superconducting materials

For a type I superconducting material at temperature 7, where 7 < T, if an external current
is applied, will flow only through the region corresponding to the penetration depth A, [11, 15].
For an external current applied to the material in the superconducting state, whose density Jext
exceeds the current density Js, the material will make the transition from the superconducting
state to normal state, the maximum external current supported by this material is called the
critical current (/;). The maximum external magnetic field up to which the superconductivity
state can be maintained is called critical field B. and has the form [15]:

B.(0) = noA(0)](0), (4)
where B:(0) and J¢(0) are the critical magnetic field and critical current density for 7= 0. The
critical magnetic field as a function of temperature B¢(7), is [15]:

B,(T) = B.(0) [1 - (Tz)z] (5)

1.3.2. Type II superconducting materials

Type II superconductors exhibit a lower critical field B.1, and an upper critical field denoted
Be2. For 0 < B < B, the behavior of these materials is similar to that of type 1. For
Bc1 < B < Beo, the magnetic field partially penetrates the material, thus a mixed zone called the
Shubnikov region appears [18]. The behavior of type II superconducting materials was
described in 1957 by the A. Abrikosov [18]. If the superconducting material is between B.i and
B, the external magnetic field will partially penetrate the superconducting material through
regions called fluxons, around which supercurrents appears [14], these being characterized by
the penetration depth AL and the coherence length &. Inside these fluxons, the superconducting
state disappears, the material is normall conductor, but in the region between them, the material
is superconducting.

1.4. Classification of superconducting materials according to the temperature
range

At present, the common superconducting materials are divided according to the
temperature range into three categories: LTS low temperature superconducting materials
whose critical temperature 7c is in the range of 2 K to 19 K, medium-temperature
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superconducting materials with the critical temperature in the range 19 K < 7. <77 K and HTS
high temperature superconducting materials, whose critical temperature 7c is in the range
between 90 K and 135 K.

1.4.1. Low temperature superconducting materials (LTS)

For practical applications, NbTi-type alloys have been developed in the form of filaments
embedded in copper support, this support providing both mechanical strength and high thermal
conductivity. An example of this is the superconductor used to develope the coils for LHC
particle accelerator, the conductors used having 0.48 mm and 0.82 mm diammeter respectively,
supporting an external magnetic field of up to 11 T [20]. In practice, to choose the
superconducting material, we must take into account its critical parameters: critical temperature
T¢, critical field Bc and critical current density Jc. Figure 3 shows the variation of the three
critical parameters for some superconducting materials. The surface described by these
parameters represents the critical surface of the superconducting material [14].

Current density [A/mm?]

104~

Magnetic field [T]
Temperature [K]

Fig. 3. Critical surface of superconducting materials [14].

1.4.2. High temperature superconducting materials (HTS)

In 1986 when Johannes Georg Bednorz and Karl Alexander Miiller discovered the
BaLaCuO matrix which, at a temperature of 35 K, becomes superconducting [21]. Later,
superconducting materials with a critical temperature 7: of up to 107 K were developed,
making possible the use of liquid nitrogen as a cryogenic agent. The most widespread HTS
materials are BiSrCaCuO, discovered in 1988, with a critical temperature between 85 K and
110 K, and a critical field of maximum 200 T [14], and materials made with rare earths such
as YBaCuO and GdBaCuO with a critical temperature of 92 K and a critical field of up to
140 T [14].

1.5. The main applications of superconducting materials

Despite the low cost of LTS-type materials (~5$/KA-m) [22], the applications developed
with this type of material have been limited. The discovery of HTS-type materials has
broadened the applications spectrum of the field of electrical engineering, making possible the
use of them in many fields. Due to the fact that the manufacturing the HTS superconducting
materials is complex and expensive compared to that of LTS materials, their cost was high,
initially exceeding 1000 $/KA -m [23].
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1.5.1. Electrical transport lines

An example of an transport line is the conductor produced by Cryogenic and Vacuum
Engineering (CVE) [24], with a total length of 1000 m, a working voltage of 154 kV, and
temperature range of 70 — 80 K [24]. For the use of HTS materials in applications where the
current density exceeds the current density supported by a single strip, it is necessary to make
a conductor consisting of multiple HTS strips, arranged in a construction called Roebel cable
[25]. Robinson Research Institute engineers developed for the first time a full automated device
that can produce such a conductor [26].

1.5.2. Electrical machines

The sustained efforts in the development of electric machines using HTS materials have
materialized through the development, within the Laboratory of Applied Superconductivity of
National Institute for Research and Development in Electrical Engineering ICPE-CA of a
three-phase superconducting generator made with HTS superconducting materials, this having
a nominal speed of 1000 rpm and a maximum power of 1000 rpm, and 4,5 kW power [28].

1.5.3. Medical equipments

Development of electromagnets with superconducting materials made possible the
development of Nuclear Magnetic Resonance Imaging (NMR) scanning equipment, changing
the way medical investigations are carried out. Also in the medical field, superconducting
materials can be used to make magnetic sensors called SQUID (Superconducting Quantum
Interference Device) capable of measuring magnetic field gradients with a resolution of the
order of 1012 T/m [27], this sensors been used in investigation called magnetoencephalography.

1.6. Conclusions

In this chapter, the superconducting state and the fundamental characteristics of
superconducting materials (7T¢, Ic and B.) were presented, as well as the temperature dependence
of the last two parameters, and the main aspects of the London and Abricosov models on
superconductivity were reviewed. Superconducting materials with practical applicability, both
LTS and HTS type, were also presented, highlighting both the advantages and disadvantages
of each category. High temperature superconducting materials have been shown to be superior
to low temperature superconducting materials in terms of critical temperature, critical current
and critical field. The main applications of the HTS superconducting materials presented in
this chapter, some of which were also developed within the Laboratory of Applied
Superconductivity in Electrical Engineering of ICPE-CA [28], through the performances
achived, demonstrates the necessity of using these types of materials in order to fulfill the
objectives of this work.

10
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2. HIGH AND UNIFORM MAGNETIC FIELD GENERATOR

2.1.  ITRODUCION

The main objective of the present work is the design of an electromagnet made with
high temperature superconducting materials (HTS), with applications in nuclear spectroscopy.
For the design of such a superconducting electromagnet, it is necessary to take into account the
restrictions imposed by the application in which it will be used. The main parameters imposed
by the application are the maximum magnetic field generated, the geometric parameters of the
field area and the spatial uniformity of the field. In the design process of superconducting
electromagnets, certain constraints imposed both by the performance to be achieved, but also
by the functional characteristics of the superconducting materials (critical parameters of the
material) will be taken into account. The electric and magnetic parameters of the electromagnet
can be calculated conventionally, using the electromagnetism equations, but the limitations
imposed by the parameters of the superconducting material used will be applied.

2.2.  Magnetic field analysis
2.2.1. Single turn coil

The magnetic field at any point P located at distance R' along z axis of a single turn coil
of radius r, carried by current [ is [16, 29]:

Ir?
, = 8
. 24/ (r2 + R'%)3 ®)

2.2.2. Multi turn coil

To evaluate the magnetic field generated by a real coil, the dimensionless parameter A
must be entered, this represents the ratio between the actual section of the conductor used and
the total section including the insulator, this being called the fill factor.

Considering a coil with a uniform current density, with the inner radius 71, the outer
radius 72, the total height 24 and the number of turns N, we can determine the the magnetic
field in the center of the coil generated by the stationary current / passing through the
elementary area dA4:

Hor2AJdA
22+ R’
were J [A/m?] is the current density and 4 [mm?] is the conductor’s area. Product between fill
factor A and current density J is [16]:

dB,(0,0) = 9)

NI
" 2h0, 1)
Introducing the dimensionless parameters a = r2/r1 si B = h/r1, the magnetic field in
center of the coil is [16]:

N (10)

M) | (1D

1+41+ B2
Adding the field factor F(a,p), the equation (11) become [30]:

B,(0,0) = poJm1B ln(

11
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B,(0,0) = poAjry F (a, B). (12)
2.2.3. Pancake coil

Making superconducting materials with the shape of tape can be a limitation in the
design of certain geometries depending on the application in which they will be used. A
restrictive parameter of this type of material is the minimum bending radius (~ cm). Due to the
limitations imposed by the geometry of the superconducting materials, it is necessary to make
the coils in the pancake shape, but for this configuration f becomes very small.

2.2.4. Helmholtz coil

In order to generate a magnetic field with high uniformity in a certain distance, along
Oz axis, a coil system in the Helmholtz configuration is considered, consisting of two identical
coils of radius 7, placed coaxially at a distance 4 from each other, the first coil being aligned
on the z axis at a distance z = /2, and the second coil being at a distance z = -A/2. The magnetic
field generated by the two coils at a point along the z axis is [16]:
2

H,(0,2z) = %{[rz + (z + g)zr/z + [rz + (z - 92]-3/2} (13)

A condition imposed by the application for which the superconducting electromagnet
is to be used, is the generation of a magnetic field with high uniformity in a certain region along
the Oz-axis, access direction to the uniform magnetic field area being another condition
imposed by which must be taken into account when choosing the configuration of the
electromagnet. Thus, the electromagnet model that can satisfy both conditions is represented
by Helmholtz configuration coils.

2.3.  Evaluation of HTS materials parameters

In order to develope the superconducting electromagnet, an analysis of the superconducting
materials available on the market is required. The most important companies producing these
type of superconducting materials are [31]: Theva Diinnschichttechnik GmbH [32],
FURUKAWA ELECTRIC GROUP (Superpower) [33], AMSC [34], FARADAY FACTORY
[35]. The most important parameters of the superconducting tapes marketed by THEVA,
AMSC and SuperPower companies, which must be taken into account in the development of
the applications in which these materials are used, are presented in Table 1 [31].

Table 1. Superconducting tape parametters [31].

Theva Pro-Line | AMSC SuperPower Faraday
TPL2000 [32] | 8502 [34] | SCS12050 [36, 37] [35]
Width (mm) 12 12 12 12
I. (A) at temperature 7= 77 K 400 300 360 400
Total length (m) 25-300 - 200 — 500 10 — 400
Thickness of Cu substrate (um) 50/100 - 10-110 2x5
Thickness of Hastelloy (um) 50 - 30/50 38
Total thickness (um) 60 180 - 220 100 -
Minimum bend diameter (mm) 30 30 11 10

The SuperPower tape model SCS1250 with 12 mm wide and 0.1 mm thick was selected
for the design of the superconducting electromagnet.

12
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2.4. Numerical evaluation of the magnetic field generated by the Helmholtz assembly

Parameters imposed by the application in which the electromagnet must work,
presented in Table 2, are determined by the geometric dimensions of the system in which will
be mounted.

Table 2. Electromagnet parameters [31].

Inner diameter (D) <70 mm
Outer diameter (D) <200 mm
Magnetic field 5T
Magnetic field linearity error for z == 10 mm (%) <0,25
Working temperature <77K

Due to the specific geometry of the superconducting material chosen, to make the
electromagnet coils, the pancake configuration will be chosen, each coil of the electromagnet
will be made of two double pancake ( Figure 4).

Pancake A ¢

h=35mm

z
.
H
H
1
H
1
H
'
1
H
1
'
1
'
H
1
'

Pancake B

Di =70 mm

De =200 mm

Fig. 4. Helmholtz assembly.

In order to reduce the space between the turns of the coils, non-insulated
superconducting tape will be used [31]. Starting from the initial data of the electromagnet
presented in Table 2, its geometric parameters were calculated, the resulting values being
presented in Table 3.

Table 3. Geometrical parameters of the electromagnet [31].

Fill factor 0,95
Average radius 67,5 mm
Single pancake number of turns 591
Duble pancake number of turns 1182
Total number of turns 2364
Average length of a turn 423,9 mm
Total conductor length 1002,1 m
Heigth of a duble pancake coil d 24 mm

2.4.1. Magnetic field evaluation

For the configuration presented in Figure 5, the parameters o = 2.857 and B = 0.342
were calculated. For distance between the coils # = Di/2 = 35 mm, the magnetic field
B=5.012 T was calculated in the center of the assembly (z =0, »=0) [31], and a supply current
1=242 A, the linearity error of 2,1% was obtained for (» = 0 and z = +10 mm), this value being
greater than the value imposed by the application. The distance between the two coils of the
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electromagnet was increased to 53 mm, obtaining a magnetic field in the center of the assembly
of 5.012 T, corresponding to a supply current of 280 A, the linearity error of the magnetic field
for r =0 and z=+10 mm being of 0.311%, this value also exceeding the value imposed by the
application. Increasing the distance between the coils to 59 mm, a magnetic field of 5.003 T
was obtained, the calculated supply current for this distance was 295 A, the linearity error
obtained for r=0and z=+10 mm was 0.217 % [31], the results are presented in Figure 5 [31].

——h=35 [mm)]
—— =53 [mm]
—— =59 [mm)]

B[T]

-100 -75 -50 -25 0 25 50 75 100

h [mm)]

Fig. 5. Magnetic field distribution along Oz axis, calculated for the Helmholtz coil assembly having
distance between coils of 35 mm, 53 mm and 59 mm [31].

2.4.2. Magnetic field evaluation trough numerical modeling

Numerical modeling has been carried out for the coil assembly presented in Figure 4. For
the coils distance # = 35 mm, the magnetic field of 4.978 T was obtained in the center of the
assembly (z = 0, » = 0), and an supply current of 242 A, the magnetic field spectrum obtained
trough numerical modeling for the model analyzed is shown in Figure 6. For this model, the
relative error between the calculated magnetic field and the one resulting from the numerical
modeling is 0.694% [31].

mm
1401
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1001
80+
60
40+
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60}

80}
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-120
-140+

Fig. 6. Magnetic field spectrum obtained trough numerical modeling for the Helmholtz assembly shown in
Figure 5 with the coils distance of 35 mm [31].
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The numerical modeling was resumed for the distance of 53 mm between the coils of
the assembly, a magnetic field of 4.974 T been obtained in its center, and a supply current of
280 A, the relative error between the calculated magnetic field and the value obtained from the
numerical modeling being 0.758 % [31].

For distance of 59 mm between the coils of the Helholtz assembly, a magnetic field of
4.965 T was obtained in the center (z = 0, » = 0), the supply current in this case being 280 A,
the magnetic field distribution obtained trough numerical modeling for this is presented in
Figure 7. For this distance, the relative error between the calculated value and the one obtained
by numerical modeling is 0.755 % [31].

Z [mm]

Fig. 7. Magnetic field distribution obtained trough numerical modeling along Oz axis for Helmholtz
assembly presented in Figure 5, for the coils distance of 59 mm [31].

2.5. Conclusions

In this chapter, the main elements involved in the design of an electromagnet made with
HTS superconducting materials were presented, starting from a conceptual model. When
developing this conceptual model, the final characteristics of the electromagnet were taken into
account: the maximum magnetic field generated, the geometric dimensions of the area in which
the magnetic field is generated, the imposed uniformity of the magnetic field in a certain region.
Taking into account that the application for which this electromagnet was designed imposes a
region of £10 mm along its Oz axis for which the uniformity of the generated magnetic field
must be high, the Helmholtz coil assembly was selected for this purpose. In order to make the
electromagnet coils, the YBCO type superconducting material was selected. A calculation
method for the magnetic field of this coil assembly was also presented, in order to evaluate the
optimal distance between the coils for which the linearity error of the field for a given distance
is less than 0.25%. The results obtained trough analytical calculation were validated by the
numerical modeling, after which a relative error of less than 1% was obtained.
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3. THERMAL ANALYSIS PARAMETERS OF THE COOLING
SYSTEM FOR THE SUPERCONDUCTING ELECTROMAGNET

3.1.  INTRODUCTION

Using LTS or HTS materials in practical applications, implies maintaining their
temperature in the range of 4 K — 80 K [38]. The obtaining methods of the cryogenic
temperatures depends on the type of superconducting materials used (LTS or HTS) but also the
operation time required. The main cooling method used in these type of applications consists
in the use of cryogenic agents. Another way to obtain the cryogenic temperatures is trough use
use of heat pumps, generically called cryocoolers [40]. In this chapter, the main methods to
obtain the cryogenic temperatures will be presented, as well as sizing the cooling system
required for the use of a superconducting electromagnet made with HTS materials.

3.2.  Transfer phenomena at low temperatures

The superconducting materials performances, depends directly on the operating thermal
regime, the critical parameters of these type of materials having a strong dependence on the
temperature. Heat transfer mechanisms are thermal conduction, prevalent in solid and liquid
media, convection and thermal radiation.

3.2.1. Thermal conduction

For a thermally conductive material, having surface S| connected to a thermostat at
temperature 71, and surface S> connected to a thermostat with temperature 72, where 71 > T,
the rest of the surfaces being thermal isolated, the conduction heat power Qcond [W] transferred
through a surface S [m?] perpendicular to the temperature gradient is [41]:

T;

. S

QcondZJ k(T) drT. (14)
T;

were k [W/mK] is the thermal conductivity of the material, 7 [K] is the temperature and L [m]
the material length. In order to evaluate the conduction heat power Qcond, the thermal
conduction integrals can be used, they are been available for common materials used in
cryogenic applications.

3.2.2. Thermal radiation

An important factor in sizing the cooling system used to obtain the thermal operating
regime of equipment used at cryogenic temperatures is heat transfer through radiation. For two
parallel surfaces S1 and S>, where S1 = S, with emissivities €1 and & and corresponding
temperatures 71 and 7> respectively, the heat power transferred from surface Si to surface >
trought radiation Qra [W] is [16, 43]:

So(Ty —Ty)  So(Tf —T3) g5,
rad = 77 1_1: €1+ & — €6

(15)

Esz
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3.2.3. Thermal convetion

To evaluate the convection heat transfer, a thermal conductive plate is considered, with
the surface S at the temperature 75 placed in a fluid whose temperature is Tm, and the velocity
(horizontal, uniform) Uin. For the case of laminar flow of the fluid, the convective heat flux gcv
[Wm™] is described by Newton's law [42]:

Gev = h(Ts — Ty), (16)

where 2 [Wm2K-!] is the convective heat transfer coefficient. Between the surface S of the
plate and the hydrodynamic boundary layer of thickness 9, the fluid velocity varies between
u =0 at the plate surface, up to the velocity u = 0.99 Uin. For viscous fluids, at the wall, the fluid
velocity u = 0, the heat exchange between the wall and the fluid (qs) is carried out trough
conduction [42].

3.3.  Cooling methods

The choose of the cooling method for a system in which superconducting materials are
used, in order to keep temperature below the critical temperature (7c) depends on
superconducting material used. For HTS type superconducting materials, the temperature must
be maintained in the range of 20 K — 80 K. Another parameter of which directly depends the
cooling method to be used is the total heat power required to maintain the system in the desired
temperature range. The main cooling methods used in such applications are the use of
cryogenic agents and cryocoolers.

3.3.1. Cooling with cryogenic agents

The most common cooling method for superconducting materials is the use of
cryogenic agents. An example of this is the cooling achieved by direct immersion of an
equipment in a cryostat in which there are liquid cryogenic agents. This method is most often
used in laboratory applications where a large cooling power is required. The heat flux between
a body surface and the fluid as a function of AT: (the difference between the body surface
temperature 75 and the saturated fluid temperature 7%) has a maximum value, known as the
critical heat flux (¢fmax) [43], and minimum, known as leidenfrost point (gfmin), and can be
evaluated (for cryogenic liquids) using Kutateladze correlation [43].

3.3.2. Heat pumps cooling

A modern method of cooling consists in the use of a heat pump system, called a
cryocooler. Different types of cryocoolers are currently commercially available, with heat load
varying from a few mW up to 10'© W, the main cryocoolers currently used are [44]: JT
cryocooler (Joule-Thomson), Bryton cryocooler and Gifford-McMahon cryocooler (GM). The
GM cryocooler is a closed circuit heat pump with one or two cooling stages, using helium gas.
An example of a cryocooler with two cooling stages is the Sumitomo RDK 415D cryocooler,
Figure 8 shows his working diagram For the first stagethe, heat load corresponding to the
temperature of 50 K is 40W respectively 1.5 W for second stage, at temperature of 4.2 K.

17



Cryoelectrotechnical methods for high magnetic fields

RDK 415 Typical Load Map (50Hz)

1st Stage Heat Load (Watts)
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Fig. 8. RDK 415D cryocooler working diagram [45].

3.4. Sizing the cooling system for the HTS superconducting electromagnet

To maintain the HTS superconducting electromagnet at a temperature below the critical
temperature of the superconducting material, the radiative heat flux received from the cryostat
walls must be evaluated. In order to reduce the radiative heat flux, the electromagnet is covered
with a copper thermal shield, which is thermally anchored to the cryocooler. To determine the
geometric dimensions of the shield and the cryostat as well as the distances between them, the
distance between first stage and second stage of the cryocooler chosen for this application, and
the dimensions of the electromagnet will be taken into account. The resulting geometric
parameters of the cryostat - shield assembly are presented in Table 5.

Tabele 5. Geometric parameters of the cryostat - shield assembly.

Shield height (mm) 410
Shield outer diameter (mm) 340
Cryostat height (mm) 710
Cryostat outer diameter (mm) 510

3.4.1. Thermal parameters of the cryostat-electromagnet assembly

The HTS superconducting electromagnet, its cooling system and the power supply
circuit is shown in Figure 9 [46], the constructive elements of this assembly are: 1. Cryostat;
2. Cryocooler; 3. Current supply connectors; 4. Copper conductors; 5. Thermal shield; 6. HTS
conductors; 7. HTS electromagnet.

[

Fig. 9. Circuitul de alimentare pentru un electromagnet supraconductor HTS [46].
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3.4.2. Radiative heat flux evaluation

Knowing the surface temperature of the shield (71 = 50 K) and its emissivity, the surface
temperature of the cryostat (72 = 293.15 K) and its emissivity, the amount of heat absorbed by
the shield was calculated, resulting in a power of 8 ,11W.

To evaluate the radiative heat flux by numerical moodeling, a geometric model was
created for the assembly that includes both the cryostat and thermal shield inside it. Following
numerical modeling, a radiative power absorbed by the shield of 7.65 W was obtained, the
result of this modeling are presented in Figure 10.

400

200

Fig. 10. Shield radiative heat flux [46].

3.4.3. Conductive heat flux evaluation

The copper conductors length is imposed by the distance between the upper part of the
thermal shield and the upper flange of the cryostat, which is 190 mm. They are thermally
anchored at one end to the shield which is at temperature 77 = 50 K and at the other end to the
upper flange of the cryostat at temperature 7> = 293.15 K. The Joule power and conductive
heat flux were calculated for different lengths of copper conductors, with the volume being
kept constant (Figure 11).
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Fig. 11. Joule and conductive power calculated for different conductor cross sections [46].

The optimal cross-section of the copper conductors was determined, for which the total
power (Joule and conduction) is 22.368 W, the calculated total thermal power, which also
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includes the shield radiative power, is 30.48 W, this value being less than the maximum power
available of stage I of the cryocooler, which allows it to operate at a temperature of 50 K.
Geometrical models of the supply conductors were made, for different lengths and sections, in
order to evaluate Joule and conductive losses. The results obtained for the conductors with a
1619 mm length are presented in Figure 12.

1x107 (V)
.l ) ()

Fig. 12. 1619 mm length conductor, 300 A; electric potential (left) and thermap profile (right) [46].

Figure 13 shows the conductive and Joule losses obtained trough numerical modeling
for different lengths and cross sections of copper conductors. Following the numerical
modeling carried out for different geometries of the conductors, their optimal cross section was
determined for which the total heat power (conduction and Joule) is minimal, this being
147.39 mm?, with a 1619 mm length, for a power total of 23.019 W. The total heat power of
the ahield-conductor assembly (which includes radiative power) being 30.669 W.
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Fig. 13. Joule and conductive heat power obtained trough numerical modeling for different
conductor cross sections [46].

To evaluate the copper conductors influence on the thermal shield of the electromagnet,
numerical modeling was carried out for a geometric model that includes the cryostat-thermal
shield assembly together with the two copper conductors. Following this modelling, a total heat
power of 35.571 W was obtained for this assembly, which include the radiative, conductive
and Joule power. In order to limit the conductive heat flux from the copper conductors to the
superconducting electromagnet, the supply circuit between the copper conductors and the
electromagnet was made of HTS superconducting tape, this having the lower end thermally
anchored to the second stage of the cryocooler and the upper part connected to first stage of
the cryocooler. In this configuration, the temperature of the HTS conductor is kept below the
critical temperature of the HTS tape (~92 K), ensuring the supply of the electromagnet with
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negligible Joule losses, for a supply current of 300 A. In figure 14 [47] the geometric model of
the power conductor made with HTS superconducting tape is presented, its constructive
elements are:1. copper terminals; 2. superconducting tape; 3. conductor case.

i

1 2 3 1

Fig. 14. HTS tape conductor [47].

In order to evaluate the conductive heat flux through this conductor, successive
numerical modelings were made for different materials and its thicknesses. Following the
numerical modelings, a minimum of 87.01 mW conductive heat power was found for the HTS
conductor having the stainless steel case, with 0.5 mm wall thickness [47].

To to determine the operating thermal regime of the electromagnet, a geometric model
was made for the entire assembly consisting of the thermal shield, the HTS superconducting
electromagnet, copper conductors and the HTS conductors. Following numerical modeling, a
conductive thermal power of 123.5 mW was found for HTS conductors, and a radiative power
of 68.52 mW for the HTS electromagnet. Thus, the total heat power calculated for the HTS
electromagnet-conductor assembly is 315.52 mW, which is below the maximum heat load
available for the second stage of the cryocooler, which is 1.5 W for 4.2 K.

3.5. Conclusions

In this chapter, the numerical modeling for the power supply system of the HTS
superconducting electromagnet was carried out, to determine the optimal copper conductors
that are part of the power supply system.

The HTS electromagnet’s shield is thermally anchored to first stage of the cryocooler,
which receives heat from two sources: radiative, from the cryostat, and conductive, from the
two copper conductors. The heat transmitted by copper conductors also has two components:
conductive and Joule. Numerical evaluations using the FEM technique revealed the following
values for the copper conductors: the length of 1619 mm and a cross section of 147.39 mm?.
These values were obtained for a total heat power of 35.571 W, the evaluation being carried
out taking into account all the thermal effects involved and already listed. The HTS
electromagnet and one end of the HTS conductors are thermally connected to the second stage
of the cryocooler. Their power (conductive and radiative) obtained trough numerical modeling
is 367.36 mW, this value being lower than the power available for the second stage of the
cryocooler, of 1.5 W for 4.2 K.

Since the powers for the two stages of the cryocooler do not exceed the limit values of
40 W and 1.5 W respectively, the superconducting electromagnet can be cooled with this type
of cryocooler.
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4. REALIZATION AND TESTING OF THE SUPERCONDUCTING
ELECTROMAGNET

4.1. INTRODUCTION

For construction of the HTS superconducting electromagnet, both a mechanical
structure to support the coils and a cryostat for the thermal isolation of the electromagnet from
the surrounding environment are required. The other constructive elements refer to ensuring
the operation thermal regime of the HTS coils, and to their current supply. In this chapter, the
method of constructing an HTS electromagnet will be presented, its construction involving a
rigorous testing of the superconducting material with which it will be made.

4.2. Mechanical structure of the electromagnet

The realization of the mechanical elements of the electromagnet was made considering
its geometricsl, electrical and magnetic parameters. The constructive elements of the
mechanical structure of the HTS electromagnet (Figure 15) are as follows: 1. central support;
2. electromagnet cover; 3. brackets for spacing pancake pairs; 4. External spacing supports.

Fig. 15. Mechanical support of the HTS electromagnet.

4.3.  Superconducting coils execution

For the execution of the pancake coils of the HTS electromagnet, a custom device for
this type of winding was designed and made, presented in Figure 16. The high-temperature
superconducting material chosen to make the electromagnet winding is a 12 mm and 0.1 mm
tape shape, produced by the SuperPower company [36].

To make the dube pancake coils, the HTS tape (1) wound on aluminum plate (2) is
guided by a teflon roller (4). For a uniform distribution of the mechanical tension of the tape,
the aluminum plate (2) is connected to a magnetic brake (3) whose torque can be adjusted in
the range of 0 — 36 Nm [48]. The electromagnet support the coils (7) is mechanically ancored
on the aluminum plate (6), which is driven by an electric motor (5). The HTS tape is distributed
symmetrically on two identical plates (2 and 9), the winding of the lower coil being executed
using the tape placed on the plate (2), while the second half of the tape needed to make the
winding (10) is placed on the plate (9), this being ancored with a metal shaft (8). After making
the first coil, the plate (9) containing the tape needed to make the second coil is fixed on the
magnetic brake (3), thus continuing the winding of the upper coil. The number of turns for each
coil is carried out with an electronic counter equipped with a Hall sensor (11).
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Superconducting tape

Magnetic brake
Guide roller

Electromagnet support

Aluminum plate

Fig. 16. Diagram of the device used for the HTS electromagnet coils on the left and the image of
the device used to make the electromagnet on the right.

4.3.1. Junction of superconducting HTS type

To make a coil in a double pancake configuration, a superconducting tape shape with a
length of 501 m is required, the length of the superconducting tape acquired being ~350m [36].
For this, a junction of the THS tape is required. In order to make the tapes junction, a
thermostated plate was designed and made, with temperature range is 50 °C — 300 °C [49].
Figure 17 shows a 12 mm HTS tape junction during tests. The constituent components used
for these measurements set-up are as follows: 1. cryostat; 2. support plate; 3. electrical
conductors; 4. measuring cable; 5. HTS tape soldered (junctioned). In order to evaluate the
superconducting tape junction resistance (Figure 18), successive tests were carried out using
different types of solder alloys, for an overlap distance of 100 mm was used. Junction resistance
measurement was carried out using a 300 A power supply, and 18.7 uA resolution of the
measured current, produced by the American Magnetics was used [50], voltage measurement
been performed with Keithley 2182 nanovoltmeter, with 1 nV resolution [51].
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Fig. 17. 12 mm HTS tape jonctioned, Fig. 18. The resistances values of the 12 mm HTS
mounted on the testing support plate. tape junctions [49].

The AMI 430 a power supply accuracy is 0.015 % for 100 A supply current, and the
Keithley nanovoltmeter accuracy is 2.614 %, corresponding to the measured voltage, thus, for
the solder alloy 97 % In / 3 %Ag, the resistance calculated was 15.3 nQ + 2.63 %.
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4.3.2. Current supply conductors

To ensure the supply current of the superconducting electromagnet, copper conductors
and HTS type conductors were made. For realization of the HTS conductors, the plate designed
to perform the junction of the HTS tapes was used. Figure 19 shows the HTS types conductors
without casing, made with the thermostated plate. In order to connect the HTS conductors to
the superconducting electromagnet winding (Figure 20), mechanical copper elements (1) were
made, these being mechanically anchored on a copper support plate (2), the plate being
thermally anchored to the electromagnet support (3), the ends of the electromagnet winding
were soldered to these copper elements.

Fig. 19. HTS conductors without casing, made Fig. 20. HTS electromagnet supply current
with the thermostated plate. copper elements.

The electrical resistance between the copper terminal of the HTS conductor and the
electromagnet terminal was measured after mounting the HTS conductors, and the value of
~300 pQ was obtained.

4.3.3. Electromagnet realization

For the realization of the electromagnet coils, the winding solution with non-insulated
superconducting tape was chosen. To insulate the coils from the electromagnet housing, a 0.017
mm thick capton layer was applied between the pair of coils and the upper and lower plates.
After completing the winding of the pancake coils, the electrical supply terminals of the
electromagnet were mounted (Figure 21.). To measure the temperature of the HTS
electromagnet winding, 4 PT100 type platinum temperature sensors were installed, their
housing being electrically isolated from the electromagnet housing by means of Teflon gaskets,
these sensors being in thermal contact with the superconducting coils (Figure 22).

. Electromagnet case
Duble pancakeHTS coil Fidngfiangs T —

Current supply terminals Temperature sensor

Fig. 21. HTS superconducting electromagnet. Fig. 22. Temperature sensors mounted on the
HTS electromagnet.
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4.4. Cryogenic cooling system

The electromagnet's cryogenic cooling system is based on the use of a Gifford-McMahon
RDK415D cryocooler. It has two cooling stages, with temperatures of 50 K and 4.2 K
respectively, the electromagnet being conduction cooled. The cryogenic cooling system of the
electromagnet consists of a vacuumed cryostat, the pressure value being ~ 10 mbar, in which
the cold head of the cryocooler is mounted, ensuring the cooling of the superconducting
electromagnet and also the thermal shield.

4.4.1. Cryostat

To to ensure the temperature operating regime of the superconducting electromagnet in
order to test it, a cryostat was made from non magnetic stainless steel OL304, with an inner
diameter of 500 mm and a height of 710 mm, and a wall thickness of 5 mm (Figure 23). In the
upper part, the cryostat is provided with a 10 mm diameter flange for access of the Hall probe
needed to measure the electromagnet magnetic field.

Cryostat

Access window

Cryocooler

Support frame

Current supply cables

Fig. 23. The cryostat mounted on the support frame.

4.4.2. Thermal shield

The thermal shield made of copper, with 1 mm thickness protects the HTS
superconducting electromagnet from the radiative heat flux emitted by the cryostat walls. Its
lower part is thermally anchored to the first stage of the cryocooler, which is at 50 K. In the
upper part, it is provided with a 10 mm diameter hole, for Hall probe access, needed to measure
the magnetic field generated by the superconducting electromagnet. Due to the fact that copper
oxidizes over time, considerably increasing its emissivity, the shield was covered at the outside
with aluminized mylar, to ensure a low emissivity.

4.5. Experimental tests

In order to establish the HTS superconducting electromagnet performance, an
experimental test system was created (Figure 24) to ensure its optimal operating conditions,
the constructive elements are: 1- Cryostat flange; 2- Vacuumed enclosure (cryostat); 3-
Thermal shield; 4- G-M Cryocooler; 5- Electromagnet support plate; 6- Copper esupply
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conductors; 7- HTS electromagnet; 8- HTS conductors; 9- Cryogenic Hall probe; 10- Support
frame.

Fig. 24. HTS electromagnet experimental test system [52].

4.5.1. Testing the HTS tapes

The HTS tape used for HTS electromagnet was delivered in lengths of ~350 m. Each
of the tape sectors is wound on aluminum support to ensure adequate mechanical protection.
For each batch purchased, preliminary tests were carried out in order to determine the critical
currents. Figure 25 shows an aluminum support with 350 m of superconducting tape under test.
The HTS tape mounted on aluminum support (1) is placed on a copper plate (2) which is in
thermaly anchored to the cryocooler second stage, the supply current being assured by the
copper conductors (3), the electrical conductors used to measure the voltage (4) are soldered
directly on the superconducting tape, the tapes being tested for a maximum current of 350 A.
After critical current measurements, the average value of 0.51 nQ + 43.8% was obtained, the
critical current /. corresponding to the electric field threshold of 1 pV/cm not beeng obtained
[36] (Figure 26).
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Fig. 25. 12 mm HTS tape tested. Fig. 26. Measured voltage as a function of supply current
for 12 mm width and 350 m long HTS tape.
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4.5.2. HTS electromagnet testing system

The measurement chain used to test the superconducting electromagnet (Figure 27)
consist of the following elements: 1. Power supply, model AMI 430 with a maximum supply
current of 500 A [50]; 2. LakeShore temperature monitor model 218 [53]; 3. Keythlei 2182
nanovoltmeter [51]; 4. LakeShore DSP475 gaussmeter [53]; 5. PC unit.

Fig. 27. The measurement chain used to test the HTS electromagnet.
4.5.3. Experimental results

The superconducting electromagnet was subjected to cryogenic tests, the temperatures
of the coils and the temperature of the second stage of the cryocooler were measured, the
temperature sensors location being presented in Figure 28. 5 temperature sensors were used,
the first sensor, mounted at the second stage of the cryocooler is a LakeShore DT670 silicon
diode [53], with a minimum temperature of 1.4 K, and an accuracy of +12 mK. The sensors
used to measure the temperature of the electromagnet winding are platinum thermoresistances,
with a temperature range of 14 K — 873 K, and +20 mK accuracy. The electromagnet cooling
was evaluated for 3 days, the temperature of the winding of the electromagnet was in the range
of 24 K and 42 K, the temperature of the cryocooler second stage reached the value of 16 K.
After cooling, the electromagnet was powerd up with the supplied current of 295 A. Figure 29
shows the temperature variation of the electromagnet during operation.
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Fig. 28. The location of the temperature Fig. 29. Temperature of the HTS electromagnet
sensors of the HTS electromagnet. coils.

27



Cryoelectrotechnical methods for high magnetic fields

The temperature of its lower coil, being the furth from the cryocooler second stage, presents
a larger temperature variation compared to the temperature of the upper coil. The increase in
the temperature of the electromagnet, followed by a gradual cooling, is due to the heat produced
by the Eddy currents induced in the electromagnet copper casing, due to the variation of the
supply current.

To determine the magnetic field generated by the HTS superconducting electromagnet
as a function of supply current, an axial cryogenic Hall probe, produced by the LakeShore
company, model HMCA-2560-WN, with measuring range of 3.5 mT — 35 T and + 2 % of the
measured value accuracy was used. This probewas connected to a LakeShore Gaussmeter
model DSP475, the measurement accuracy being +0.05% of the reading value and 0.005% of
the measurement range, and the resolution of 0.1 mT for 35 T range. Thus, for a supply current
of 295 A, the magnetic field measured was 5,05 T.

After reaching the supply current value to the HTS electromagnet of 295 A, the Hall
probe was moved in the direction of the Oz axis, for Az =+ 28 mm, in order to evaluate the
uniformity of the magnetic field generated along this axis. Figure 30 shows the graph with the
results of magnetic field measurements on the Oz axis, centered at the origin (z=0, r=0). An
asymmetry of the magnetic field of 7.1 mT was found, this being due to errors in the execution
process of the coils, corresponding to the two double pancakes.

In order to evaluate the uniformity of the magnetic field measured in the center of the
HTS electromagnet (Figure 31) along the Oz axis, for the distance of £10 mm from its center
(z =0, r = 0) the linearity error was calculated, the value of 0.112 % being obtained at the
distance of +10 mm, and for the distance of -10 mm 0.059 % was obtained, the value imposed
by the application for the distance of £10 mm being < 0.25 %.

5,070
5,065
5,060 - —
5,055 - " 4 .-
5,050 o an
5,045 -

5,040
5,035 - .
50304 « Ia B 0,199

50254 | 4 - o 012

5,020 [

5‘015 - M 28 (mm) -28 (mm) 20 (mm) -20 (mm) 10 (mm) -10(mm})
5,010 Az [mm]

T T T

T T T T T T T T 1
30 25 -20 16 10 5 0 5 10 15 20 25 30

B, [T]

AB/Bmax [%a]

Distance [mm]|

Fig.30. Magnetic field distribution measured along Fig. 31. Linearity error calculated for the
Oz axis for the HTS superconducting mgnetic field generated along the Oz axis.
electromagnet.

In chapter 2, the magnetic field of 5.003 T generated by the HTS coil assembly was
calculated for a supply current value of 295 A, the linearity error calculated for Az = +10 mm
from the origin (» = 0, z = 0) being 0.217%. Figure 32 shows the values of the calculated
magnetic field and the measured magnetic field, for » =0, and Az =+ 28 mm. The relative error
between the two values of the magnetic field (calculated and measured) is 1.13 %.
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4.6. Conclusions

In this chapter, the realization and testing stages of an electromagnet in Helmholtz
configuration made with high-temperature superconducting materials were presented. In order
to obtain the necessary length needed for the realization of the electromagnet coils, tape
junctions was performed, the experimentally obtained value of the superconducting tape
junction resistance is ~ 15 nQ for the In 97 % Ag 3 % alloy. The cryogenic tests was performed
for the HTS electromagnet, the measured temperature of the superconducting coils was
between 24 K and 42 K, the cryocooler second stage temperature being 16 K. As the critical
temperature 7¢ of the superconducting tape (92 K) was not exceeded, the electromagnet can be
maintained in the superconducting state indefinitely. During the tests of the HTS
superconducting electromagnet, the magnetic field generated by it was measured for different
values of the supply current. Thus, for a supply current of 295 A, the magnetic field along the
Oz axis, for » =0, a minimum of 5.05 T and a maximum of 5.06 T was measured. The magnetic
field linearity error along the Oz axis is 0.112% for distance of +10 mm, respectively 0.059%
for -10 mm, the values obtained being lower than the value imposed by the application for +10
mm distance, which is < 0.25%. Following the magnetic field measurements made for this
electromagnet, for the distance Az=+15 mm from center (z =0, » = 0), an asymmetry of 7.1
mT was found, this being caused by the errors that occurred in the execution process of the
coils corresponding to the two double pancake coils, the relative error between the
experimentally obtained magnetic field and the calculated values is 1.13%.
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5. CONCLUSIONS

C.1. General conclusions

In Chapter I, the phenomena that govern the superconducting state of materials and the
parameters of these types of materials are presented, such as the critical field B, critical current
1. and critical temperature 7¢, which practically determine the classification of these materials.
Depending on the temperature, three categories of superconducting materials are distinguished:
low temperature superconducting materials (LTS), which impose the use of liquid helium,
medium temperature superconducting materials (MTS) and high temperature superconducting
materials (HTS). Also, the main applications were presented in which these type of materials
were imposed by their superior performance compared to conventional materials.

In Chapter II the main elements involved in the design of an electromagnet made with high
temperature superconducting materials were presented. Also, the main characteristics of HTS
superconducting materials available on the market were presented. Following their analysis,
the type of material used for designing and execution of the HTS electromagnet was selected.

Also, a calculation method was presented for the evaluation of the magnetic field produced
by the superconducting electromagnet, taking into account its geometric parameters, the
configuration of double pancake being chosen to make the coils of the electromagnet, due to
the geometrical restrictions of the superconducting tape on the one hand, but and the geometric
constraints imposed by the application in which this electromagnet will operate.

For this electromagnet, a geometric model was created in order to numerically evaluate by
the finite element method the magnetic field depending on the supply current, with a relative
error less than 1% between the results obtained by numerical modeling and calculated values.

In Chapter 3, the main cooling methods used for such applications were evaluated, and a
Gifford-McMahon type closed circuit cryocooler, with two cooling stages, first stage having a
heat load of 40 W corresponding to the temperature of 50 K, and the second stage having 1.5
W for the temperature of 4.2 K was chosen as the cooling solution to ensure the thermal
operating regime of the electromagnet.

Due to the low heat load available for the two stages of the cryocooler, the heat powers
(conduction and Joule) for the electromagnet supply conductors were evaluated, both the length
and the optimal section for which the losses are minimal being determined, the total heat power
of the two conductors being 23.019 W.

Due to the low temperature of the electromagnet (4.2 K), it needs to be covered with a
copper shield, which is connected to first stage of the cryocooler. The radiative heat flux was
evaluated for this shield, the value obtained being 7.65 W. HTS type supply conductors capable
of withstanding high supply currents (~300 A) have been designed, the conductive heat power
of such a conductor being evaluated at 87, 01 mW.

A 3D model of the entire assembly consisting of a cryostat, electromagnet shield,
superconducting electromagnet, copper conductors and HTS conductors was made, in order to
evaluate the total heat load, a heat load (radiative and conductive) of 315.52 mW for the HTS
electromagnet was obtained, and a total heat load (conductive, radiative and Joule) of
35.571 W for electromagnet shield and copper conductors was fownd.

In chapter 4, the actual realization of the superconducting electromagnet is presented. An
experimental study was carried out on the possibility of joining superconducting tape sectors,
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the resistance obtained using the soldering alloy In 97 % Ag 3% for these junctions being
~15.3 nQ, corresponding to a power of ~2.61 mW for a supply current of 295 A. Cryogenic
tests were also carried out for the HTS electromagnet, the temperature measured of its coils
being in the range of 24 K and 42 K. Taking into account that the critical temperature of the
superconducting tape used is ~92 K, the HTS electromagnet can work for long periods of time.

Following the magnetic field measurements for this electromagnet, a value of the magnetic
field of 5.05 T in the center was obtained, corresponding to an current of 295 A. Following the
magnetic field measurements made along the Oz axis (Az = + 10 mm), the linearity error
obtained was 0.112 %, this value being lower than the value imposed by the application for
which this electromagnet was designed (< 0 .25 %). For the Az=+15 mm, an asymmetry of the
magnetic field of 7.1 mT was found, a possible cause of this asymmetry being errors in the
process of mechanical execution of the constructive elements of the electromagnet.

C.2. Original contributions

The PhD thesis entitled ’’Cryoelectrotechnical methods for high magnetic fields’’
presents the design and realization of an intense and uniform magnetic field generator made
with high temperature superconducting materials.

The original contributions of the thesis are:

- asynthesis of the superconducting materials parameters, needed in order to select the types
of usable materials according to the nature of the application in which they are to be used;

- designing and execution of a Helmholtz configuration HTS superconducting electromagnet
that can work for time periods that can reach tens of thousands of hours, without the need
for refueling with cryogenic agents or any type of maintenance;

- the experimental study of superconducting junctions of the HTS tapes, in order to determine
the soldering alloy and the optimal conditions of realization, for which their electrical
resistance is minimal, in order to limit the Joule power dissipated by them;

- the design and execution of mixed power supply conductors (Copper — HTS) for the
superconducting electromagnet, to minimize conductive heat flux and Joule losses.

- creating a model for calculating the magnetic field generated by the superconducting
electromagnet, which I validated through numerical modeling;

- anumerical model of the entire cryostat-electromagnet assembly;

- anumerical model for the design and testing of the HTS conductors required to reduce the
conductive heat flux to the superconducting electromagnet;

- the design, realization and testing of a cryogenic cooling system used to ensure the thermal
regime and operation of the superconducting electromagnet.

C.3. Development perspectives

New HTS materials with high electrical and magnetic performance are increasingly used
to develope superconducting electromagnets generating high magnetic fields, used in
experimental physics applications (particle accelerators) or in medicine (medical imaging) or
high-speed transport (MAGLEYV trains).

In perspective, related phenomena that may appear in the operation of superconducting
windings will be addressed and studied experimentally: the influence of the magnetization of
the material and the screening currents, on the generated magnetic.
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