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Abstract

Physicians and surgeons rely critically on magnetic resonance imaging (MRI)
scans to diagnose and treat critical injuries and medical conditions. In an MRI
system, high, stable (<0.1 ppm h™), and uniform (<10 ppm in 50 cm diameter of
spherical volume) magnetic fields are required for obtaining high-resolution images
of the human body. The unique possibilities for the operation of superconducting
magnets (i.e., persistent-mode) make them ideal for MRI application. Thus, in the
majority of commercially available MRI systems, superconducting persistent
magnets based on niobium titanium (NbTi) have been used. These magnets, which
are cooled in an expensive liquid helium (LHe) bath at 4.2 K, cannot currently be
avoided. Thus, the high operation costs of MRI systems obstruct their extensive use
in developing and underdeveloped countries.

To fulfill the above requirements, magnesium diboride (MgB;), which was
found to be superconducting in 2001, is considered as a promising candidate for
LHe-free operation in MRI due to its relatively low material and fabrication costs
compared to high-temperature superconductors (HTS). Owing to these benefits, there
have been many recent reports on technology development for MgB, based MRI
magnet systems. In fact, PARAmed has already commercialized LHe-free MRI
systems, called “open sky MRI”. These MRIs are not operated in a persistent mode,
however, due to difficulties in making superconducting joints using MgB;
conductors. In general, MRI magnets are operated in the persistent mode to retain
magnetic field stability throughout the spherical imaging volume, to keep the long-
term drift rate of the magnetic field under 0.1 ppm h™, and to maintain overall stable
operation. Moreover, it has been reported that the heat capacity of MgB, magnets can
be significantly enhanced by cooling them using solid nitrogen (SN;) with a
cryocooler. The high heat capacity of SN, can enable a magnet to operate for a
certain time period in the absence of the cooling source (i.e., cryocooler), which is

suitable for areas where power failure is common.

In this thesis, the design, fabrication, and validation of an SN, cooled MgB,

based persistent magnet for MRI application were conducted. All the necessary
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technologies, such as the SN, cooling system, the MgB, solenoid coil fabrication,
and validation, and the superconducting joining processes for the MgB, wires that
were needed for the development of the SN, cooled MgB, based persistent magnet
were studied and methodically developed. During this thesis work, some existing
problems were effectively solved, and a new key technology (i.e., the
superconducting joining process) was developed. As a result, the first MgB, based
persistent magnet was demonstrated in an SN, environment which meets the

technical requirements for MRI application.

Several SN, cooling systems have been reported for HTS applications, whereas
only one SN, cooling system was reported for an MgB, magnet before this thesis
work. As per the literature, SN, and the other cooling systems developed before this
thesis work encountered several problems, such as poor uniformity of the SN,, a
thermal contact problem between the SN, and a magnet in the event of repeated
thermal disturbances, high heat load, possible leaks in joints between dissimilar
materials at cryogenic temperatures, and a thermal contact problem between a
cryocooler and the SN, chamber. In fact, solutions of some of the above problems
have been reported in the literature. Therefore, firstly, to test the MgB, based
persistent magnet in the SN, environment, optimal design analysis and validation of
the SN, cooling system with enhanced temperature uniformity in its SN, chamber
were conducted. The cooling system was designed using stainless steel (SS), except
for the radiation shield, to avoid joints between dissimilar materials and prevent leaks
at cryogenic temperatures. Due to the low thermal conductivity of the SS, however, it
produced a temperature gradient across the SN, chamber. To minimize such
temperature gradients, a unique approach using a copper (Cu) flange on the SN,
chamber was developed and experimentally validated. In addition to these
considerations, to validate the SN, cooling system, an MgB; based solenoid coil was
fabricated and tested.

Apart from the cooling system, high-performance superconducting joints are
equally important for realizing MgB, based persistent-mode magnets for MRI
application. Therefore, | proposed a concept and fabricated superconducting joints

using unreacted in situ undoped monofilament MgB, wires, which yielded reliable
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performance in the operating temperature range of 4.2 K to 25 K. MgB,-MgB; joints
in magnets, are known to lead to fading of localized electrical, thermal, and
mechanical properties. To overcome these problems, the ends of the two wires were
inserted into a pellet press, which was then filled with a mixture of unreacted
magnesium and boron powders, followed by heat-treatment. The critical current
capacity (I¢) and joint resistance were precisely evaluated by the standard four-probe
method in open-circuit and field-decay measurements in a closed-loop, respectively.
These joints demonstrated up to 66% of the current-carrying capacity of the unjoined
wire at 20 K, 2 T and joint resistance of 1.4 x 10 2 Q at 4.2 K in self-field.

Furthermore, according to the literature, it is well known that the high-field
performance of in situ MgB; can be significantly improved by carbon (C)-doping.
Thus, it is desirable to use C-doped MgB, conductor where high in-field performance
is required. Nevertheless, most of the high-performance joint results were reported
for in situ MgB, conductors without C-dopant for low-field operation. It was
reported that the critical current, I, of an unreacted in situ undoped monofilament
wire joint was >230 A at 10 K. On the other hand, when using an unreacted in situ C-
doped monofilament wire under the same experimental conditions, the I. of the joint
was only 16 A at 10 K. Thus, a new approach to a superconducting joining process
for unreacted in situ C-doped MgB, wires was developed. By controlling the pressure
inside the joint, successful retention of the current carrying capacity in the joint of up
to 72% compared to a wire without a joint was obtained. The closed-circuit
resistance of the closed-loop coil was less than 1.8 x 10™ Q at 16.7 + 4.7 K, as

measured by the field-decay measurement method.

Although the concept of SN, cooling for MgB, based persistent magnets for
MRI application was proposed a decade ago, researchers were not able to
demonstrate persistent-mode operation of an MgB, based magnet in an SN
environment. Thus, to demonstrate the first MgB, based persistent magnet in the SN,
environment, an MgB, based solenoid coil was fabricated with a persistent-current
switch (PCS). The coil was wound on an SS former in a single layer (22 turns), with
an inner diameter (1.D.) of 109 mm and height of 20 mm, without any insulation. The

two ends of the coil were then joined to make a PCS to obtain the persistent-current
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mode. After a heat-treatment, the whole magnet was installed in the SN, chamber.
During persistent mode operation of the magnet at ~100 A, the resultant total circuit
resistance was estimated to be <7.4 x 10 Q at 19.5 K + 1.5 K, which meets the

technical requirement for MRI application.

Prior to this thesis work, there was only one report on the testing of an MgB;
magnet in SN,. The assembled magnet was prematurely quenched, however, at
currents ranging from 79 A to 88 A, even though the individual coil could carry 100
A current. Apart from this, this thesis work only reported persistent-mode operation
of the MgB; coil in SN, with current close to 100 A. Therefore, finally, the high
current operation of an MgB, solenoid coil was achieved in an SN, environment
above 25 K. For this purpose, an MgB. solenoid coil constructed from multifilament
in situ wire was fabricated via the ‘wind and react’ method. The coil was wound on a
Cu former (1.D. of 130 mm, O.D. of 135.2 mm, and height of 15 mm) with two
layers and 23 turns. The coil was able to successfully carry a 200 A current at 28 K

in an SN, environment.
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Chapter 1

1. Introduction

1.1. Background of the Thesis Research Project

Magnetic resonance imaging (MRI) is a key diagnostic tool for diagnosing
some critical injuries and diseases. By 2010, there were about 30,000 MRI systems
installed worldwide [1], and about 3000 systems are being installed every year [2].
This number is increasing more than 6% per year [1, 2]. Around the world, half a
million scans are estimated to be conducted each day [1]. By 2017, the MRI scanner
market is anticipated to be $7.4 billion [1].

The superconducting magnet is the key component of the MRI system. They
are used in the MRI for producing a strong and highly stable (<0.1 ppm h™*) magnetic
field required for a better image quality [3]. The majority of current MRIs (which use
superconducting magnets) are using niobium titanium (NbTi, critical temperature
(Tc) - 9.8 K) or niobium tin (NbsSn, T, — 18.2 K ') based superconducting magnets,
and are operated in expensive liquid helium (LHe) baths at 4.2 K [4, 5]. In general,
an MRI machine requires 2000 - 3000 L LHe to cool down its superconducting
magnet and refill the LHe reservoir [2]. In the case of any problem (quench —
superconductor go in the normal state) in the MRI magnet, a huge amount of LHe
gets evaporated, and often, the refilling cost is from $50,000 to $90,000 around the
world [1]. Furthermore, it is expected that the requirement for LHe for MRI systems
may exceed its supply by 2017 [1]. In addition, the currently installed MRI machines
around the world are merely serving slightly above 10% of humanity [5], so that
there is clear need to serve more of humanity in the developing world. Due to these
compelling reasons, there is now an unavoidable demand for the development of
LHe-free, and somewhat less expensive, MRI systems [1].

In 2001, magnesium diboride (MgB,) was observed to be superconducting with
T. of 39 K [2, 6]. MgB, conductor is considered as a promising candidate for the
development of an LHe-free MRI system. MgB, is a good possible replacement
candidate for NbTi for certain MRI machines due to its relatively low material and
fabrication costs (compared to high-temperature superconductors (HTS)), with the
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possibility of operation in the temperature range from 10 — 25 K, promising current
carrying capacity below 5 T, 20 K, and availability in long piece length conductor [3-
7].

The superconducting magnets can produce a very strong magnetic field in a
small volume compared to any normal conductor, such as copper or aluminium based
magnets, with significantly lower power consumption.  Nevertheless,
superconducting magnets come with relatively more complexity and cost in terms of
their cooling. Cooling is a must requirement for any superconducting magnet to
operate. From the development of the first superconducting MRI magnet in 1962, up
to the mid-1990s, all superconducting magnets had been cool down by LHe [7].
After the discovery of HTS materials with T. above liquid nitrogen (LNy)
temperature in 1986, LN, also started to be used for HTS magnet cooling. The price
difference between LHe and LN, is almost 10 times, and thus, HTS magnets are
much cheaper to operate. Nevertheless, the cost of HTS conductor is almost 20 to 40
times higher compared to NbTi [5]. Like HTS and Nb3Sn magnets, MgB, magnets
can also be operated in an LHe-free environment using cryocoolers. The magnet
fabrication complexity and cost for Nb3Sn magnets is less suitable for clinical MRI
application. Currently, the cost of the typical MgB, conductor is up to $ 4.5/m, which
is expected to be reduced in the near future [8]. Thus, MgB, conductor undoubtedly
could offer better economy in term of conductor cost compared to HTS for LHe-free
MRI magnet development. Furthermore, MRI magnet is preferably operated in a
persistent-mode, which is currently difficult with HTS compared to MgB..

A cryocooler can be used to cool down such a practical superconducting
magnet to the operation temperature without any cryogen, although the thermal
stability of the magnet is often compromised in this route [9]. Thus, it is desirable to
use some cryogen to enhance the thermal stability of the superconducting magnet
[10].

To enhance the thermal stability of an overall MgB, based MRI magnet
system, an inexpensive and lightweight cryogen, solid nitrogen (SNy), is also being
considered as a potential option with a cryocooler [11-14]. The high heat capacity of

SN, can also keep the MgB, magnet at its operation temperature, even if the
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cryocooler is turned off for short maintenance purposes or due to temporary power

failure [15, 16].
This thesis, therefore, presents the original research and development work
done for the ‘Demonstration of Solid Nitrogen Cooled MgB, Based Persistent

magnet for MRI Application’. The following section of Chapter 1 includes a brief

introduction to superconductivity.
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Figure 1-1. Superconducting transition in mercury (Hg) at 4.2 K [17].
1.2. Superconductivity: A Brief Introduction

1.2.1. Superconductivity and its Critical Surface

The dc electrical resistivity of some materials vanishes down to absolute zero
below a certain temperature. In 1911, Kamerlingh Onnes in Leiden observed this
phenomenon in mercury (Hg) at 4.2 K (see figure 1-1) [18], three years after he first
liquefied helium. He named this phenomenon superconductivity. The temperature
when electrical resistivity vanishes is called the critical temperature (T;) of the
material in question. Apart from T, the critical current density (J.) and the critical
magnetic field (H¢) form a critical surface, under which, superconductivity can exist
in a particular material as shown in figure 1-2. Above this critical surface, a
superconducting material remains in the normal state. Furthermore, it was observed

that Hc(T) can be well approximated by a parabolic law as per [19]:
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H.(T) =~ H.(0)[1 - tz] (1.1)
wheret = T/T,.

A Current density, J
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J(l) 4
(1) . /superconduCtiVity

»

14 Temperature, T

H

c

Magnetic field, H

Figure 1-2. The critical surface of a superconductor [20].

1.2.2. Meissner Effect

Apart from the zero dc electrical resistivity of superconducting materials
below T, superconducting materials exhibit another unique characteristic. In 1933,
Meissner and Ochsenfeld observed that in a superconducting state, a weak magnetic
field (B, B = uH, where u is the magnetic permeability of a material) is expelled
from the interior of the bulk superconductor, irrespective of the path used to apply

the magnetic field, i.e., B = 0 inside the superconductor, as shown by figure 1-3 [21].

B

Normal SE

Figure 1-3. Diagram of the Meissner effect [22].
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This characteristic of the superconductor is called the Meissner effect. This
perfect diamagnetism property of a superconductor is more fundamental than the
zero dc electrical resistivity (p), i.e., p = 0 because perfect diamagnetism
automatically requires a conductor to be a perfect electrical conductor. The surface

supercurrent is primarily responsible for the Meissner effect.

1.2.3. London Penetration Depth (4.) and Coherence Length (&)

Detailed experiments on field expulsion suggest that when a bulk
superconductor placed in an external magnetic field, it cannot produce a perfect
surface current which keeps all magnetic fields away from its interior. Some
magnetic field always penetrates to certain distance into the bulk superconductor. In
1935, London observed that, while exhibiting the Meissner effect, there was a
supercurrent flow within a penetration depth at the surface of the superconductor
[23]. London symbolised this penetration depth as

m

AL =
2
Ho€ " Nge

(1.1)

where m and e are the mass and charge of an electron, respectively, and ng, is the
density of the superconducting electrons.

According to the London theory, within 4, the magnetic field exponentially
decreases with the increasing distance from the edge of the superconducting

specimen. The temperature dependence of the A(T) can be approximated by

A(T) = A0)[1 — t4] /2 (1.2)

where t = T/T,.

It was experimentally observed that the A determined experimentally was
somewhat larger than4,. In 1955, A. B. Pippard successfully solved this discrepancy
by introducing the concept of the coherence length (&) by proposing a nonlocal
generalization of the London theory [24]. In the nonlocal electrodynamics of the
normal metal, the & plays a role similar to the mean free path, [. The coherence
length & in the presence of scattering was assuming to be related to that of pure

material & by
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g

Inside a superconductor, the density of the superconducting electrons changes

1 1 1
7 (1.3)

gradually over a distance & Therefore, there is no sharp boundary between
superconducting and normal areas within a superconductor. In the core of a
superconducting region, & has a constant value, whereas it gradually decreases on

moving inside a normal region and is zero at the centre of a normal region as shown

in figure 1-4.
B screening current
4 ,
IL,; =
Da

Figure 1-4. The density of superconducting electrons, coherence length, and
penetration depth inside a superconductor [25].
According to the theory of Ginsburg, Landau, Abrikosov, and Gorkov on

classifying types of superconductors, a superconductor is type | if€ > /2 A, and type
Iif £<+/2A. Theratio x = % is called the Ginsburg-Landau (GL) parameter.

1.2.4. Types | and Il Superconductors

The first time superconductivity was discovered in Hg. After that various
other materials such as lead and indium were also found to be superconducting.
These materials are classified as type | superconductors or soft superconductors
because of their low H. value, typically less than ~0.1 T. Thus, these materials are
not suitable for constructing a magnet. Type Il superconductors or hard
superconductors have two H. values. Like a type | superconductor, up to the lower
critical field, Hc, a type 11 superconductor completely expels magnetic field from its

interior, whereas above Hc; up to the upper critical field, Hc,, partial penetration of
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the magnetic field occurs (figure 1-5). This state is called the mixed or vortex state.
Typically, the He, value may be 100 times greater than the H¢; [26]. Thus, type 1l

superconductors are suitable for magnet construction.

Type I superconductor

/N Type II superconductor

Superconducting

[

|

\

\

\

|

. |
——  Mixed state %‘ Normal state

|

\

[

[

[

\

H, H,,
H

N
/

Figure 1-5. Superconducting and mixed states of type | and Il superconductors [27].

1.2.5. Mixed or VVortex State

In the mixed or vortex state, many quantized flux vortices, called fluxons, are
present in a superconducting sea. These fluxons increase in number with an
increasing magnetic field, as shown in figure 1-6 until Hc, is reached, and then the

superconductivity of a superconducting material collapses.
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Hypp=1T

Figure 1-6. Fluxons in superconducting materials. Red in (e), and white in (a) are normal
regions; blue in (e), and black in (a) are superconducting regions; white rings in (e) represent

the superconducting screening current [28].

Each of these fluxons is a tube of radius A(T), in which a superconducting

screening current circulates around a non-superconducting region &(T), carrying

quantized magnetic field ¢, = L =2 x 10715 Wb [29], as shown in figures 1-4

Ze_

and 1-6.

1.2.6. Isotope Effect

Apart from the properties of superconductors discussed above, the T. of a
superconductor also varies with isotopic mass. This means that the transition
temperature changes smoothly when two different isotopes of the same element are
mixed together. In mercury, when the average atomic mass changes from 199.5 to
203.4 atomic mass units (amu), the T, changes from 4.185 to 4.146 K [33]. Equation

(1.4) may be used to fit the experimental results within each series of isotopes
M*T, = constant (1.4

where M is the isotopic mass and « is an experimental constant.
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Figure 1-7. The trend of the development of superconductors [30].

The superconducting state of a material is an ordered state of the conduction
electrons. In the ordered state, loosely associated pairs of electrons are formed.
Bardeen, Cooper, and Schriefer (BCS) explained the nature and origin of the
ordering in superconductors via BCS theory [31, 32].

Figure 1-7 shows the trend in the development of superconducting materials
since superconductivity was first observed in Hg in 1911 at 4.2 K, whereas table 1-1
shows the selected superconductors and their particular critical parameters values.
Among the listed superconductors, as aforementioned, type | superconductors are not
used for magnet construction, whereas the type Il superconductors are used for

magnet construction.
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Table 1-1. Selected type | and type Il superconductors and their T; and pioHc, (Beo)”
[9].

Typel  T(K) pH () Typell T(K)  poH_ (T)
Ti (metals) 039  0.0100  Nb (metal) 9.5 0.2

Zr 0.5  0.0047  NbTi (alloy) 9.8 10.5

Zn 0.85  0.0054  NbN (metalloid) 168 153

Al 118 00105  MgB, 39 35-60"

In 341 00281  NbSn(Compound) 182 245

Sn 372 00305  NbAl 187 310

Hg 415 00411  NbGe 232 350

\% 538  0.1403  YBa,Cu,0, (oxides) 93 150

Pb 719 00803  BiSrCa CuO, . 85110 >100

* OK, estimated

** 4.2 K, estimated

# 4.2 K, estimated (35T (L), 60 T (||))

$ n=2,Bi2212; n=3, Bi2223

As of now, among all the listed superconductors in table 1-1, NbTi has been

the main superconductor used for a commercial magnet fabrication. Due to the
difficulty in magnet fabrication and the high strain sensitivity, NbsSn is mostly used
for high-field magnet applications. Due to their brittle nature and the high cost of the
HTSs such as yttrium barium copper oxide (YBCO) or bismuth strontium calcium
copper oxide (BSCCO), they have only been used for certain applications, for
example, current leads or an insert magnet, etc. MgB,, which was found to be
superconducting in 2001, has been developed very quickly and won its place in the
commercial market [6]. Due to its possible LHe-free operation combined with high
T. of 39 K and relatively cheaper fabrication cost compared to HTS, MgB, has
special appeal for commercial applications. This superconductor’s application in

MRI is the main topic of research in the present thesis.
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Chapter 2

2. Literature Review

This thesis work has been carried out under a project entitled ‘Design and
fabrication of solid nitrogen (SN;) cooled magnesium diboride (MgB;) based
persistent magnet for magnetic resonance imaging (MRI) application’. The ultimate
aim of this thesis project was to carry out research and development to demonstrate a
laboratory scale MgB, based persistent magnet in SN, which meets the operation
requirements for an MRI magnet. Thus, this Literature Review was carried out based
on the context of the project.

The first section of the Literature Review briefly discusses MR, its hardware,
why is a superconducting magnet used as the main magnet in the 1.5 T MRI, and
why does MgB, have good potential for application in future MRI. The second
section discusses MgB, material, MgB, conductor fabrication processes,
performance, mechanical properties, and MgB, applications. The third section
discusses the cooling system, including how SN, can be a good potential option as a
cryogen in MRI, and the fourth section discusses persistent (superconducting) joining
processes for MgB, conductors, including the suitability of monofilament MgB;

conductor for persistent magnet fabrication for MRI, unlike NbTi.

2.1. Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging is known as an MRI, which essentially uses the
principle of nuclear magnetic resonance (NMR). It has been a powerful tool for the
entire medical sector ever since the first human MRI scan was conducted on July 3,
1977 [1, 2]. Before this, an Armenian-American professor and medical practitioner,
Raymond Vahan Damadian, reported in Science how tumours and normal tissues can
be distinguished in vivo by NMR [3]. MRI has been used for various patient
diagnostics before, after, or during medical treatments or surgical procedures. It is
better, compared to an X-ray computed tomography (CT) scan because it does not

require any exposure to a radiation [4].
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2.1.1. Nuclear Spin and the Gyromagnetic Ratio

To produce an image of an object in MRI, the property of nuclear spin of
certain atomic nuclei within the object is utilized. As per modern quantum
mechanics, certain atomic nuclei possess the property of spin. The spinning process
of an atomic nucleus about its rotation axis produces a tiny magnetic field in the
direction of its principal rotation axis. The sum of all these tiny magnetic fields from
the nuclei within the object is called the magnetic moment, represented by p. In order
to visualize a magnetic moment, consider a proton rotating about its axis. Many
positive charges are distributed on proton spheres and are also each rotating about an
axis of a proton. Due to the rotation of positive particles, a current of positive charges
IS generated in a tangential direction. This current generates a small magnetic field in
the transverse direction, which is the magnetic moment of that nucleus. Similarly,
when electron rotates in an orbit, it also generates a small magnetic field parallel to

the rotation axis.

Table 2-1. Gyromagnetic ratios of some nuclei.

Nucleus  HE C®  F® N2 P
MHz
y/21T<T) 4258 1071 40.08 1127 17.25

As each of these elementary particles has a mass and radial rotation or angular
velocity, thus, atomic nuclei also have the property of angular momentum. In
general, an object with angular moment has a tendency to conserve its angular
motion until and unless some external force is applied. Thus, for the nucleus, when a
perpendicular external field is applied on it, instead of ‘tip over’, it deflects to a
circular motion about the magnetic field, which is called the precession of the
atomic nucleus. This precession has a certain angular frequency w,. The w, of the
specific nucleus is linearly proportional to the applied external magnetic field (B,),
and the gyromagnetic or magnetogyric ratio y of that nucleus. This result in the
famous Larmor frequency, [5, 6] relationship w, = y - B,. The gyromagnetic ratio
for various nuclei is given in table 2-1 [7]. In MRI, hydrogen nuclei are used to
obtain images due to their abundance in the body with its high water content and

their high gyromagnetic ratio.
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2.1.2. Principle of MRI Imaging

In the early days, NMR was used for spectroscopic analysis before Lauterbur
(1973) had the idea of using it as an imaging tool [8]. Images of any living body can
be taken in an MRI machine. In this thesis, however, we will only use word human
MRI imaging. To take an image of a body part, the human body is placed in the MRI
machine. Thus, when hydrogen nuclei in the body’s water are placed in a strong
magnetic field generated by the large homogeneous magnet called the main magnet
in the MRI machine, some migrate to a higher energy level (antiparallel to the
applied field) and some to a lower energy level (parallel to the applied field). The
energy difference between the two levels is linearly proportional to the strength of
the applied magnetic field; this phenomenon is called the Zeeman Effect. In thermal
equilibrium, the number of nuclei in the higher energy level is slightly less than that
of the lower energy level. Thus, based on the principle of superposition, the net
magnetization direction of the hydrogen nuclei is parallel to the applied field, as
shown in figure 2-1 [9]. Furthermore, if the field strength is increased, the number of
nuclei in the lower energy level can be increased compared to the high energy level
[9]. Thus, strong initial magnetization can yield a better signal for imaging. This is
the reason why a high central magnetic field is often preferred in MRI,

The second step in the imaging process is to put a very short pulse of the
gradient field on the imaging volume by utilizing gradient coils to precisely vary the
magnetic field at the known location. Thus, we can take an image of a certain
location of the body part. At this stage, the precession frequency of the nuclei at the
specific location is known. In the next step, to produce precession in the hydrogen
nuclei, another pulse of the magnetic field is applied using radio frequency (RF)
coils which match the Larmor frequency of the nuclei, so that the nuclei are tipped
over by 90° from their initial direction and start precession until thermal equilibrium
restores them to their initial alignment direction. The decay in the precession is
called free induction decay (FID). The FID produces an RF signal, which is
acquired using an RF receiver coil. These FID data are ultimately utilized to
produce an image of the body part. For obtaining a 2D image of the body part,
however, several short pulses of the gradient and RF coils are applied on the human

body part with some other complex techniques, and FID data are acquired in k-space,
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which is eventually Fourier transformed into real two-dimensional (2D) space as
shown in figure 2-2 [10, 11]. This is how the image is obtained in MRI using the
NMR principle.

) ]
L

No field With field

Figure 2-1. Alignment of hydrogen nuclei alignment in a magnetic field [12].

Figure 2-2. k-space data transformed into the image using Fourier transformation [10].

2.1.3. MRI Hardware — The Main Magnet

The main hardware in the MRI system is the main magnet, a set of gradient
coils, the RF transmitter, the RF receiver, the housing, and a computer for
performing various operations for image formation. A cutaway image of an MRI
scanner is shown in figure 2-3, whereas a detailed inner view of an MRI is shown in
figure 2-4. As can be seen in figure 2-4, the gradient and RF coils are placed on the
inner side of the main magnet. The design, fabrication, and demonstration of the

laboratory scale superconducting main magnet, which can be utilized for making
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more advanced working MRI magnets, are the aims of this thesis. Thus, the
discussion is limited to the main magnet of the MRI. A detailed discussion of the
other magnets or coils is beyond the scope of this thesis.

MRI Scanner Cutaway

Figure 2-3. Cutaway of MRI scanner [13]

Radio Frequency
Transmitter & Receiver
Sends and receives radio signals

Main Magnetic Coil

Creates a uniform magnetic field

X Magnetic Coils
Create a varying magnetic field from left to right

Y Magnetic Coils

Create a varying magnetic field from top to bottom

Z Magnetic Coils
Create a varying magnetic field from head to toe

Figure 2-4. Detailed inner view of MRI scanner [14]
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Before the advancement of high field superconducting magnets for MRI
application, copper (Cu) based electromagnets or permanent magnets were used for
the main magnet. Of course, the superconducting magnets are much more expensive
to buy and operate compared to low field electromagnets or permanent magnets, but
superconducting magnets nevertheless offer several advantages over low field

magnets.

2.1.4. Why is a Superconducting Magnet Used as the Main Magnet
inthe 1.5 T MRI?

Before discussing superconducting magnet application in the MR, it would
be most important to first discuss why a high field (i.e., 1.5 T) magnet is used in
MRI? There are several advantages to using a high field 1.5 T magnet in the MRI.
Some of the key advantages are higher signal-to-noise ratio, better detection of
calcifications and haemorrhage, better detection of gadolinium enhancement, etc.,
[15]. Often, MRI scans are done in life-threatening conditions, so it is very important
that the MRI scan gives as much as information to surgeon or physician to enable
wise decisions on the health condition, which could save the life of a patient. Hence,
the advantages of using a high field MRI magnet become much more compelling.

It is not economical for clinical application to produce 1.5 T high fields using
a Cu-based magnet for several reasons. Some of the reasons are: (i) due to the
inherent resistance of the Cu conductor, power consumption for 1.5 T productions
would be too high to afford for everyday use, (ii) for producing a high magnetic
field, more current naturally needs to be passed through the conductor. Thus, either
the conductor needs to be bigger or the number of turns needs to higher. Both
eventually lead to large magnet size. In addition to this, to dissipate the heat
generated by a resistive Cu magnet, a large cooling reservoir would be required. This
could further increase the size of the overall magnet, which is certainly not suitable
for hospital settings. Nevertheless, high field homogeneity cannot be achieved in Cu-
based magnets in MRI. Therefore, the Cu magnet is certainly not suitable for use in
MRI for high field production. The permanent magnets are quickly eliminated from
the race because they cannot produce a 1.5 T field.

Therefore, the only option is to use a superconducting main magnet to
produce a 1.5 T or higher field. The superconducting magnet can produce a 1.5 T
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field with a reasonable magnet size because a superconductor can carry much higher
current than a Cu conductor without any resistance. Furthermore, the
superconducting magnet can be operated in persistent-mode, which can provide very
good field homogeneity, as well as stability, in the magnetic field compared to the
resistive Cu magnet. In addition to the previously discussed three key advantages,
high field homogeneity is the fourth advantage to using the superconducting magnet
in MRI. High field homogeneity directly improves the image quality, as well as
offering the option of using certain pulse sequences that cannot be used with a
resistive Cu magnet [9, 11, 15]. This is how the high fabrication and operation cost
of superconducting magnet is justified compared with the Cu magnet for 1.5 T MRI.
Apart from these considerations, for any technology to take its place in the market, in
particular when huge cost is involved, it often has to undergo massive scrutiny before
it is widely accepted. Likewise, the superconducting magnet application in MRI
would have been gone through this. Therefore, a superconducting magnet is used in

the MRI application.

2.1.5. Why does MgB, have Good Potential for Application in
Future MRI?

Superconducting magnets are used in MRI systems with field strength >0.6 T
despite the cost, and the problems in designing, fabrication, and complexity of
installation [16]. MgB; based 0.5 T ‘open sky MRI’ systems are also available on the
market [17]. Different types of superconducting conductors have been used for
making commercial MRI main magnets, including niobium titanium (NbTi), niobium
tin (NbsSn), and MgB,. The majority of current 1.5 T MRI systems use NbTi
magnets. In an MRI system, high, stable (<0.1 ppm h™), and uniform (<10 ppm in 50
cm diameter of spherical volume (DSV)) magnetic fields are required for obtaining
high-resolution images of the human body [18]. Only superconducting magnets
operated in persistent-mode can offer stable magnetic field <0.1 ppm h™. Thus,
superconducting magnets are an indispensable part of modern MRI systems. The
MRI magnets are cooled by an expensive liquid helium (LHe) bath at 4.2 K. The cost
of the magnet fabrication, cryostat fabrication, and LHe make the overall system

expensive. In addition to that, a superconducting to normal transition, called
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‘quench’ of the magnet, can result in an evaporation of LHe. Refilling with LHe
makes the MRI system even more expensive from the operation point of view.

Soaring LHe prices and possible shortages have increased the demand for
LHe-free MRI magnets more than ever [19]. Thus, if an MRI magnet can be
fabricated using a superconductor which can be operated without LHe, it will be
certainly beneficial. In this direction, current NbTi conductor cannot possibly be used
for MRI without LHe. If the operation temperature is to be kept at 15-20 K, Nb3Sn is
also not suitable, as its critical temperature is close to 18 K. Thus, the only option is
to use high-temperature superconductors such as bismuth strontium calcium copper
oxide (BSCCO), rare earth barium copper oxide (REBCO), or MgB,. Still, in terms
of cost, MgB, is much better compared to BSCCO or REBCO [18, 19]. Recent
detailed market research and cost comparisons of different MgB, and NbTi based
MRI systems suggest that for underdeveloped or developing countries, an MgB,
based extremity MRI system would be certainly a viable option for
commercialization [20].

In addition, NbTi based MRI magnets are operated in LHe temperature at 4.2
K, whereas their superconducting critical temperature, T, is 9.8 K, which leaves only
about a 2 K temperature margin [21]. Due to very small temperature margin, current
NbTi MRI magnets often have a problem of premature quench. On the other hand, if
an MgB, MRI magnet is operated at 20 K, it leaves a big temperature margin
because of its high T, of 39 K. Thus, an MgB, magnet has a good chance to operate
in quench free manner [18], which is certainly beneficial for the protection of the
magnet. These are the reasons why MgB, has a good potential for application in MRI
in the future. These facts are being recognised by the research community and
industry, so there are many recent reports, including this thesis, on the efforts toward
the development of MgB,-conductor-based MRI magnet technology [20, 22-33].
Some work was published before this thesis work was started and some published
during this thesis work. In fact, PARAmed has already commercialized LHe-free
MgB; based MRI systems, called “open sky MRI” [17].
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2.1.6. Summary

In this section of the Literature Review on the MRI, the principle of MRI
imaging, MRI hardware, the application of superconducting magnets in MRI, and the
key features of MgB, for potential application in future MRI have been discussed.
The literature clearly suggests that MgB; has a very good potential for application in
MRI, although, as all technologies require time to be matured, MgB, may also need
some time and effort before it can take an important place in the commercial market.
Thus, this thesis work adds some key technology development toward those efforts.
The following section discusses MgB, material and current status of its development

within the scope of the thesis in further detail.

2.2. Magnesium Diboride (MgB,)

Magnesium diboride (MgB;) was synthesized back in the 1950s, but its
superconducting properties were first observed by J. Akimitsu group in 2001 [34]. It
is a binary compound made up of two elements: magnesium (Mg) and boron (B)
[35]. The cost of MgB; is lower than for the other high-temperature superconducting
(HTS) materials such bismuth strontium calcium copper oxide (BSCCO) and rare-
earth element barium copper oxide (REBCO) [18, 36]. The reasons are that the HTS
materials are made up of rare earth elements that are expensive compared to the
precursors of MgB,, other materials used for making HTS are more expensive than
for MgB,, and the fabrication process for making HTS is much more complicated
than for MgB; [37].

2.2.1. Crystal Structure and Basic Properties of MgB,

MgB; has a simple hexagonal crystal structure as shown in Figure 2-5 with
space group p6/mmm. The lattice parameters of pure MgB, are a = 3.084 A and ¢ =
3.524 A, and the interatomic distance is B-B intra-layer 1.780 A, Mg-Mg intra-layer
3.084 A, Mg-Mg interlayer 3.524 A and Mg-B 2.5 A [35]. The boron atoms are
arranged in a honeycomb structure whereas; the Mg atoms are located at the pores of
the hexagons. The inter-plane B-B distance is almost double the in-plane B-B
distance. The Mg and B layers form ionic bonds by sharing valence electrons with

each other. The 2D covalent ¢ bonds are responsible for holding the B atoms in a
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plane, whereas the three-dimensional (3D) metallic © bonds exist between the layers
[38]. It is supposed that the B layers are responsible for the superconductivity in
MgB; [39]. MgB, follow conventional Bardeen-Cooper-Schrieffer (BCS)
superconductivity [40]. This was apparent when the boron isotope B was used in
the place of B', and ~ -1 K shift in T, was observed [41]. The grain size in typical
polycrystalline MgB, material is from 10 nm - 10 um [42]. The anisotropy of MgB;
is from 1.5-5, which is lower than for HTS, which eliminates the need for texturing
as for the HTS [43]. The coherence length () of MgB, is ~4 - 5 nm and the
penetration depth A is 100-140 nm, with the Ginzburg-Landau (GL) factor x = /&,
where & is the coherence length, ~26 at absolute zero [44]. MgB, has two

superconducting energy gaps A (6) =5 -7 meV and A, (1) = 1.5 - 3 meV [45].

Figure 2-5. Crystal structure of MgB, [46].

Pure MgB; has a very narrow transition width of less than 1 K with the onset
critical temperature (Tc.onset) OF 39-40 K [34]. Various isovalent and aliovalent atoms
with different radii have been substituted to increase T, but except for zinc (Zn) (T,
increase of 1 K), all other substitutions decrease T.. The normal state resistivity

(p(T)) of MgB; is ~0.4 pnQ cm, which is much lower than for all commercial
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superconductors, with a high residual resistivity ratio (RRR) of ~20 [47]. The
depairing current density of MgB; is ~10” A cm?which is only one order lower than
for HTS [48]. Pure MgB, conductor achieves a transport critical current density (Jc)
on the order of 10° A cm™ at 4.2 K in self-field, but ~3.8 x 10 * A cm™in 6 T [49].
Pure MgB; has a low lower critical field, Hc (0), of 50 mT, an upper critical field,
Hco, of 15-20 T, and an irreversibility field (Hiy) of 6 - 12 T at 4.2 K [50]. Silicon
carbide (SiC) doped MgB, wires showed H, of about 33 T, which is greater than for
NbsSn [51].

2.2.2. MgB, Suitability for Magnet Fabrication

The magnet-grade conductors are those conductors which meet the rigorous
requirements for magnet construction and widespread commercial availability. More
than 10,000 superconducting materials so far have been discovered [52]. Out of
those, only about 100 materials meet the requirement of having a T, greater than 4.2
K (usable temperature) and B¢, >10 T. When a conductor can tolerate the required
magnetic field without a large transport current, the third requirement is that the
conductor should carry enough of a current to be practically viable compared to the
Cu conductor, that is, the critical current density (J;) of the conductor should be
greater than 1 GA m™[52]. Finally, it should be possible to fabricate wire or tape
using that superconducting material. At this point, only ~10 superconducting
materials survive for practical magnet grade application, and MgB; is one of the

conductors which satisfy all these requirements.

2.2.3. Fabrication of MgB, Conductors for Magnet Application

MgB: triggered a great deal of interest in the research community soon after
the discovery of its superconductivity in 2001 [34], due to the possibility of its
operation in cryogen-free, SN, or mixed cooling environments. The simple crystal
structure, high critical temperature, high J;, large coherence length, and transparency
of grain boundaries to the current flow of MgB,, make it special [35]. These
properties of MgB, offer the further promise of some key large-scale applications
[53]. As can be seen in figure 2-6, the MgB, conductor can open up a new domain of
applications for superconducting direct current (DC) magnets, especially below 5 T

and 20 K. During the past 15 years, MgB, has been fabricated in various forms,



Chapter 2: Literature Review 24

including single crystals, bulk, thin films, tapes, and wires [54-63]. In particular,
enormous efforts have been directed towards the improvement of J. and the
understanding of MgB, materials [37, 64-66]. The J. values for MgB, have been
reported to be as high as 40,000 A cm? at 10 T and 4.2 K, and 40,000 A cm?at5 T
and 20 K [67]. This gives proof that the performance of MgB, conductors can
compete with and even exceed that of the conventional low-temperature
superconductor (LTS) NbTi. The J. of pristine MgB, drops rapidly, however, with
increasing external magnetic field due to its low upper critical field (B.;) and weak
pinning strength. To take advantage of its higher T. of 39 K, enhancement of B¢, and
improvement of in-field performance are of primary importance. Attempts to
enhance the B¢, and flux pinning have been made by using a number of techniques,
including additives, substitution, and various mechanical processing techniques [59,
65, 68, 69].

Currently, long-length MgB, conductors are commercially available with
high J. and high engineering critical current density (Je). After the discovery of
MgB; material, in 2005, kilometre-scale long-length conductors were starting to be
produced by Columbus Superconductors using an ex situ powder-in-tube (PIT)
technique [24], and after that, Hyper Tech Research Inc. (HTR) started to produce
long length MgB, conductors using the in situ continuous tube forming and filling
(CTFF) process [70].

Different types of MgB, conductor fabrication techniques have been used,
such as PIT technique (in situ and ex situ), CTFF, internal magnesium diffusion
(IMD), and local internal magnesium diffusion (LIMD). Together with these, cold
high-pressure densification (CHPD), cold isostatic pressure (CIP), and hot isostatic
pressure (HIP) during conductor fabrication have also been applied on the laboratory
scale, and improvement in the conductor performance has been noticed.
Nevertheless, these techniques are not being used for commercial wire production so
far. The commercially used wire fabrication techniques are discussed below. The in
situ processed MgB, conductors have been used for this thesis work.
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Figure 2-6. Comparison of B, of low-temperature superconductors (NbTi and NbsSn) and
MgB, [71].

2.2.3.1. Powder-In-Tube (PIT) Technique (in situ and ex situ)

The powder-in-tube (PIT) technique is a well-known method for producing
long-length superconductors, due to its simplicity [39, 57]. The fabrication steps in
PIT wire fabrication are shown in figure 2-7. In this method, a suitable metal tube is
filled with the precursor powder, and the tube is drawn or rolled into a wire or tape,
followed by heat-treatment. Usually, a heat-treatment temperature of 600 - 950 °C is
used with a variety of heating schedules to form well connected MgB. filaments.
There are two variants of the PIT method, an in situ and an ex situ. In an in situ
method, stoichiometric Mg and B are used to fill a suitable metallic tube, such as Cu,
niobium (NDb), silver (Ag), nickel (Ni), titanium (Ti), iron (Fe), stainless steel (SS),
Cu-Ni, Monel, etc. In an ex situ method, already formed MgB, powder is used. For
improving J, however, further suitable heat-treatment (900-1000 °C) is also applied

in the ex situ case [72]. Due to a possible reaction of Mg with sheath materials such



Chapter 2: Literature Review 26

as Ag, Cu, and Ni below 825 °C, and Fe and Ta at 900 °C, Nb is often used as a
barrier between the sheath and the MgB, core in an in situ process [73]. The
requirement for Nb makes an in situ processed conductor quite expensive; therefore,

the search for another inexpensive barrier material is indispensable.

PIT Processing routes for the fabrication of MgB, wires

tube filling

reaction sintering
IN-SITU 23% porosity

—  E— “EL
—

EX-SITU

=4

simple sintering

Figure 2-7. The fabrication steps for PIT MgB, wire [74].

The In situ method has several advantages over the ex situ method such as low-
temperature reaction processes and easy nanoparticle doping to enhance J; [58]. On
the other hand, the ex situ method is more suitable for long lengths, a high packing
factor, and complex multifilamentary conductor geometry [58]. The in situ reaction
yields strong intergrain coupling with a low packing factor, whereas the ex situ
process yields tightly packed grains, although their intergrain coupling is much
weaker [75]. At present, many research groups are actively involved in enhancement
of the connectivity of grains in ex situ processed conductors [75-78]. Some of the ex
situ processed tapes show J; values of ~10* A cm™ at 20 K in self-field [79]. In the
case of ex situ conductors, heat-treatment normally improves the J;, but it is still

lower compared to in situ due to relatively poor intergrain coupling [80-83]. Kario et
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al obtained J. of 3.5 x 10* A cm? at 9 T and 4.2 K in ex situ MgB, with 5% C
addition [84].

2.2.3.2. Continuous Tube Forming and Filling (CTFF)

Figure 2-8 contains a schematic illustration of the continuous tube forming
and filling (CTFF) process, a technique for the fabrication of MgB; conductors. This
technique was developed by Hyper Tech Research Inc. (HTR) to prepare long-length
MgB; wires [53, 70]. In this process, a continuous metal strip (Nb, Fe, etc.) is used as
the inner barrier. As this metal ribbon enters and moves through the tube shaping
dies, they gradually form it into a ‘U’ shape. After the composite powder
(magnesium (Mg) and boron (B)) is inserted, the closing dies gradually close off the
tube. After the tube has been closed, it passes through subsequent dies to reduce the
diameter to a fine wire (i.e., 0.832 mm).

So far, HTR has 10 years of manufacturing development experience on
various MgB; composite conductors. These conductors have been designed by
keeping manufacturability in mind. The processing steps are designed to be
commercially viable. HTR regularly manufactures composites in lengths over 10 km
[85]. Even though long lengths are no limitation, wire quality over lengths >10 km is
still not consistent, either due to issues with the manufacturing process or with the
starting material [29, 70, 85, 86]. The strands are mainly made from in situ powders,
with Nb or Fe barriers, a Cu stabilizer, and a Cu- Ni outer sheath (called “Monel”),
and there are different filament numbers from 7 to 61 in the final multi-filamentary
conductor. Heat-treatment is typically in the 700°C range for 20 to 40 minutes. For
reacting and winding the wire, S-glass braid is normally coated on the surface of the
conductor as an insulator. Recently, HTR has been working on increasing the filling
factor to 30%, which would increase the critical current (I;) towards practical

applications.
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Figure 2-8. Schematic illustration of the continuous tube forming and filling (CTFF) [71].

The monofilament wire, multifilament round ‘18 + 1 Nb/Cu/Monel’ wire,
and a multifilament rectangular shaped conductor currently offered by HTR are
shown in figure 2-9(a), (b), and (c), respectively. Typical J. and J. measurements for
standard multifilament MgB, conductor manufactured by HTR indicate J. values of
9x 10 Acm?at4.2Kand5T;and 2.1 x 10° Acm?at 20 K and 1 T [18, 59]. These
numbers give critical current (I¢) of 80 and 200 A with a 15% MgB:; filling factor in
the multifilament strands; which produce J. of 1.4 x 10* and 3.2 x 10* A cm?,

respectively [18]. In this project, some wires made by HTR have been used.
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Figure 2-9. MgB, wire prepared in various configurations: Hyper Tech (a) monofilament, (b)
‘18 + 1’ round multifilament, and (c) 18-filament rectangular. Reproduced with permission
of Hyper Tech Research Inc., (d) internal magnesium diffusion (IMD) processed sample of
Li et al with full MgB, reaction layer [87], () IMD processed sample which showed the
highest J. ever for MgB, wire of Ye et al [88].

2.2.3.3. Internal Magnesium Diffusion (IMD)

The IMD technique is a variant of the in situ PIT technique for MgB,
conductor fabrication. Giunchi et al proposed this technique; in fact, initially it was
called reactive liquid Mg infiltration [89, 90]. In IMD, a Mg rod is embedded axially
in a B-filled tube, and the process continues with a drawing followed by heat-
treatment, as shown in figure 2-10 [91-93]. Compared to the conventional in situ PIT
process, which yields a system of randomly connected MgB, fibres associated with
copious porosity, an IMD process can produce a dense MgB; layered structure with

excellent longitudinal and transverse connectivity [94].
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Figure 2-10. Schematic illustration of IMD [92].
Kumakura et al attained a high J; of 1.1 x 10° A cm? at 4.2 K and 10 T in

various SiC-doped mono and multifilament MgB, wires using the IMD process [95].
Subsequently, Ye et al reported J. of 3.7 x 10° A cm™ at 4.2 K and 10 T by doping
their B-precursor for IMD processed wires with both SiC and a liquid aromatic
hydrocarbon [96]. Li et al also prepared a series of monofilament wires using 10 —
100 nm amorphous B that was doped with 2 mol% C by adding methane (CH,) to the
process gases [97-99]. They obtained the best layer J; value of 1.07 x 10° A cm™ at
10 T and 4.2 K, and the best J. value of 1.67 x 10* A cm™ at 4.2 K and 10 T [87].
One of their IMD processed monofilament conductors with a full MgB, reaction
layer is shown in figure 2-9(d). 37-filament IMD-processed MgB, wires were
fabricated by Ye et al [100]. These wires showed a better J. value of 7.6 x 10* A cm™
at 4.2 K and 10 T compared to wires with a smaller number of filaments (1 and 7
filaments) fabricated under the same conditions [100]. Very recently, the
unprecedented performance of MgB, wire compared to its competitor NbTi was
reported by Ye et al [88]. They fabricated high-performance MgB, superconducting
wires using IMD, in conjunction with p-dimethylbenzene (CgHio) pre-treatment of

the C-coated B powder with nanometre-sized particles, and the resultant Fe-sheathed
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conductor is shown in Figure 2-9(e). Due to diffusion of Mg to B sites, a hole was
created in the centre of the conductor. The resulting wires exhibited the highest ever
Jeof 1.2 x 10° Acm?at 4.2 K and 10 T, and J of about 1 x 10* A cm™. Not only at
4.2 K but also at 10 K, the J. values for the wires fabricated in this study were, in
fact, higher than for NbTi wires at 4.2 K in the magnetic field at which the
measurement was carried out. At 20 K and 5 T, the J. and J. were about 7.6 x 10° A
cm? and 5.3 x 10® A cm™, respectively, which are the highest values reported for

MgB; wires to date [88].
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Figure 2-11. I, J., and J. properties of commercial multifilament wires produced by HTR

[53].

2.2.3.4. Local Internal Magnesium Diffusion (LIMD)

The IMD-processed wires have shown the best performance so far.
Recently, Kim et al proposed an economical way of producing high-performance
MgB; wires using coarse Mg powder [101]. Maeda et al named this process local
internal Mg diffusion (LIMD) because, in this method, bigger particle size Mg (~150
um) diffuses to B sites and forms highly dense MgB, locally [102]. Moreover,
ductile Mg coarse powders are elongated during cold-working, leading to an
alignment of voids and enhanced grain connectivity; as a result, superconducting
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wires with improved performance can be fabricated [71, 101]. In this method, the in
situ PIT technique is used for producing long length MgB, conductors.

Kim et al fabricated various samples using coarse Mg with inexpensive C-
encapsulated crystalline B, using different heat-treatment conditions [101]. They
achieved their best J. value of 2.7 x 10* A cm™ at 4.2 K and 10 T, which is
comparable to the best result reported for wires made from expensive amorphous B
combined with a C-dopant, such as SiC or malic acid (C4sHsOs) [101, 103].
Recently, Maeda et al reported J. of 1 x 10* A cm™? at 4.2 K and 8 T, using LIMD
assisted by CHPD, with inexpensive crystalline B and large-size Mg as the
precursors [102].

The current carrying capacities of any MgB, conductor depend on its overall
fabrication process. Figure 2-11 shows the selected properties (l¢, Je, and Je) of
commercial multifilament MgB, wires produced by HTR. As can be seen in the
figure, in the low field region, typically below 2 T and 20 K (MRI magnet operation
regime) the I, Je, and J are >100 A, >1.5 x 10 °> A cm?, and >1.8 x 10* A cm?,
respectively. In this thesis work, in situ processed MgB, wire has been used. Thus,
the discussion will be limited to in situ processed MgB, wire only.

2.2.4. Conductor Performance and Boron Powder

The in situ method has been used successfully to make MgB, wires and tapes
[53]. In most cases, both high purity crystalline or amorphous B powder and small
size Mg are used to make the MgB, conductor [103]. If this wire is to be applied in
an industrial application, however, the costs of the raw materials will be significantly
increased, and this needs to be taken into serious consideration [102]. The material
cost could be decreased significantly by using low-grade precursors. High purity (98-
99%) amorphous B powder is about ten times more expensive than low purity (95-
97%) crystalline B powder [102]. Figure 2-12 shows a comparison of J. in MgB;
monofilament wires made from different B powders with amorphous and crystalline
phases. Crystalline B is known to have the 3-rhombohedral structure, which is quite
stable, even after high-temperature heat-treatment [101]. Thus, it is hard for
crystalline B to fully react with Mg powder to form MgB.,. A relatively long heat-
treatment time or high heat-treatment temperature is obviously required. High-
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performance MgB, conductor, at the moment, is fabricated using amorphous B. As
can be seen in figure 2-12, J. of the wire made from amorphous B (>98%) showed
better performance under high magnetic field. In contrast, J. values for the wire
made from crystalline B powder were quite poor under high magnetic field. For
example, the J. was estimated to be below 1000 A cm™? at 10 T and 4.2 K for

monofilament MgB, wire with crystalline B.
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Figure 2-12. Comparison of J. at 4.2 K for MgB, wires made from crystalline and
amorphous nano-boron [71].

The J. of a wire made from an amorphous B may well cross over that of wires
made from crystalline B, in the low-field region. This suggests that a wire made from
crystalline B may be better compared to amorphous B for a magnet system which
operates in the 1- 2 T range for the greater economy [102]. Together with B powder,
the conductor fabrication process with chemical doping and mechanical deformation
for performance enhancement in the specific application region should be chosen for

producing cost effective conductors.
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2.2.5. Stress and Strain Effect

The stress and strain tolerance of any superconductor are an important
property for its application in a magnet winding because a certain winding tension on
a conductor has to be imposed for a compact and tight magnet winding. This stress
produces a finite strain on a conductor. Furthermore, during magnet charging, there
is also compressive and hoop stress on the conductor [52]. With respect to stress and
strain in a conductor, the J. behaviour of the conductor often changes. The sheath
material, geometry, and a number of filaments in the conductor play key roles in the
Je vs. strain behaviour of MgB, conductor [104, 105].
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Figure 2-13. (a) Normalized J. vs. axial strain (%) plot of monofilament undoped and
multiwall carbon nanotube (MWCNT) doped MgB, wire [104], (b) normalized I vs. strain
(e) plot of multifilament undoped, silicon carbide (SiC) doped, and tungsten (W) doped

square wire [105].

Figure 2-13 shows the normalized J. (lc) vs. strain effect of mono- and
multifilament round wire and square wire, respectively. As can be clearly seen in
figure 2-13(a), J. decreases with compressive strain because an MgB, filament is
already pre-compressed by the matrix material, so further compression leads to
additional compressive strain in the filament, and J. decreases. On the other hand,
under an axial strain, the J. value increases up to the point of irreversible strain
(gi+)- This is due to release of the pre-compressive strain. The irreversible tensile
strain limit for monofilament undoped wire is 0.16% (figure 2-13(a)), whereas for,
the multifilament wire, it is 0.5% (figure 2-13(b)). This means that a multifilament
wire can tolerate high axial strain, which is better for magnet application. As can be

seen in figure 2-13(a) and (b), certain additional doping further enhances ¢;,--. Along
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with highe;.., MgB; has high irreversible tensile stress (o;,-) from 250-800 MPa
[106].
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Figure 2-14. Magnetic field dependence of n-value for undoped and malic acid treated MgB,
conductors at 4.2 and 20 K [71].

2.2.6. Index (n) Value

The voltage-current characteristic is commonly known to yield a critical
index for optimization of the design of superconductors for applications [107, 108].
In particular, a power-law is commonly used for calculating and modelling the
nonlinear transition of a superconductor and can be expressed by

v=v. (1) @Y

where V is the voltage, V. is the critical voltage (in case of MgB,, 1 uV cm™), I is the

transport current, I.. is the critical current, and n is the n-value (or n-index), which is



Chapter 2: Literature Review 36

calculated in the range of 0.1-1 pV cm™. Even if superconductor magnets operate
under DC conditions, resistive dissipation, which mainly occurs due to index and
joint resistances, must be minimized to achieve stable operating conditions [52].
Compared with LTS, HTS show a smoother transition from the superconducting
state to the normal state with increasing transport current, with the result that their
voltage rise due to a low n-value cannot be negligible below the critical current
[108]. Therefore, HTS magnets must operate at a lower operating current than their I;
to reduce the index dissipation [52].

The typical n-value for persistent magnet-grade conductors is required to be
greater than 50 [52]. The index resistance, however, due to low n-values <30, makes
it unviable to operate an MgB,-based magnet in persistent-mode with a decay rate
<0.01 ppm h*, even if all the joints are superconducting [52]. Therefore, the n-value
of a conductor is a parameter that plays an important role in the prediction of its
decay properties. For a magnet operated in persistent current mode, the current

decay, i, behavior can be expressed by [108]

1

where R is the joint resistance, n is the n-value, L is the inductance of the magnet,
and [ is the total length of the magnet conductor. In addition, E. is the critical electric
field, i, is the critical current, and i, is the initial current. As shown in equation
(2.2), the current decay strongly depends on the n-value and the joint resistance.
When a conductor with a high n-value is used as a magnet material, the resistance
component due to the n-value can be effectively reduced. It is well known that a high
quality sample shows a high n-value. It is thus essential to fabricate MgB, conductor
with a highly uniform microstructure, in order to reduce dissipation for magnet
applications in persistent-mode operation [108]. Figure 2-14 shows the magnetic
field dependence of the n-value for undoped and malic acid treated MgB, conductors
at 4.2 and 20 K. As can be seen in the figure, the n-values at 20 K are estimated to be
less than 30, so they need to be further increased.

As discussed in [52] with reference to the particular MRI magnet, for keeping

the long-term drift rate of the magnetic field below 0.01 ppm h, if the n value of the
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conductor used in that magnet winding is 20, the operating current (o) of the magnet
should be 56% of I; if the n value is 30 and 50, Iy, should be 68% and 79% of I,

respectively. This is strongly dependent on the inductance of the magnet, however.

2.2.7. MgB, Applications

The largest commercial market for superconducting wires is MRI magnets,
because, for better image quality, the high field strength is indispensable [7]. An
MgB; superconductor has the potential to have a great impact on this industry [109].
The impact greatly depends on the price and performance of the conductor at a given
temperature and background magnetic field. The first commercial MgB,-based MRI
scanner was produced by Paramed (Genova, Italy) with a magnet fabricated by ASG
Superconductors [23]. The tape geometry was used in this project for the MgB,
conductor [24]. The option of SN, as a cryogen due to its high heat capacity is being
strongly considered for future MgB, based MRI magnet systems [27, 110-112]. The
technological challenge of developing the required persistent joints for MgB, to be
used in MRI needs to be solved completely, however. Due to the difficulties in
making consistent persistent joints for multifilament MgB, conductor [26, 113], the
option of using monofilament conductor is now being considered [25].

Superconducting fault current limiters (SFCL) have been investigated and
developed over the past two decades. The key benefits are a negligible influence on
the electrical network under normal operating conditions, practically instantaneous
limitation, and automatic response without an external trigger [53]. Together with
other properties, its sharp transition from superconducting to normal state makes
MgB; ideal for resistive-type FCL. In the temperature range from 20 - 30 K,
however, MgB; is a suitable candidate for low-cost inductive FCL coils, too. A low
AC loss MgB, conductor is an important factor for this application. There have been
several reports aimed at the development of an MgB,-based FCL [114-118].

With low short-circuit current together with small size and weight, the
superconducting transformer can be utilized as an energy saving component in power
distribution. The current-limiting capabilities of the superconductor can be used to
reduce the interrupting ratings of circuit breakers and in some cases, allow the use of

mesh networks for a tightly coupled power system [119]. Recently, a 12.5 kVA
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MgB,-based superconducting transformer was designed and tested by Hascicek et al
[120]. The standard multifilament “18 + 1 Nb/Cu/Monel” MgB, conductor made by
HTR was used in this work [59, 119].

Superconducting motors and generators have several potential advantages
compared to conventional ones. They can be power-dense, lightweight, small, highly
efficient, and reliable [119]. In the near future, fuel cell vehicles with hydrogen
storage tanks are expected to be developed as next-generation cars [121]. With very
low power consumption, a high-temperature superconducting induction/synchronous
motor (HTS-ISM) has been proposed to drive a pump for circulation and transfer of
liquid hydrogen (LH,) [122]. An HTS-ISM with a squirrel-cage-type rotor winding
composed of MgB, wires has been fabricated and tested in both LHe and LH; [123-
125]. A stator winding using MgB; for a fully superconducting motor has been
fabricated and tested recently by Kajikawa et al [126], which provides evidence for
the potential application of MgB, in motors. Racetrack coils using MgB, for a
cryogenic rotor in an LH; cooled superconducting generator have been developed for
NASA by HTR [59].

MgB; has a good chance of being employed as a magnet conductor for high
energy physics applications, for example, particle accelerators [127]. An engineering
current density of at least 1.2 X 10° A cm™ at 4 K in the field of 12-16 T needs to be
achieved in the MgB, conductor for high energy physics applications [128].
Moreover, Tajima et al studied MgB; thin films for application in RF structures for
particle accelerator [129]. Steadily improving its properties should enable MgB, to
be used in the windings of undulator magnet installations and replacement of wiggler
magnets in accelerator applications, as well as for light-source bending magnets and
solenoids for a muon collider [119].

Adiabatic demagnetization refrigerators may be the cooling choice for future
NASA instruments operating in space that features detectors operating well below 1
K [130]. A salt pill is used as a paramagnetic material, and these devices produce
cooling by manipulating the entropy of this material. The thermal switch between the
pill and a heat sink is opened and closed by ramping the magnetic field up and down.
The heat is then pumped up a chain of stages, each at successively higher

temperatures, and each stage requiring a superconducting magnet. Currently, NbTi
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and Nb3Sn are used at 4 K and 10 K, respectively, for the magnet conductor, whereas
NASA is considering MgB, as a magnet for operation at 15 K [119]. For getting
entry into this application, however, MgB, may have to fulfil stringent requirements
of conductor size in the range of 0.075 — 0.200 mm with an I in the range of 3 — 30
A in 3—4 T magnetic field at 15 K [119].

Since the 1970s, magnetic separation has been increasingly used for the
purification of liquids, such as heavy-metal-ion removal from laboratory wastewater,
purification of kaolin clay in the paper coating industry, waste recycling in the steel
industry, and recycling of glass grinding sludge in cathode-ray-tube polishing
factories [131]. Zhu et al have developed a NbTi based 5.5 T magnetic separator
[132]. The bore sizes of these magnets are in the range of 1- 2 m; hence, they require
considerable lengths of the conductor. MgB, can offer potential low-cost wire with
conduction cooled operation in the 10 — 25 K range.

Superconducting magnetic energy storage (SMES) and magnetic levitation
trains require the storage of energy in fairly large coils. Due to the higher volume of
superconductor, over time, MgB, as a relatively cheaper conductor can offer cost
effectiveness for this application. The typical field requirement in both applications
is in the range of 2 — 5 T. Continuous demand for energy and high public traffic,
especially in metropolitan cities of the developing world will lead to significant
development of both these devices. MgB, may have to achieve better performance at
10 — 25 K operation, however, to suit this application. A 100 MJ SMES system with
advanced superconducting power conditioning using MgB, has been conceptualized
by Naoki et al [133], whereas several theoretical studies on MgB; in this application
have been reported [134-137]. Most recently, Ye et al reported that the record high
critical current density of 7.6 x 10° A cm? at 20 K and 5 T for MgB, conductor
produced by the internal Mg diffusion process can open a window for application in

magnetic levitation trains [88].

2.2.8. Summary

This section of the Literature Review has presented the crystal structure and
material properties of MgB,, its suitability for magnet application, the MgB,
conductor fabrication process, MgB, conductor performance and the boron powder
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effect on the cost of the conductor, the stress and strain effect, the very important
parameter, the ‘n value’, for persistent-mode operation, and lastly MgB, applications.
In the last 15 years, MgB, material and conductor production have been advanced
significantly. At this stage, MgB; is certainly ready for practical application. In terms
of the conductor fabrication stage, however, somewhat more production is required
to make it cost competitive with existing NbTi conductor. The next section of the

Literature Review discusses cryogenic cooling.

2.3. Cryogenic Cooling

As mentioned above, a superconducting material only shows superconducting
behaviour below a certain temperature. This means that each superconductor has to
be cooled down to a certain cryogenic temperature.

2.3.1. Cooling Options for Superconducting Magnets

Until 1990, all superconducting magnets were cooled down by LHe and were
thus classed as ‘wet magnets’. After the discovery of HTS materials in 1986 and the
commercialization of the HTS conductors with advances in cryocooler technology,
the development of LHe-free operation has meant that ‘dry magnets’ with no
cryogen (LTS and HTS) have started to be developed [138, 139]. The dry magnet
system is less cumbersome to design and fabricate, provided that the magnet
generates virtually no dissipation on its own, e.g., AC losses, under normal operating
conditions [52]. There are five cryogenic cooling methods that are considered for

cooling any magnet system [52].

2.3.1.1. Bath-Cooled Cryostable

Magnet systems built in the early 1980s were the bath-cooled cryostable
system. In this type of cooling system, each turn of a magnet is in contact with the

liquid cryogen.

2.3.1.2. Bath-Cooled Adiabatic

In this type of magnet system, the winding pack is very dense and there is

no direct contact of each individual turn with the cryogen, rather, the entire magnet is
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cooled through its outer surface, and the rest of the winding pack is cooled by

conduction. These types of magnet systems are conducive to high performance.

2.3.1.3. Force-Cooled Cryostable

In this type of magnet system, the conductors are made up of cable-in-
conduit conductor (CICC), and the liquid cryogen passes through it. This type of

cooling system is mainly used in large-scale applications.

2.3.1.4. Force-Cooled Quasi-stable

In this type of magnet system, the cryogen passes through the passage inside
the magnet winding pack, but the cryogen does not make contact with each

individual turn.

2.3.1.5. Cryocooled

In this type of magnet system, the magnet is directly connected with a

cryocooler, and the cooling within a winding pack is done by conduction.

2.3.2. Liquid Cryogens

Up until the 1990s, LHe was the main cryogen that was used for most
superconducting magnets. Since the discovery of the HTS materials, however, many
other cryogens are also being considered as cooling sources, depending on their
boiling point temperature at atmospheric pressure. There are six usable liquid
cryogens, oxygen (O, 90.18 K); argon (Ar, 87.28 K); nitrogen (N, 77.36 K); neon
(Ne, 27.09 K); hydrogen (H, 20.39 K); and helium (He, 4.22 K). In this regime,

however, LHe, and LN, are mostly used for magnet cooling purposes.

2.3.3. Solid Cryogens

The main purpose of designing a wet magnet, or magnet with a certain
cryogen, is to provide high heat capacity to a cold mass, that is, thermal stability. The
large enthalpy density of LHe in a wet magnet at 4.2 K is 2.6 J cm™, which is about
~10,000 times higher than the Cu enthalpy density of ~0.0003 J cm™ in the absence
of any cryogen [52]. Thus, it is always beneficial to use cryogen for cooling a

superconducting magnet.
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2.3.4. Why could Solid Nitrogen be a Potential Option for the MgB,
MRI?

As mentioned earlier, the unique possibilities for the operation of
superconducting magnets (i.e., persistent-mode) make them ideal for MRI with a
central field strength >0.6 T [36]. Thus, in the majority of commercially available
MRI systems, superconducting persistent magnets based on NbTi have been used
[18]. These magnets, which are cooled in an LHe bath at 4.2 K, cannot currently be
avoided. Thus, the high operation costs of MRI systems are obstructing their
extensive use in developing and underdeveloped countries [20].

To fulfil the above requirements, the MgB, magnet, which can be operated in
an LHe-free manner, is considered to be one of the potential candidates for next-
generation MRI application [23, 29]. The MgB, based MRI magnet is considered for
operation at temperatures of 15-20 K to obtain the optimal benefits of its
superconducting properties and cost of cooling [28, 30, 110]. In fact, in this
temperature range, a cryocooler can readily give very good cooling capacity to cool a
magnet. In a dry magnet, however, the thermal stability of MgB, can be somewhat
compromised. Thus, it is always favourable to use some cryogen for cooling
purposes.

Therefore, it has been reported that the heat capacity of MgB, magnets can be
significantly enhanced by cooling them by using SN, with a cryocooler [140]. As can
be seen in figure 2-15, SN, has a high heat capacity compared with other solid
cryogens. Solid neon is ruled out of the choice because it is about 200 times more
expensive than SN, on a volume basis [52, 141]. It is well known that the high heat
capacity of SN, can enable a magnet to operate for a certain time period in the
absence of a cooling source (i.e., cryocooler) [27], which are suitable for areas where
power failure is common.

Thus, there are three major benefits to using SN, as a cryogen: (i) enhanced
thermal stability against premature quenches due to the higher heat capacity, (ii) the
simpler system dynamics, and (iii) the possibility of operation of the magnet in the
absence of the cooling source, i.e. cryocooler [142]. These are the reasons why solid

nitrogen could be a potential option for the MgB, MRI.
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Figure 2-15. Heat capacity vs. temperature plots of various solid cryogens and other
substances [5, 16].

2.3.4.1. Formation of Solid Nitrogen

The formation of SN, is usually conducted using LN, in two ways. The LN,
is vacuum pumped, and due to the reduction in the vapour pressure of LN,, LN,
slowly starts to reduce its temperature. At a temperature of ~63 K, LN, changes it
phase and goes into the SN, phase. Instead of vacuum pumping, the temperature of
LN, can also be reduced by a cryocooler down to 63 K. In this way, SN, can also be
formed.

Nakamura et al observed that the thermal contact between magnet and
cryogen would be poor if the formation of SN, was done by vacuum pumping [143].
Hence, the reduction in the temperature is better done by conduction cooling using a
cryocooler. In this thesis work, SN, was formed by conduction cooling using a two

stage Gifford-McMahon (GM) cryocooler.



Chapter 2: Literature Review 44

2.3.4.2. Solid Nitrogen Cooling Systems

The first cooling system using SN, was designed and tested by Haid et al
for a magnet composed of six double pancake coils of BSCCO-2223/Ag composite
tape [144]. The cold container was housed in a single-walled cryostat. The estimated
heat load on the cold container was 400 mW. The cold container, cryostat, and tubes
were composed of Cu, Al, and SS, respectively. They were able to operate this
system down to 20 K. Isogami et al conducted a study on the thermal behaviour of
an SN, impregnated magnet system under transient heating [145]. They reported that
the magnet stability was significantly enhanced in the SN, environment. Haid et al
demonstrated that by using SN, as a heat capacitor, the warming time of the system
from 20 K to 40 K could be more than 1 day [146]. Nakamura et al observed that the
thermal stability of the HTS tape was drastically improved in SN, when it was
formed by conduction cooling [143]. In 2004, Bascufian et al tested the first MgB,
based racetrack coil in the SN, environment at 10 K [147]. Subsequently, Bascufian
et al presented a status report on their 0.6 T/650 mm, room temperature (RT) bore,
SN, cooled MgB; demonstration coil for an MRI [140]. They used a two-stage GM
cryocooler and cooled down their magnet to 10 K. Yao et al reported an SN, cooled
MgB, demonstration coil for MRI application [27]. Due to poor thermal contact
between the SN, ‘can’ and the 2™ stage of the cryocooler, they were only able to
cool down their magnet to 14 K. Song et al designed and tested a cooling system
using SN, for an HTS SFCL [148]. They also used a two-stage GM cryocooler and
were only able to cool their SFCL down to 30 K because the heat load on their
cooling chamber was higher, about 6.4 W. First, Bascufidn et al cooled their NbsSn
magnet down to 4.2 K using mixed cryogen cooling, both SN, and LHe [149].
Subsequently, Kim et al designed and tested their mixed cryogen cooling system
using SN and LNe for SMES [150]. They used a two-stage GM cryocooler that had
a cooling capacity of 35 W and 0.8 W at 41 K and 4.2 K, respectively. Due to the
considerable high heat load on the system, about 17.582 W, they were only able to
cool down their system to 20 K. Recently, Pradhan et al reported that they had found
leaks at a low-temperature in the dissimilar material joining between SS and Cu in
their toroidal field coils during operation of the Steady State Superconducting

Tokamak (SST — 1) [151]. Hence, in order to avoid any dissimilar material joining,
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in this thesis work, the entire cooling system was designed and fabricated using SS,
except for the radiation shield, to avoid any low-temperature leaks and keep residual

gas conduction at a minimum by keeping best vacuum possible.

2.3.4.3. Thermal Diffusion, Transient Heating, and Thermal Dry-Out in SN,

Thermal diffusion is the property of a solid material that indicates how fast
a material can diffuse heat. The Thermal diffusivity D, (m? s~) strongly depends
on the material density (o), thermal conductivity (x), and specific heat (C,) by the

following relation [52]:

K
Dy = —
th= C, (2.3)
The time required, g4 for any heat pulse applied to one location to reach

another location at a distance, 54 is given by [52]:

1 /654
Tsq = D_m(?) (2.4)

Table 2-2 lists the approximate values of the D, and 7,44 for 854 = 10 mm of
SN, and Cu utilizing p (T) , x (T), and C, (T) data from [152-154]. As can be seen
from the table, compared to Cu, the thermal diffusivity of SN, is much lower at 20 K,
which indicates that SN, is not a good heat diffuser. Furthermore, the time required
for heat diffusion of Cu is much lower compared to SN, at 20 K. Thus, in order to
utilize reasonable thermal diffusivity and a reasonable diffusion time for SN, it is
advisable to operate an MgB, magnet around 15 K instead of 20 K. As the heat
capacity of SN is very high, however, it would be acceptable for SN, to absorb heat
very slowly compared to the heat diffusion time required to keep the temperature
uniform around magnet. Thus, SN, is better for use in the persistent-mode magnet

where there is no or very low heat production.
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Table 2-2. Approximate values of the Dy, and 7y for 8,4 = 10 mm of SN, and 10 mm of Cu
[52].

D,, [mm?s'] ., [s]for 8., =10 mm
T (K) th [ ] sd [ ] sd
SN, Cu SN, Cu
5 157 0.36x10° 0.06 27 x 10°
10 70 0.17x10° 0.14 60 x 10°°

20 058 0.29x10° 17 0.3x10°
30 0.22 8000 46 1.3x 107

As the thermal diffusion distance is the square root of the thermal diffusion
time according to 844 % |/Tsq (from equation 2.4), in the event of transient

heating, only a very small thickness around the magnet will be able to absorb heat,
which is a disadvantage of SN». Thus, SN, might not be suitable for a magnet which

often quenches.
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Figure 2-16. Temperature vs. time curves for an HTS strip under disturbance of over-current.
The solid line indicates only SN, the dashed line indicates a mixture of SN,-LN,, and the
dotted line indicates the initial temperature of 25.1 K [52, 143, 155, 156].

Furthermore, the cooling system using only SN, has a potential thermal
contact problem from repeated thermal disturbances, such as a local heating or an
over-current, called thermal dry-out phenomena [150]. In the event of thermal dry-
out, the magnet slowly lost contact from the solid cryogen. Thus, the temperature

rises more rapidly, as shown in figure 2-16, when quench occurs. Essentially, a thin
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vapour layer at the interface is responsible for this temperature rise. The Kyoto group
proposed that a small amount of the liquid cryogen can solve the problem of dry-out
[52, 143, 155, 156].

2.3.4.4. Mixed Cooling

Recently, Song et al reported the use of mixed cryogens such as SN, — LNp,
SN, — LNe (22 K — 24.6 K), and solid Ar — LN, [157]. Operation with a mixed
cryogen normally begins once SN, is formed in the cooling chamber, and then
another suitable cryogen in gas form (~1% of total volume) is slowly injected into
the system. The gas changes its phase and is transformed to a liquid, so the solid and
liquid cryogens remain in the cooling chamber in mixed form. Of course, in the
mixed cooling mode, operation temperature range is narrowed down to the liquid
phase temperature range of the liquid cryogen. Thus, we also designed our SN,
cooling system such that mixed cooling operation can be performed if required.

2.3.5. Summary

This section of the Literature Review discusses various cryogenic cooling
options: liquid cryogens, solid cryogens, SN,, why SN, could be a potential option
for the MgB, MRI, formation of SN,, SN, cooling systems developed to date,
thermal diffusion of SN, transient heating, and thermal dry-out in SN, and its
solution via adopting the mixed cooling option. The Literature Review suggests that
due to the high heat capacity of SNy, it can be a very good heat capacity enhancer for
the overall magnet system. In particular, when the magnet is operated in the
persistent-mode, SN, can provide very good thermal stability against small
disturbances, which can avoid any premature quenches. However, SN, seems to be
less suitable for applications where quenching occurs often, due to its low thermal
diffusivity. The following section discusses MgB; superconducting (persistent) joints

and persistent-mode magnet development for MRI application.
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2.4. MgB, Superconducting Joint and Persistent-Mode Magnet
Development for MRI Application

MRI is one of the largest practical applications of superconductors for the
welfare of humanity [156]. As mentioned in the previous section, the
superconducting magnet not only can produce very strong magnetic fields using a
minimum coil winding volume but can also provide very stable magnetic fields as
well. In general, if we use a direct current (DC) power supply to charge
superconducting magnet, due to the very small alternating current (AC) ripples in the
DC current and their fluctuation, it is very difficult to achieve a very uniform (<10
ppm in 50 cm diameter of spherical volume (DSV)) magnetic field [18].
Furthermore, continuous current feeding can be costly for everyday operation, and it
can also produce joule heating in the LHe cryostat, which eventually can evaporate
LHe. To avoid these problems, the superconducting magnet in the MRI is operated in
the persistent-mode (current flow in a closed-loop) [18, 19, 52]. Therefore, for
obtaining high-resolution images of the human body in the MRI, high, ultra-stable
(<0.1 ppm h™), and uniform magnetic fields can be produced.

To obtain persistent-mode, the two ends of the magnet are short-circuited
after initial charging of the magnet using a superconducting joint having joint
resistance (R) on the order of 1072-10* Q or less [158]. Usually, the magnet used in
the MRI has a very high inductance (L), and thus, under these operating conditions,
the current decay is negligibly small due to the very high decay time constant
(t = L/R), on the order of tens of thousands of years in some cases [159]. Hence, in
the persistent-mode, a very stable (guaranteed <0.1 ppm h™) magnetic field can be
achieved.

The superconducting joints are indispensable parts of the persistent magnet that
are needed to achieve persistent-mode operation to confine the supercurrent in the
closed-loop. Usually, the MRI magnet is made in a modular fashion (see figure 2-17)
because of (i) limitations in the length of a single wire, (ii) limitations in controlling
the field geometry, (iii) technical limitations on the size of the coil, and (iv)
limitations on the ability to arrange the coil such that a very uniform and strong
magnetic field (see figure 2-18) can be produced [158, 160].
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Figure 2-17. Cross-sectional schematic illustration of the components of a traditional MRI

scanner (multi-coil design) [18].

In a typical MRI main magnet design, up to eight coils are used (see figures 2-
17 and 2-18) to produce a homogeneous magnetic field in a 50 cm DSV [18, 36]. In
figure 2-18, the curved lines represent uniformity of 10, 100, 1000, 10,000, and
100,000 ppm. All these modules of the coil are connected in series using
superconducting joints in a certain configuration. The ends of the first and last coil

are connected using a persistent current switch (PCS) as shown in figure 2-19.
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Figure 2-18. Actively shielded cylindrical MRI magnet configuration. The curved
lines represent 10, 100, 1000, 10,000 and 100,000 ppm uniformity [36].

Usually, the PCS is fabricated from a superconducting conductor that has a
high resistivity matrix [52]. For making a PCS, a small solenoid coil is wound non-
inductively. Then, the two ends of the coil are connected with the two ends of the
magnet using superconducting joints. Thus, as shown in figure 2-19(a), the small
solenoid coil and the two superconducting joints form the PCS. Furthermore, to drive
the small solenoid coil in the normal state for coil charging, an electrical heater is
also co-wound on the solenoid coil. For charging the magnet, current leads are
connected on the either sides of the solenoid coil of the PCS using normal solder
joints. The current lead connections could be varied, however, depending on the
design of the overall MRI magnet.

To charge the MRI magnet, first, the heater of the PCS is switched on to raise
the resistance of the PCS to greater than the total circuit resistance of the MRI
magnet. The temperature of the PCS while charging the magnet is greater than T, of
the conductor used for fabricating the small solenoid. Then, due to the low circuit
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resistance of the magnet, when current is passed, current passes through the main
magnet, as shown in figure 2-19 (a). During charging of the coil, <1% of leakage
current passes through the PCS [52]. A carefully designed PCS can further lower the
leakage current, however. Usually, it takes a day or two to charge a typical MRI
magnet. Once the magnet reaches its nominal current, the heater of the PCS is
switched-off. Thus, the current follows the superconducting path from the PCS.
Under these conditions, as shown in figure 2-19(b), the current starts to flow in the
closed-loop. Finally, the current leads are de-energized, and the power supply is
turned off. Hence, due to the very small circuit resistance and high inductance of the
coil, the current attenuation is almost negligibly small. This operation is called
persistent operation.

(a) (b)

Power Supply (ON) Power Supply (OFF)
I l,
I ]

v | .~ Persistent Switch

_ l
l R >> T l R<< T

Heater .(______.___ Persistent Heater .
ON ( Superconducting) Joints OFF
R<108 Q

| f | 1

MRI Magnet MRI Magnet

Normal Operation

Once While First Time Installation ( Persistent -Mode)

Figure 2-19. Schematic illustration of the persistent-mode operation: (a) during first time
installation and magnet charging, (b) when the magnet is kept in the persistent-mode. The
MRI magnet is composed of a set of individual coils and is internally connected by

superconducting joints in a series.
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The ‘open sky MRI” has already been commercialized using MgB, conductor
[17]. These MRIs, however, are operated in a driven mode due to difficulties in
making reliable superconducting joints for MgB, conductors. As has been discussed,
MRI magnets are required to run in persistent-mode operation to obtain high-quality
images [18, 36]. Therefore, to operate an MgB, based MRI magnet in the persistent-
mode, the superconducting joints between two MgB, conductors are as critical as the
other key components. Therefore, for wide applicability of MgB, in MRI, more work
was needed to be done on the joining process prior to starting this thesis work.

Thus, in this section of the Literature Review, the available literature on the
joining of MgB, conductors and the development of MgB, based persistent magnets
is reviewed. Section 1 describes the joining methods reported so far for MgB;

conductors.
Joint Structures Wire Orientations

(a) P Parent Wires R (d)
] S |

(b) il |1

Intermediate Superconductor
(c) —

Figure 2-20. Common MgB, joint structures and wire orientations. (a) butt joint, (b) lap

joint, (c) indirect joint, (d) termination joint, (e) continuous joint [158].

2.4.1. MgB, Superconducting Joining Methods and Architectures

For continuous performance improvement and increasing the feasibility of
fabricating superconducting joints between MgB, conductors, joint fabrication
methods and architectures have been continuously improved [158]. Different
research groups have proposed different methods for fabricating superconducting
joints, starting before this thesis work. Most of the published works (papers and
patents) used the common joint structures shown in figure 2-20. For a specific joint

structure, the direction of the current is trivial. If any joining process can provide
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good superconducting performance and if it fits with the other requirements of the
geometry, it can be used for the application. The following subsections discuss the

joining methods reported so far in detail.

T™~21

Screw
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C! Opening
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vl vessel

2
/ Conductors
4

Figure 2-21. Schematic diagram of the joint cross-section of Ichiki et al [161].

2.4.1.1. Hitachi Ltd.

The first superconducting joint results using MgB, wire were reported by
Takahashi et al of Hitachi Ltd. [162]; they made a joint between MgB, and NbTi,
and tested it at 4.2 K. A pictorial representation of this joining process has not been
reported so far, but it is expected that the recent patent filed by Ichiki et al from
Hitachi Ltd. would be the method that Takahashi et al might have used (see figure 2-
21) [161]. Ichiki et al proposed several wire insertion configurations for making
superconducting joints using MgB, conductors (see patent document) [161]. In this
joining process, a compression vessel is used to hold two conductors in the suitable
configuration. Two openings are kept, one for insertion of the wires and the other for
filling with precursor powder between the two conductors for making the
superconducting joint. Following the insertion of two conductors into the one
opening, Mg + 2B powder is poured in at the other opening. The screw is used to
press the powder in the compression vessel. Finally, heat-treatment is applied to form

a superconducting connection between the two conductors.
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10a
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Figure 2-22. Schematic illustration of one of the joining steps of Nardelli et al [163].

2.4.1.2. ASG Superconductors, S.p.A.
The first MgB, to MgB joint results were reported by Braccini et al [58],

although in this publication, they didn’t show any pictorial representation of the
joining process. Later in 2009, however, Nardelli et al from ASG Superconductors,
S.p.A., filed a patent on their joining process with several configurations [163]. A
similar joining process was also reported by Li et al from the Chinese Academy of
Sciences [164]. A schematic illustration of one of the joining steps in the ASG
Superconductors, S.p.A patent is shown in figure 2-22. For fabricating a
superconducting joint using this joining process, multifilament tapes are first
mechanically polished from one end until the MgB, cores are exposed. Then two
tapes are aligned using several different configurations (see patent document), and
MgB; powder with third elements is used between the two tapes. Some enclosure is
used to confine the powder between the two tapes while applying pressure. Then, the
joint is heat-treated at a suitable temperature for making the superconducting

connection between the two tapes.
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2.4.1.3. Chinese Academy of Sciences

In 2008, Li et al from the Chinese Academy of Sciences reported a joining
process for MgB, mono- or multifilament tape and wire [164]. The joining process
for MgB; tape is shown in figure 2-23. In this method, in the first step as shown in
figure 2-23(a), the sheath material at the joint location is peeled off using mechanical
polishing. This is achieved by starting the polishing on one side of rectangular tape
until the filaments are exposed. Depending on the polishing feasibility, 5-10 mm of
the sheath is removed. In the second step, as shown in figure 2-23(b), after removing
the sheath, keeping Mg and B powder in the stoichiometric ratio of MgB; in between
the two conductors, they are aligned such that the locations where the sheath has
been removed face each other. In the third step, as shown in figure 2-23(c), both
conductors brought tightly together, and the joint is enclosed by thin Cu or Fe foil for
protection and enhancing the mechanical strength. For further improving the density
of MgB; at the joint location, ~0.6 GPa of compressive pressure is applied in a
perpendicular direction to the joint location. Finally, in the fourth step, as shown in
figure 2-23(d), the entire joint is heat-treated in Ar inert atmosphere at ~700 °C for
about 1 hour. Figure 2-23(d) shows a model cross-sectional view of the joint after

heat-treatment.

(b) MgB, Powder

(a) MgB, (Mono/Multi)

Fe (Any Barrier/Sheath)

(d) Sintering ~ 700 °C for 1 Hour

!.

Pressure ~ 0.6 GPa

Cu Foil

Barrier/Sheath

Cu Foil

Figure 2-23. The joining process of Li et al for MgB, tape [164].
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Later in 2010, Li et al also reported joining process for MgB, wire [165].
Their joining process is shown in figure 2-24. In this method, an MgB, wire with
larger diameter compared to the diameter of the wires to be joined is used as a
transitional conductor along with MgB, powder for creating a superconducting
connection between the two connecting wires. In this method, in the first step, as
shown in figure 2-24(a), part of the sheath material at the joint location is peeled off.
Depending on the feasibility, about 5 mm of the sheath is removed. In the second
step, as shown in figure 2-24(b), the transitional conductor (TC), MgB, wire with
slight bigger diameter, is taken, and two appropriate holes are made on both ends. In
the third step, as shown in figure 2-24(c), both conductors are inserted into the holes
on either side of the TC, while keeping MgB; powder between the conductor and the
TC. For improving the density and connection of the MgB; at a joint location, ~0.6
GPa of compressive pressure is applied in a perpendicular direction to the joint
location. Finally, in the fourth step, as shown in figure 2-24(d), the entire joint is

heat-treated in Ar inert atmosphere at ~700 °C for about 1 hour.

MgB2 (Mono/Multi Filament(s))  Sheath/Barrier Transition Conductor

B T

(a) (b)

‘ Pressure ~ 0.6 GPa Sintering ~ 700 °C for 1 Hour

-
(© (A

Figure 2-24. The joining process of Li et al for MgB, wire [165].

2.4.1.4. Massachusetts Institute of Technology

In 2008, the group headed by Yukikazu Iwasa at the Massachusetts Institute
of Technology (MIT) also started a project on the development of an SN, cooled

MgB; based persistent magnet for MRI application. Thus, several joining processes
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(some improved versions) from his group have been reported over the past several
years.

Joining process of Yao et al: One of the first joining processes from MIT
was reported by Yao et al for MgB, wires [113]. Their joining process is shown in
figure 2-25. When this method was first reported, 18 + 1 multifilament MgB,
conductor was used [53]. As per this method, in the first step, the Cu and Monel
array surrounding the MgB, filaments is etched by nitric acid. The length of the
filaments is kept around 15 - 20 mm, and the etching time can be 1 - 2 h. In the
second step, in order to get a fresh cross section of filaments, they are trimmed
around 3-5 mm. In the third step, as shown in figure 2-25(a), an appropriately
dimensioned SS billet is made, and the two etched wires are inserted into the billet
with the filaments allowed to fan out in billet bore. After inserting wires into the
billet, the area, as shown in figure 2-25(a), is pinched, so that sealing can be
achieved. In the fourth step, as shown in figure 2-25(b), the MgB, powder is poured
into the billet. In the fifth step, as shown in figure 2-25(c), an appropriately
dimensioned SS rod is inserted into the billet and in the sixth step, as shown in figure
2-25(d), the rod is pressed into the billet to compact the MgB, powder at the joint
location. In the seventh step, heat-treatment of joint is carried out with an appropriate

heat-treatment schedule, as per [113].

High
Multifilament MgB, Filling = Pressure ‘
Conductor MgB, Powder -
SS Billet Powder Compaction

| Pressing Using Press

|

(a)

Figure 2-25. The joining process of W. Yao et al for wire [113].
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Figure 2-26. The joining process of D. K. Park et al for wire [11].

Joining process of D. K. Park et al: Later, the joining method of Yao et al
was modified by D. K. Park et al for MgB, wire [26]. Their modified joining process
is shown in figure 2-26.The differences in this process compared to Yao et al are that
the SS plug is replaced by a Cu plug for pressing the MgB, powder within a specific
pressure range from 0.6 GPa — 0.8 GPa and that a ceramic bond is used for better
sealing at the insertion location of the conductor in the billet to avoid evaporation of
volatile Mg during the heat-treatment. Furthermore, the specific heat-treatment
schedule (~700 °C for 90 min) was used, which gave better results compared to the

entire heat-treatment schedule used for various samples by Yao et al.
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Figure 2-27. Schematic cross-sectional view of joint prepared by Ling et al for MgB,
wire [25].

Joining process of Ling et al: Very recently, Ling et al reported a joining
process for monofilament MgB, wire [25]. For this joining process, a patent
application has also has been filed by Hahn et al [166]. A schematic cross-sectional
view of the joint prepared by Ling et al is shown in figure 2-27. As per this method,
in the first step, the Cu and Monel® surrounding the MgB, filament are etched by
nitric acid. In the second step, the filaments are sheared at an acute angle to increase
the contact area. In the third step, the two prepared wires are inserted into the billet
and aligned such that the two surfaces cut at an acute angle face each other. In the
fourth step, the billet is filled by MgB, powder without any pressure. In the fifth step,
a Cu plug inserted and pressed to partially seal the top of the billet. In the sixth step,
a paste made of a ceramic material is used to completely seal the top of the billet.
Finally, in the seventh step, the joint is heat-treated at ~700 °C for 90 min. The

schematic cross-section of a joint prepared by this method is shown in figure 2-27.

2.4.1.5. Bruker EAS GmbH

Along with MIT, Bruker EAS GmbH also patented several joining
configurations for joining MgB, conductors [167]. A schematic illustration of one of
the joining architectures of Bruker EAS GmbH is shown in figure 2-28. The overall
fabrication process is similar to the MIT joining process with different orientations.

Nevertheless, they have not reported any performance results so far.
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Figure 2-28. Schematic diagram of one of the joining architectures of Bruker EAS GmbH
[167].

2.4.1.6. Hyper Tech Research Inc.

In 2010, Doll and Tomsic of Hyper Tech Research (HTR) Inc., also filed a
patent on an MgB, wire joining process [168]. A 3D model of the joint and a
schematic diagram of a cross-section of the joint are shown in figure 2-29. In this
joining process, the joint foundation is used to give support to wires and hold the
powder that is poured in between the two conductors. The wires are cut at an angle
from the end and introduced into the joint foundation from the two sides, as shown in
figure 2-29(a). The inserted wires are aligned as shown in figure 2-29(b). The Mg +
2B powder is poured in between the wires and pressed using a suitable plug, as
shown in the figure. Finally, heat-treatment is carried out to form a superconducting

connection between the two wires.
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Figure 2-29. (a) 3D model, and (b) schematic cross-sectional view of Hyper Tech Research
Inc. joint [168].

2.4.1.7. Siemens Corporate Technology
During the Applied Superconductivity Conference (ASC, 2014) in

Charlotte, USA, Oomen et al of Siemens Corporate Technology presented a joining
process for fully reacted ex situ tape [169]. The joint fabricated by Oomen et al is

shown in figure 2-30.

Joint support
Reacted MgB, ex situ tapes

A e o g e e

Joint prepared using Hot-press

Figure 2-30. Joint fabricated by hot-pressing by Oomen et al [169].
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For fabricating a joint by this process, the MgB; tape ends are first cut at a
10° angle, and then two tapes are aligned on the joint support (figure 2-30). The cut
sections of both tapes are aligned such that they face away from the joint support, so
that when the precursor powder is poured on top of both tape ends, the powder
makes a direct connection with the filaments. The unreacted Mg + 2B powder is used
to fill between the open faces of both tapes, and then the powder is pressed in a hot-
press to form MgB..

Apart from above joining process by Siemens Corporate Technology,
Lakrimi of Siemens PLC, Camberley also filed a patent on an MgB; joining process
[170]. However, he has not reported any schematic illustrations or results for the

joints.

2.4.1.8. Summary

The joining structures and orientations so far reported in the literature
suggest that some of the joint structures were chosen because, during R & D phase of
the joining process, they might have shown good performance. On the other hand,
the purpose of the proposing different joining structures might have been merely due
to the benefits of IP rights for long-term development. It has been observed,
however, that more than just the structures of the joints, the execution of the joints
plays a very important role. | also tried most of the structures myself (discussed in
subsequent chapters), but unfortunately, most of them didn’t give satisfactory results
for in situ MgB;, conductors. Hence, | developed a new approach for making
superconducting joints, although it should be noted that my joint structure is similar
to that of Bruker EAS GmbH [167].

2.4.2. Suitability of Monofilament MgB, Conductor for Magnet
Winding, unlike NbTi

Soon after the discovery of NbTi and NbsSn in early 1960, researchers
initially fabricated monofilament conductors using these superconducting materials.
Magnets fabricated using monofilament NbTi or NbsSn, however, were quenched at

much lower current than expected. Later, the cause of the quench in these magnets
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was identified as due to the ‘flux jumping’ characteristics of monofilament NbTi and

Nb3Sn conductors [21, 52].

2.4.2.1. Flux Jumping

When a magnetic field is applied on a superconducting slab, it induces
current in the opposite direction to screen the external magnetic field, as shown in
figure 2-31(a). This induced current is similar to an eddy current, but it does not
decay with time due to zero resistance inside the superconductor. When the external
magnetic field is increased further, the screening current will flow with very high
current density. Because this density is higher than J, the surface current will decay
resistively until it reaches J;, and the magnetic field will penetrate inside the
superconductor as shown in figure 2-31(b). In this condition, current will be flowing
on both faces of the slab in opposite directions at critical current density. A second
magnetic field increment will produce a similar effect. After several increments, the
magnetic field fully penetrates inside slab as shown in figure 2-31(b). Any further
increase in the external magnetic field will fully penetrate the slab, but it will not
make any changes to the screening current pattern. At this stage, all regions in the
slab are either carrying critical current or none at all, and this is known as the

critical-state model [171].

(a) (b)

"

Xx=-Q x=Q

Figure 2-31. (a) Induction of the screening current due to parallel external magnetic field
application, (b) pattern of reduction in the internal magnetic field with increasing external

magnetic field due to a reduction in the screening current [171].
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The flux jumping is associated with the fall in the critical current density of
the superconductor due to the increased temperature from the heat generation due to
flux motion within the superconductor. The interaction between these two inherent
properties of superconductors may lead to the unstable critical-state and eventually

results in flux jJumping.

2.4.2.2. Nature of Flux Jumps

The nature of flux jumps can be understood more clearly by considering an
imaginary experiment on the slab in figure 2-31(a) [171]. When a small heat pulse is
applied to the slab, the temperature of the slab will rise, and the J. will fall. This will
lead to screening current decay to some extent, allowing the magnetic field to
penetrate further into the slab. This flux motion will generate heat and raise the
temperature of the slab even further. Thus, we can consider it as a feedback loop.
Under these conditions, the feedback loop is positive, i.e. it will reinforce the original
disturbance. Thus, if the disturbance is strong enough, it will cause an avalanche of

heat generation and flux motion will occur — a flux jump.

2.4.2.3. Solution to Flux Jumping

In early 1960, when magnets fabricated from monofilamentary NbTi and
NbsSn wires were quenching at very much lower current than expected values, it was
a very big setback for the magnet designers who were trying to further advance the
development of superconducting magnet technology. Nevertheless, as soon as the
cause of the premature quenching was understood as due to the flux jump
characteristics of those monofilamentary conductors, successful cures for flux
jumping were identified. Therefore, the best solutions to avoid flux jumping are to
reduce flux motion caused by —AJj. (the so-called adiabatic stability of the
superconductor) or to conduct away heat generated due to flux motion (dynamic
stability). Both solutions require subdivision of the superconductor, i.e. reduction in
the diameter of the superconductor (multifilamentary superconductor).

The criterion for flux jumping was developed using the adiabatic theory of
flux jumping, in which the effective specific heat per unit volume of a

superconductor is taken into account [52, 171].
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Mg mfi?
AT~ PY T 3p0(T, = Ty)

pCe (2.5)

where p is the density of the superconductor, pC, is the effective specific
heat of the superconductor, AQ, is the external supplied energy, AT is the
temperature increase due to the external heat, C is the specific heat of the
superconductor, u, is the permeability of free space, J. is the critical current density
of the superconductor, a is the radius of the filament, T, is the critical temperature of
the superconductor, and T, is the operating temperature.

In the above equation (2.5), the last term represents the energy stored in the
screening current, which eventually reduces the effective heat capacity of the
superconductor. Thus, when the last term is equal to the heat capacity of the
superconductor, the effective heat capacity goes to zero, and the smallest disturbance
will cause a temperature rise in the superconductor, which leads to flux jumping.

Thus, the best solution to avoid flux jumps is to keep the last term in
equation (2.5) well below the value of the heat capacity of the superconductor at a
given operating temperature. As per Wilson, if we can keep the last term divided by
the total heat capacity of the superconductor less than 1, flux jumps can be avoided,

as per the following equation [171]:

toJZa?

PO To) =

As it is assumed that no heat is being exchanged with the surroundings, the
above criterion for flux jumping is called the adiabatic criterion of the flux jump.
In the above equation, we can effectively control two variables, J. and a, whereas
other variable values are automatically decided by the operation conditions. In the
case of NbTi and NbsSn, however, they are already fixed which is very difficult to
vary. In addition, if we use a superconducting conductor, we would like to pass as
much as current as possible within the safe limit of the magnet, so it is not desirable
to control J, for flux jumping limitation purposes. We can effectively control the
radius of the filament, however, to match the criterion. Therefore, we can write

equation (2.6) in the following form:
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’3pC(TC ~Ty)

2.4.2.4. Comparison of MgB; and NbTi Filament Size for Flux Jumping

Based on the criterion in equation 2.7 for flux jumping, MgB; and NbTi
conductor are compared with respect to the minimum filament diameter requirement

to avoid flux jumping. The comparison is shown in table 2-3.

Table 2-3. NbTi and MgB, parameters for evaluation of flux jump criterion.

Parameters NbTi MgB,

J. (Am?) 1.5x10° 1.14 x 10’ (at 20 K)
p (kgm?) 6.2 x 10® 1.145 x 10° (3356)
C (kg™ 0.89 7.264 (at 20 K)

T, (K) 6.5 34

a (mm) for satisfying criterion 0.116 0.456

a (mm) for safe operation (50% of criterion) 0.058 0.228
Diameter of filament with safe limit (mm)  0.116 0.456

In table 2-3, the NbTi parameters are taken from [171]. The MgB; current
density is taken from [30] (75% of multifilament wire J. at 20 K); the density is
measured using in-situ monofilament wire 3356 [31]; the heat capacity value (0.0081
Jem™ K? at 20 K) is taken from [52]; then, using the density, the specific heat is
calculated; the T, of the conductor is taken from the [30]; and the safe criterion value
is taken from [171].

In the case of the in-situ monofilament MgB, conductor [31], the filament
diameter is usually about 0.4 mm, which is below the safe limit for flux jumping in
MgB,. The above table clearly indicates that it is possible to use MgB, in
monofilament form at 20 K without flux jumping, whereas it is not possible to

use NbTi in monofilament form.

2.4.2.5. Experimental Evidence of the Absence of Flux Jumps in Monofilament
MgB, Wire above 8 K, unlike NbTi at 4.2 K

To support the calculation, an experiment was carried out to test for flux
jump behaviour in monofilament NbTi and MgB,. Figure 2-32 shows the

magnetization loop of monofilament NbTi wire at 4.2 K, as reported by Ling et al
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[21, 25]. As can be seen in the figure, there are severe flux jumps in monofilament
NDbTi wire at 4.2 K. Thus, NbTi is not suitable for use in monofilament form.
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Figure 2-32. Magnetization vs. magnetic field traces of monofilament NbTi wire at 4.2 K
[25].

Figure 2-33. Cross-sectional SEM image of the monofilament MgB, wire used for flux jump
characterization. The Monel sheath was etched away [172].
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Figure 2-34. Moment vs. magnetic field (B) traces of the monofilament MgB, wire shown in

figure 2-33 at different temperatures. The sweep rate of B was 150 Oe s™.
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To evaluate the flux jump characteristics of the monofilament conductor, the
monofilament in-situ conductor shown in figure 2-33 was used. The Monel sheath
was etched away using nitric acid prior to installing the sample in the vibration
sample magnetometer (VSM) for magnetization study. Figure 2-34 shows the
moment vs. magnetic field traces of the wire at different temperatures. As can be
seen in the figure, down to 9 K, there was no flux jumping. On the other hand, flux
jumping was observed at 8 K. These flux jumps could be combined effects of both
MgB; and Nb because the MgB, was surrounded by a Nb barrier. At 4.2 K,
significant flux jumps were observed. These results indicate that monofilament MgB,
conductor is suitable to use at temperatures above 10 K.

To theoretically estimate the ultimate result of flux jump, equation (2.7) can
be rewritten in the form of equation (2.8) (using enthalpy of the superconductor)
according to [21, 52]. Equation (2.7) indicates whether flux jumping will be initiated
or not, but it does not tell whether flux jumping will proceed or not. Equation (2.8)
indicates whether flux jumping will proceed or not. In equation (2.8), H(T,) and
H(T,) are the enthalpy of the superconductor at the critical temperature and the

operating temperature, respectively.

o j3[H (T.) — H(T)] 29
tol&

2.4.3. Voltage-Current Characteristics and Resistance Evaluation

Methods for Superconducting Joints

Like superconducting conductors, voltage (V) vs. current (I) characteristics
are observed in a superconducting joint when current is passed through it. The
appearance of a V - | curve in a joint is due to its resistive loss mechanism. This loss
mechanism is similar to what is observed in superconducting conductors [158].

Type-I1 superconductors possess three loss mechanisms. The first is the flux
creeping process. In the flux creep, depinning of flux lines from the pinning centres
occurs. This loss mechanism results in an exponential V - | characteristic at relatively
low electric fields. This phenomenon is explained by the Kim-Anderson model
[173].
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The second is the flux-flow process. Flux flow in a material takes place when
the Lorentz force on the flux lines exceeds the maximum pinning force. This process
results in a linear V — | characteristic at higher electric fields [174].

The above two loss mechanisms can also be found in homogeneous materials.
In practice, however, it is not possible to make a truly homogenous material. Thus,
some kinds of defects and inhomogeneity are always present in the material.
Magnetic conductors are made up of mono- or multifilament strands surrounded by a
low resistivity matrix material. Thus, when current is passed beyond the capacity of
the conductor, flux flow takes place along with current redistribution among the
filaments (the third loss mechanism) through the resistive matrix, which produces
Ohmic dissipation [175]. The current redistribution process is expected to be
responsible for the non-linear characteristics of the V — I curve [176]. The power law
is used to fit the non-linear characteristics of the V — | curve in superconductors as

follows:
V x I (2.9)

where the n-value is related to the Gaussian-like distribution of critical current over
the tested superconductor length [158]. The high inhomogeneity of the
superconducting material is often associated with a low n-value or broad transition
[177].

The measurement of the joint resistance of a persistent joint is equally
important for evaluating the quality of a joint at different temperatures and external
magnetic fields as the successful joining process. Typically, for application in MRI, a
persistent joint resistance <10 Q is generally considered as acceptable. Such low
resistance is very difficult to measure by currently available low-level voltage
measurement instruments. Hence, a specific joint resistance measurement technique
needs to be used after initial evaluation of the joint by the standard four-probe

method.

2.4.3.1. Four-Probe Measurement Method

The four probe measurement method is well known as a way to obtain the V

- | characteristic of a superconductor and it is widely used by researchers for
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measuring low-level voltages [178]. In this method, current is passed from separate
leads, and corresponding voltages are measured with separate leads to form the V — 1
curve. From this curve, using the 1 pV cm™ criterion (for MgB,), the I value is
calculated. By means of Ohm’s law, the resistance can also be calculated. Due to the
extremely low current flow for measurement of voltage in the leads, the effect of the
inherent resistance of the leads can be completely avoided, and a clean signal can be
measured. Whereas in two-probe measurements, current and voltage are measured by
the same leads, and the resistance of leads add into the measurement output, which is
not favourable for very low-level resistance measurements.

With commercially available voltmeters, ~10° V can be measured with the
required accuracy. In fact, picovolt meters are also commercially available, but for
precise measurements of voltage levels in this range, the experimental environment
should be completely noise-free (from different noises that can affect electrical
voltage measurements). When the varying magnetic field is involved in the
environment, however, it becomes difficult to measure a few pico-ohms of resistance
with the required accuracy. Nevertheless, with a highly engineered electronic
resistance measurement system, a few pico-ohms can be measured. For
measurements of resistance <102 Q, the field-decay measurement technique needs
to be used.

In general, the current carrying capacity and joint resistance are first
measured by the four probe method down to the maximum feasible limit depending
on the available low-level resistance measurement system at a particular temperature
and magnetic field. If the results are favourable and up to expectation, the field-decay

measurement technique is used for further accurately measuring the joint resistance.

2.4.3.2. Field-Decay Measurement Method

In the early days, when persistent joints were made between NbTi — NbTI,
due to the undeveloped state of low resistance measurement instruments, it was not
possible to measure a joint resistance in the range of even a few nano-ohms with the
required accuracy. Hence, Iwasa devised a joint evaluation method called field-
decay measurement for measuring joint resistance down to an extremely low level

[179]. Using this method for the first time, he measured joint resistance in the range
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of 10" Q. Now, with improved low voltage measurement instruments and Hall
sensors, this method can measure extremely low levels of resistance, too. When this
method was first proposed by Iwasa, first, a search coil was used for measuring the
voltage induced while current was flowing through a persistent magnet or single-
/multi-turn coil. However, as high-quality hall sensors are commercially available,
instead of search coil, now hall sensors are used for measuring magnetic field
produced by current flowing in the persistent magnet.

In order to measure joint resistance, the current decay formula of an L- R

circuit as shown below is used:

B = B, (D)t (2.10)

where B is the final magnetic field, By is the initial magnetic field, L is the inductance
of the closed-loop coil, and t is the decay time in seconds.

For measuring joint resistance by this method, a single-/multi-turn coil with a
joint is made, and the inductance is calculated or measured. A Hall sensor is placed
at an appropriate location of the coil with the joint. The coil is charged with an
external power supply, or current is induced in the closed-loop coil.

The charging process for the coil using an external power supply has already
been discussed at the beginning of section 2.4.

For inducing current in the closed-loop coil, the closed-loop coil is placed in
the bore of another coil, where changing magnetic field can be produced. Typically,
a magnetic field is set at 1 to 2 T as the background magnetic field. The closed-loop
coil is cooled down below its superconducting transition temperature. Then, the
background magnetic field is decreased linearly. Due to the changing magnetic field,
current is induced in the coil with the joint.

Over a period of time, the current in the closed-loop coil decays, depending
on the joint resistance and the n-value of the conductor [31, 52]. The decay in the
current is observed over some period of time by recording the magnetic field of the
coil. Finally, using equation (2.10), the total circuit resistance is calculated. In this
circuit resistance, the influence of the joint resistance is significant. Thus, circuit

resistance is often attributed to joint resistance.
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In persistent-mode after initial charging of the coil, the current decays
somewhat faster than would be expected from its actual characteristics in the
beginning. Nevertheless, after some time, current decay follows the trend based on
equation (2.10). The rapid decay in the initial period is due to the settling

phenomenon, and it influences the field decay measurement results.

2.4.3.3. The Settling Phenomenon in a Persistent-Mode Magnet and its Effects

on the Field-Decay Measurement Results

When a persistent magnet is charged with current, the initial current
distribution within the superconductor is nonhomogeneous. Thus, over a period of
time, current is redistributed into an individual filament through the resistive matrix.
This induces some decay in the current prior to achieving perfect homogeneity of the
current distribution in the conductor. This phenomenon is called the settling
phenomenon [158].

The settling time is short when the initial charging current is close to the I;
of the conductor because the flux has fully penetrated the entire conductor cross-
section. In most persistent-mode magnets, however, the charging current is well
below the I, of the conductor, and thus, the settling effect is dominant in this
situation [158]. Nevertheless, when current is induced using a changing magnetic
field, the induced current is close to the I, of the conductor. In this situation, the
settling time is short. A detail discussion on the settling phenomenon was reported by
Brittle et al [158].

2.4.4. Performance of a Joint between MgB, Conductors

A performance evaluation of the currently reported superconducting joint
results indicates that the overall performance of a superconducting joint greatly
depends on the conductor used for fabricating the joint, that means the conductor
used for winding the magnet. The first MgB, conductor used for the fabrication of a
superconducting joint was monofilament wire with a pure nickel matrix [58, 180].
MgB; conductors that were later used for superconducting joint fabrication include
mono- and multifilament conductors with Fe, Fe/Cu, and Ni/Fe/Cu, respectively, for
the sheath [164, 165]; multifilament wire with Nb barrier, Cu stabilizer, and Monel
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as a sheath [113]; and C-doped and undoped mono- and multifilament wires, with Nb
barrier, Cu stabilizer, and Monel sheath [26].

Apart from the filamentary nature of the conductor, heat-treatment also plays
a vital role that means an unreacted or a reacted conductor. In fact, in some cases,
multiple heat-treatments on the conductor have also applied. In the case of MgB,,
however, it was confirmed that only pressing like NbTi, does not work at all because
the MgB, core of the conductor is fragile and harder than the sheath material, and
hence, heat-treatment is mandatory [181]. Different heat-treatment conditions have
been used by different groups. According to Li et al, the melting point of MgB; is
high, but at high-temperature, the MgB, compound tends to decompose into the non-
superconducting material, so recrystallization by heating of already formed MgB; is
not very effective [164]. Therefore, in most of the cases, for joint formation between
two MgB, conductors, a mixture of Mg and B is used between the two conductors
followed by heat-treatment between 650 °C and 1090 °C [158]. As mentioned
earlier, to the best of my knowledge, prior to starting this thesis work, only six
groups (including industrial ones) reported a joining process or results. Recently,
Siemens Corporate Technology reported their joining process and results [169].

The first superconducting joint between MgB, and NbTi was realized by
Takahashi et al of Hitachi Ltd. and tested at 4.2 K [162]. The closed-loop, including
the joint, achieved I; of 170 A, whereas the estimated joint resistance was below, 10
B3 Q in self-field. Nevertheless, the first superconducting joint between MgB,
conductors was reported by ASG, Italy, by Braccini et al [58]. The conductor used
for this joint was a monofilament with a pure nickel sheath. The performance of this

joint at various temperatures and magnetic fields is shown in figure 2-35.
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Figure 2-35. Performance of a joint fabricated by Braccini et al at various T and B [58].

As shown in figure 2-35, joint performance was evaluated from 16 K to 30 K,
whereas magnetic field ranged from self-field to above 1.5 T. The joint performance
at around 15 K and 0.5 T can be utilised as a useful criterion for a good joint, if the
MRI system is made to accommodate 1.5 to 2 T central fields, because, in this type
of magnet system, it may be possible to place the joint in a location where magnetic
field may not be more than 0.5 T using some active or passive shielding. Hence, this
joint showed its I at 16 K and 0.5 T to be around ~32 A, whereas the roughly
calculated joint resistance was found to be less than 10™ Q, as reported by Penco et
al [180] of the ASG group, which is acceptable as per the criteria for a persistent
joint in a commercial MRI magnet system. Improvement of critical current under
these conditions may be desirable for future development.

Later, from the same group, Penco et al reported the roughly calculated joint
resistance of their joints, which was less than 10" Q [180]. This group very recently
reported joint I > 300 A at 20 K and joint resistance <10™* Q using fully reacted
multifilamentary ex situ MgB; tape [182].
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Table 2-4. The performance of joint fabricated by Lietal at 42 K, 1 Tand 3 T
[164].

2 . 42K, 1T 42K,3T
Sample  Heat-treatment/sheath Coresize (mm’)  No. of filament(s) ) A RQ) ) A RQ)
A Heated once (Fe) ~0.56 1 254 3.65x 10 54 5.12x 101
B Heated twice (Fe) ~0.56 1 244 3.46 x 10° 29 1.26 x 107
[@ Heated once SiC doped (Fe) ~0.56 1 389 7.44 x 1012
D Heated twice (Ni/Fe/Cu) (Ex situ) ~0.21 14 351 3.76 x 10°

High critical current joints between MgB, conductors were fabricated by Li et
al of the Chinese Academy of Sciences [164]. Different types of sheath materials
were used for the conductors (mono- and multifilament) to fabricate joints. The
performance of the joints was evaluated at 4.2 K, 1 T/3 T, and the results are shown
in table 2-4. In the table, the I; of the joint is calculated using J. of the joint divided
by the core cross-sectional area [164]. Sample C achieved a joint resistance of 7.44 x
102 Q with 1. of 389 A at 1 T and 4.2 K. The minimum joint resistance of the twice
heated joints was found to be in the range of 10 Q with I, of more than 240 Aat 1 T
and 4.2 K.

Apart from transport measurements of the joints, the Chinese Academy of
Science group also conducted a mechanical characterisation of certain joint (sample
D in table 2-4). In order to compare mechanical performance, the tensile stress test
was carried out on bare tape, and on joints wrapped in Cu foil and without Cu foil.
The results are shown in figure 2-36. As shown in the figure, the joint without Cu
foil reinforcement withstood very little stress. Whereas irreversible deformation
started at 20 N in the Cu foil reinforced joint, but it was still higher than for the bare

joint.
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Figure 2-36. Tensile stress results for joints fabricated by Li et al using sample D as a
conductor [164].

Table 2-5. The performance of joints fabricated by Li et al at 4.2 K and 19 K [165].

42K 19K

Coil Sample Sheath material(s) Coretype Filaments B, (MT)
R Q) R Q)
1 A Fe reacted 1 413x10™ 7.82x10T 040
2 B Fe raw 1 3.03x10" 823x10%2  0.096
3 C Ni/Fe/Cu reacted 14 6.24 x 1011 - 48
4 D Fe/Cu raw 1 - 235
5 D+E Fe/Cu raw 1 3.86 x 1011 65.8

Subsequently, the closed-circuit test results for MgB, coils with a
superconducting joint were reported by Li et al [165]. The results are outlined in
table 2-5. The detailed specifications of each coil can be found in [165]. The best
reported joint using unreacted monofilament conductor achieved a resistance of 3.03
x 10™ Q at 0.096 mT and 4.2 K, and the same joint achieved a resistance of 8.23 x
107 Qat 19K.
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Table 2-6. The performance of joints of Yao et al with different heat-treatment conditions
[113].

No. Temp./Time lcat42K l.at42Kand0.45T l.at10K
Reacted wire

1 900 °C/15 min 0 0 0

2 700 °C/15 min 0 0 0

3 675 °C/30 min ~150 A 0 0

4 640 °C/30 min ~150 A 0 0

5 630 °C/1200 min ~0A 0 0

6 570 °C/2400 min 0A 0 0

Non-reacted wire
7 630 °C/1200 min ~25A ~25 A <2A
8 570 °C/2400 min ~50 A - ~200 A
Table 2-7. Performance of joints fabricated by Park et al [26].
Heat treated at 570 °C fir 2400 min in vacuum Heat treated at 700 °C fir 90 min in Ar atmosphere

(fiIZ\r:;f'nts) Powder IC4(./23\)Kat Itl((;A)Kat (fil\;Vr::nt) Powder 1 (A)
Undoped (18) ~ Undoped  123-3%0  65-103  #2221(1)  Undoped SO OIS0 AEG 0L,
Undoped (18) C-doped 0 0 C-doped (1) Undoped 100A@1I0K,42A@ 20K
#2314 (18) C-doped 0 0 C-doped (1) C-doped 110 A @4.2K, 16 A@ 10K; 11 @ 16 K

Yao et al of the Massachusetts Institute of Technology (MIT) fabricated
various joints using 18 + 1 multifilament round wire with Nb as the barrier, Cu as a
stabilizer, and Monel as the matrix and employed different heat-treatment conditions
[113]. The performance of their joints is shown in table 2-6. As can be seen in the
table, the heat-treatment sequence plays an important role in the joint performance.
This means that, if heat-treatment is done twice on the wire, then joint does not show
superconductivity, even at 4.2 K and 0.45 T. Reacted wire with heat-treatment above
675 °C and below 630 °C does not show superconductivity, whereas with unreacted
wire, superconductivity vanishes at 0.45 T or 10 K. The best joint performance in
this work was ~200 A current carrying capacity at 10 K in self-field. The absence of
superconductivity in Samples 1 and 2 (see table 2-6) is attributed to evaporation of
volatile Mg during heat-treatment above 650 °C due to possible poor sealing. Hence,

proper sealing is required for the improvement of this joint fabrication process.
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Figure 2-37. Performance of joint fabricated by Ling et al [21].

Until then, based on the superconducting joint result reported using different
types of MgB, wires/tapes, it was confirmed that the most favourable results could
be achieved by using unreacted wire for joint fabrication. Hence, Park et al of MIT
reported joint test results using their improved joining process [26]. They used HTR
made unreacted MgB, wires (C-doped multifilament (#2314) and undoped
monofilament (#2221)) and optimised heat-treatment at 700 °C for 90 min for all
their joints. For comparison, however, some joints were also heat treated at 570 °C
for 2400 min. The microscopic picture showed broken filaments in the joint. This
might have happened during filling with MgB, powder and pressing the powder
against the filaments. Therefore, they further improved their joint fabrication method,
which was reported by Ling et al [25]. As can be seen in table 2-7, the C-doped or
undoped multifilament wires with C-doped MgB, powder do not show
superconductivity, even at 4.2 K. The undoped multifilament wire with undoped
powder shows I of 123 to 390 A at 4.2 K in self-field. On the other hand, at 10 K,
the I¢(s) of the joints ranged from 6.5 - 103 A, showing large deviation in the results

for joints in self-field.
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Similarly, the monofilament undoped (#2221) and C-doped wires were also
used with undoped and C-doped powder. Undoped monofilament (#2221) wire using
undoped powder achieved the best performance of 270 A@10 K and 120 - 160 A@
20 K in self-field. According to the authors, the significant deviation in the results
between C-doped and undoped wire with C-doped or undoped powder might be due
to the large difference in the C-doped and undoped powder density, 0.3 g cm™ and
0.7 g cm™, respectively. It seems likely, however, that there was some mistake in the
measurement or calculation of the powder density (since the typically measured
MgB, powder density of one of the HTR monofilament wires (#3356, 2wt% C) is
1.145 g cm™ [31]). Eventually, the consistency in the five successive joints with I of
140 A at 20 K with undoped monofilament wire (#2221) and undoped Mg + 2B
powder encouraged MIT group to use it as the conductor in their 0.5 T MRI magnet
system project.

Subsequently, after obtaining encouraging results using monofilament
(#2221) MgB, wire, Ling et al of MIT further improved their original joint
fabrication process and developed a new joint fabrication method using
monofilament MgB, wire [25]. The performance of these joints at various
temperatures is shown in figure 2-37. As shown in the figure, on average, all the
joints showed critical current above 100 A except for one, indicating better
consistency in the joint fabrication process. For evaluating joint resistance, they
made a small closed-loop coil, and joint resistance was measured using a field-decay
measurement at 15 K, from which, the resistance was found to be less than 1.3 x 10
00 (B: ~0.35 T). Still, the resistance value was higher than the required
superconducting joint resistance value for MRI application.

Following the above MIT report, this thesis project had reached the point
where MgB, superconducting joint fabrication was necessary. | had tried almost all
the joining processes reported before that, although | could not get satisfactory
results to start with. Thus, | developed a new superconducting joint fabrication
method (the detailed method is explained in Chapter 3) for unreacted monofilament
MgB., wires. Joints were fabricated, and the results were encouraging. Similar to
previously reported joining processes, my joining process also has the option of

using a sealing material to avoid evaporation of volatile Mg during the heat-
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treatment process. Several joints were fabricated using the new joining process. All
joints were heat-treated at 650°C for 1 hour in Ar inert atmosphere. Figure 2-38
shows the performance of our first joint, in which a sealing material was not used.
All the fabricated joints achieved I. of more than 200 A (maximum limit of the
power supply) in self-field at 4.2 K. As can be seen in the figure, I was 63.9 A at 10
K in self-field, whereas I was 55.5 Aat 10 Kin 0.5 T.
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Figure 2-38. Performance of joint 1 without sealing.

Subsequently, two joints were fabricated using the same method, but the
sealing material was used to avoid evaporation of Mg. The relative packing density
of powder in the joint region was greater in joint 3 compare to joint 2. The
performances in self-field of joint 2 and joint 3 are shown in figure 2-39. As can be
seen in the figure, in self-field, I, of joint 2 was 96 A at 9.5 K whereas the joint 3 I,
was 104.47 A at 10.5 K. This shows significant enhancement in the 1. under
conditions of high packing density of the powder in the joint region and using the

sealing material to avoid evaporation of Mg.
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Figure 2-39. Performances of joint 2 and joint 3 in self-field with sealing.

Furthermore, one more joint was fabricated by using different boron purity in
the strand and powder for joining two wires to check boron compatibility. The strand
was fabricated by using 98.8% pure amorphous boron whereas the MgB, powder
was prepared using 86% pure crystalline boron. The joint fabrication conditions were
kept identical to those for joint 3, but at the temperature of 13 K and self-field, 1. was
only 3.23 A. This indicates that, for getting better performance, the precursors of
MgB; in the strand and powder should be the same.

Recently, Oomen et al of Siemens Corporate Technology presented their
work at the ASC 2014 on the fully reacted multifilament ex situ conductor joining
using the hot-press method [169]. In one of their joint, they obtained I, of about 190
A at 4.2 K in self-field. I;was only 50 A at 15 K in self-field, however. The typical

measured joint resistance using the four-probe method was less than 10° Q.
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At ASC 2014, Ling et al also reported test results on a persistent-mode MgB,
magnet for MRI application using a helium environment [28]. They operated their 3

coil assembly at 100 A current and 10 - 15 K in persistent-mode.

2.4.5. Summary

This section presented a comprehensive Literature Review on MgB;
superconducting joints for MRI magnet application including some of my
preliminary results of the joints. Based on the review, it is clear that the different
joining methods showed different performance at different temperatures and
magnetic fields. Nevertheless, all the joining methods utilized a similar joint
fabrication process, in which Mg + 2B powder is used as a ‘flux’ to make the
superconducting connection between two unreacted or reacted MgB, conductors.

The joints using monofilament unreacted conductor showed very good
performance. Joints using in situ multifilament conductor showed inconsistent
results, however. The joints using ex situ multifilament fully reacted conductor
showed very promising performance. Nevertheless, it is well known that the in-field
performance of in situ conductor is much better than that of ex situ conductor. Thus,
in thesis work, in situ conductor was chosen for use in the entire project. The new
joining technique developed in this thesis work has been improved significantly over
the last 3 years, and some of the best results have been reported. The details will be

provided in the respective sections.
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The Scope of the Thesis

Based on the Literature Review, the thesis project ‘Design and fabrication of
solid nitrogen (SN2) cooled magnesium diboride (MgB,) based persistent magnet for
magnetic resonance imaging (MRI) application’ was planned to be pursued in three
steps. They are outlined one by one below. Each step was considered as a milestone

toward completion of the project on time.
Step 1: Design and fabrication of the SN, cooling system

The ultimate aim of the project was to demonstrate an MgB, based
persistent magnet in SN2, which meets the technical requirements to be applicable in
MRI. As a suitable SN, cooling system was not available at the University of
Wollongong, it was a prime requirement to design and fabricate the SN, cooling
system to test the MgB, based persistent magnet. Therefore, in the first step, the SN,
cooling system was designed, and an order was placed for commercial fabrication.
Based on the prospective size of the magnet to be fabricated, the overall size of the
SN, cooling system was finalized.

As mentioned in section 2.3.4.1 of the Literature Review, the thermal contact
between the magnet and the cryogen would be poor if the liquid nitrogen (LN) was
frozen by vacuum pumping. Hence, reducing the temperature was better done by
conduction cooling using a cryocooler. Thus, in the SN, cooling system, a two-stage
Gifford-McMahon cryocooler was planned to be used for freezing LN, by
conduction cooling. Furthermore, as mentioned in section 2.3.4.2 of the Literature
Review, various reported SN, cooling systems faced different types of problems,
such as poor contact between the cryocooler and the SN, chamber, possibly leaks
between two dissimilar materials joined at low-temperature or limitations in
achieving a low enough temperature due to unexpected heat loads. To avoid all these
problems, the SN, cooling system was designed using stainless steel, except for the
radiation shield (as no leak tight joint was required for the radiation shield), and the
contact between the cryocooler and the SN, chamber was designed such that the poor
contact problem could be avoided. To predict all types of heat loads, detailed finite

element (FE) analysis was carried out for simulating the temperature gradient across
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the entire cooling system, which has not been done before for any SN, cooling
system design.

In addition, as mentioned in section 2.3.4.3 of the Literature Review, a
cooling system using only SN, has a potential thermal contact problem from repeated
thermal disturbances, such as local heating or an over-current, leading to a problem
called the thermal dry-out phenomenon. It was proposed that a small amount of the
liquid cryogen can solve the problem of dry-out, through what is called mixed-
cooling operation. Hence, the SN, cooling system was designed such that, if
required, the mixed-cooling operation could be performed. The detailed design,
fabrication, installation, and testing of the SN, cooling system is presented in
Chapter 4.

Step 2: Superconducting joint fabrication for MgB, conductors

Following the design and placement of the order for the commercial
fabrication of the SN, cooling system, the next step was to fabricate the
superconducting joints for the MgB, conductors. As mentioned in section 2.4 of the
Literature Review, the fabrication of high-performance superconducting joints for
MgB, conductors was very challenging. Thus, only a few groups (university and
industrial groups) have reported high performance using MgB, conductors. In
particular, reports of superconducting joints using in-situ MgB, conductors were very
limited, and the fabrication of the joints involved several areas of practical know-
how rather than reported information in the literature. Of course, superconducting
joints using reacted multifilament MgB, conductor were highly desirable, but as
mentioned in section 2.4.4 of the Literature Review, there was no such reacted MgB,
conductor joint which showed superconductivity above 10 K (the expected operation
temperature of the MgB, based MRI magnet). Initially, | also tried to fabricate
superconducting joints using reacted MgB, conductor, but | was unable to achieve
any success. Hence, it was decided to try joining using unreacted multifilament
conductors. Nevertheless, as mentioned in section 2.4.4 of the Literature Review,
joint performance using unreacted multifilament MgB, conductor has been rather
inconsistent, and | also found a similar problem after several trials. In the meantime,

it was reported (section 2.4.2 of the Literature Review) that monofilament MgB;
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conductor can be used in magnet windings above 10 K without the flux jumping
which triggers quench. Therefore, | tried joining using unreacted monofilament. |
was able to achieve very good performance which could be suitable for MRI
application. The superconducting joining process for MgB, conductors is presented
in Chapter 5 as an MgB; superconducting joints for persistent current operation.
Furthermore, as mentioned in the section 2.4.4 of the Literature Review, the
joining process for MgB, conductor does not lead to a very good performance in the
case where the conductor used for joining is a carbon (C)-doped conductor. (As
mentioned in the section 2.2.4 of the Literature Review, the high field performance
of MgB; conductor can be significantly enhanced by doping with C.) A similar effect
was also observed in the case of my joining process; hence, | further modified the
joining process and developed a new approach to fabricating superconducting joints
using C-doped MgB, conductors. The superconducting joining process for C-doped
MgB; conductors is presented in Chapter 6 as a new approach to a superconducting

joining process for C-doped MgB, conductors.
Step 3: Demonstration of the MgB, based persistent magnet in SN,

To successfully complete the thesis project, the final and third step was to
demonstrate an MgB, based persistent magnet operating in SN,. As can be seen in
section 2.4.4 in the Literature Review, there have been no reports on the
demonstration of an MgB, based persistent magnet in SN, so this thesis work has
been the first to demonstrate an MgB, based persistent magnet in SN,. The
demonstration of the MgB, based persistent magnet in SN, is presented in Chapter 7
as an evaluation of persistent-mode operation of superconducting MgB; coil in SN,.

Apart from above-mentioned work, a conventional solenoid coil using
multifilament MgB, conductor was also designed, fabricated, and tested in the SN,.
The coil was able to carry 200 A current at 28 K in SN,. The test results on the
solenoid coil are presented in Chapter 8, which covers the design, fabrication, and
transport measurements of the MgB, solenoid coil in Sn,. Chapter 9, presents the

thesis conclusions and future prospects.
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Chapter 3
3. Experimental Procedures

3.1. Sample Preparation

In this thesis work, three types of samples were prepared, magnesium diboride
(MgB,) wires, MgB, superconducting joints, and MgB; solenoid coils. Some of the

wires for the joints and coil winding were purchased from a commercial vendor.

3.1.1. MgB, Wires

Two types of monofilament MgB, wires were prepared in this thesis work,
one with an iron (Fe) sheath and the other with a niobium (Nb) barrier and Monel
sheath.

3.1.1.1. Monofilament MgB, Wire with Fe Sheath

Monofilament MgB, wire was fabricated by the powder-in-tube (PIT)
technique, using an in situ process [1]. The details of the PIT technique and in situ
process have already described in section 2.2.3.1 of the Literature Review in Chapter
2. To fabricate wire, magnesium (99%, 325 mesh) from Sigma-Aldrich and
amorphous boron (98.8 %, ~400 nm) powder from Pavezyum were used as the
starting materials with the stoichiometric composition of Mg : B =1 : 2 [2, 3]. The
mixed power was packed into Fe tube with an outer diameter (O.D.) of 6.30 mm and
an inner diameter (1.D.) of 4.11 mm. The two ends of the tube were sealed using
aluminum (Al) foil. The composite wire was swaged and subsequently drawn to an
O.D. of 1.00 mm. The big swaging machine, as shown in figure 3-1 with dies, was
used to reduce the diameter of the wire to 3 mm. Then, the drawing process was used
to reach the final size of the wire. The small swaging machine shown in figure 3-2
was used to prepare the tip of the wire to insert it in the die of the drawing machine,
as shown in figure 3-3. The average reduction in the cross-sectional area of the wire
during swaging and the drawing process was ~5%. The short samples cut from the
fabricated long wires (see figure 3-4) were then wrapped in zirconia foil and heat
treated at 650 — 700 °C for 30 - 90 min under high-purity argon (99.9%) atmosphere.
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Figure 3-2. The small swaging machine to prepare the tip of the wire for drawing below 3
mm.



Chapter 3: Experimental Procedures 101

Figure 3-3. The drawing machine with dies.

3.1.1.2. Monofilament MgB, Wire with Nb Barrier and Monel Sheath

To fabricate the monofilament MgB, wire with Nb barrier and Monel
sheath, an appropriate tube (concentric Nb tube inside and Monel tube outside) was
prepared. One end of the tube was blocked using Al foil and it was filled with
magnesium (99%, 325 mesh) from Sigma-Aldrich and amorphous boron (98.8 %,
~400 nm) powder from Pavezyum as the starting materials with the stoichiometric
composition of Mg : B=1: 2 [2, 3]. Following the filling with powder, the open end
of the tube was closed using Al foil. Subsequently, wire 0.84 mm in diameter was

prepared using the same method outlined in the previous section.
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Figure 3-4. Monofilament MgB, wire. Visually, both wires (Fe-sheathed and Monel

sheathed with Nb barrier) look similar.

3.1.2. Superconducting Joints

In this thesis work, two types of superconducting joints using unreacted

monofilament wires were prepared, one with Fe-sheathed monofilament wire and the

other with Nb barrier and Monel sheathed wire.

3.1.2.1. Superconducting Joints using Monofilament MgB, Wire with Fe

Sheath

To fabricate superconducting joints using monofilament Fe-sheathed wire,

the metallic sheath material of the two wires was partially peeled off using
mechanical polishing until the MgB, core was exposed. After removing the metallic

sheath, the exposed cores of the wires were aligned and made to face each other

using commercially available super glue. The two aligned wires were then fixed in a
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suitable SS316 enclosure with an inner bore diameter of 6 mm, using a high-
temperature sealing material from Copaltite [4]. The curing of the sealing material
was carried out at 150 °C for 15 min in a drying oven. For the next step, mixed
powder from the same batch (Mg + 2B) that was used for wire fabrication was then
packed into the enclosure bore. The packed powder density was estimated to be 1.96
g cm™ + 4%. Again, the sealing material was applied on the top edge of the enclosure
to hermetically seal the enclosure to avoid Mg evaporation during the heat-treatment
process. For compacting the Mg + 2B powder to make close contact with the wire
core, ~0.93 GPa of pressure was applied, using a suitable SS316 plug. Again, the
curing of the sealing material was carried out at 150 °C for 15 min in the drying
oven. One of the joints fabricated using above method is shown in figure 3-5 before
heat-treatment process. Finally, the joints were heat-treated in high purity Ar inert
atmosphere at 700 °C for 90 min. The joints were allowed to cool down naturally to
room temperature (RT) before removing them from the furnace. A detailed pictorial

representation of the joining process is presented in Chapter 5 [1].

Figure 3-5. Joint fabricated using Fe-sheathed wire prior to heat-treatment.
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3.1.2.2. Superconducting Joints using Monofilament MgB, Wire with Nb

Barrier and Monel Sheath

To fabricate superconducting joints using monofilament MgB, wire with the
Nb barrier and Monel sheath, firstly, a predefined length (~7 mm) of the Monel
sheath was chemically etched away with nitric acid from the joining area of the
wires. Then, the Nb barrier of the wire (~4mm in length) was partially peeled off
until the MgB, core was exposed using mechanical polishing. After peeling off the
Nb barrier, the exposed MgB, cores of the two wires were aligned and made to face
each other using super glue. The two aligned wires were fixed in an SS enclosure
(I.D. of 6 mm) using a high-temperature sealing material (Resbond 907GF) [5]. The
sealing material was allowed to cure for 24 h at RT in air. The filling of the joint with
Mg (99%, 325 mesh, Sigma-Aldrich) + C-encapsulated B (98.8%, ~400 nm, C-
doping 2 wt%, amorphous, Pavezyum) powder was performed in Ar protective
atmosphere (in an Ar glove box) to minimize trapping of oxygen while filling the
joint with powder [2, 3]. An SS plug was used to compact the powder inside the
enclosure. The gauge pressure for pressing the plug was <0.35 GPa. In the next step
after pressing the powder, the sealing material was applied to the remaining gaps on
the SS enclosure, and the joint was then taken out of the Ar glove box. Again, the
sealing material was allowed to cure for 24 h at RT (in air) prior to heat-treatment.
Finally, the joint was heat-treated in Ar atmosphere at 690 °C for 30 min. One of the
joint fabricated using the above-mentioned method is shown in figure 3-6. A pictorial
representation of the joining process is presented in Chapter 6.

3.1.3. Solenoid Coil Fabrication

In this thesis work, three types of coils were fabricated: closed-loop coils with
one superconducting joint, a closed-loop coil with a persistent-current-switch (PCS),
and conventional solenoid coils, as shown in figure 3-7. All coils were fabricated
using the wind and react fabrication process. The details of the coils are presented in

Chapters 5, 7, and 8, respectively.
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Figure 3-6. As prepared joint using Nb barrier and Monel sheathed wire.

Coil

Figure 3-7. (a) Closed-loop coil with one joint, (b) closed-loop coil with PCS, and (c)
solenoid coil.
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3.1.4. Sample  Preparation for Joint  Fabrication and

Characterization

3.1.4.1. Cross-sectioning of Wires and Joints

To make superconducting joints or to visualize cross-sections (longitudinal
and transverse) of the wires and joints using a scanning electron microscope (SEM),
it was necessary to cross-section wires and joints. For cross-sectioning wires for joint
fabrication, a Leica EM TXP was used, as shown in the figure 3-8. This TXP uses a
diamond cutter to cut the wire, which is installed using wax on the mounting holder.
In addition, it allows the user to use different protective fluids while cutting the
sample. To cut joints, a Struers Accutom — 50 device, as shown in figure 3-9, was

C

used.

M

Figure 3-8. Leica EM TXP [6].

3.1.4.2. Mounting and Polishing of Wires and Joints

Following the cross-sectioning of the wires and joints to observe the cross-
sections using a microscope, it was necessary to mount the samples on a suitable

holder for polishing.
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To mount samples, a Struers CitoPress — 20 device, as shown in figure 3-10,
was used with PolyFast (conductive, bakelite resin with carbon filler) thermosetting
material [7].

To polish the samples, a Struers Tegramin — 25 device (using water), as
shown in figure 3-11, was used. The 250 mm diameter polishing discs allowed

coarse initial polishing (800 grits) to final fine polishing down to 1 um diamond size.

Figure 3-9. Struers Accutom — 50, joint after cross-sectioning (inset) [7].

Figure 3-10. Struers CitoPress — 20 [7].
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Figure 3-11. Struers Tegramin — 25 [7].

3.2. Characterization Techniques

In this thesis work, two types of samples characterization techniques were
used, (i) phase and structural, and (ii) electromagnetic. The tools used for these

characterizations are presented in following subsections.

3.2.1. Phase and Structural Characterization

The MgB, material was prepared by the solid-state reaction process using Mg
and B powders. It is well known that the performance of the MgB, material greatly
depends on its phase and structure [1, 8-13]. Thus, to examine the phase of the MgB,
material, X-ray diffraction (XRD) was used, whereas, for observation of the

structure, a scanning electron microscopy was used.

3.2.1.1. X-ray Diffraction

X-ray powder diffraction is the analytical method used for identifying phase
in the crystalline material, and it can also give information on the unit cell

dimensions, grain size, etc. of the material. X-rays are waves of electromagnetic
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radiation with wavelengths of 0.01 to 10 nm. Crystals are composed of regular arrays
of atoms, and the wavelength of the X-rays is within the interatomic distance
between two atoms in the crystalline material. When X-rays are incident on the
crystal, atoms within the crystal scatter the X-rays, mainly through the atomic
electrons. The scattering results in secondary spherical X-ray waves. This type of
scattering called elastic scattering. The ordered atoms produce ordered spherical
waves. Most of the spherical waves cancel each other out due to destructive
interference; nevertheless, in some directions, they produce constructive interference

as per Bragg’s law:
Zdhkl sinf = na (31)

where djy; is the distance between two planes with Miller index (hkl), 8 is the
incident angle, n is any integer, and A is the wavelength of the X-ray beam.

Bragg’s law is satisfied (means diffraction XRD patterns are produced)
when the combination of the distance between planes and the incident X-ray angle is
such that 2d sin 6 is equal to the integer multiple of the wavelength of the incident
X-rays (see figure 3-12).

The MgB; phase formation into wires and joints was investigated using

XRD. To perform XRD analysis, the powder was taken from the wires by peeling
off the sheath materials; on the other hand, the joints were longitudinally cut to take
out the MgB, powder ingot. The ingot was ground into a fine powder. The XRD
device (Mini-materials Analyser, GBC Scientific Equipment, USA) was used with
Cu Ko (4 = 1.54056 A) radiation for the XRD analysis [14]. The XRD data of the
samples were collected from angles of 20° to 80°, using a 1° per min scan rate and
0.02° step size. One of the XRD patterns collected in this work is presented in
figure 3-13.
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(a) Deriving Bragg’s Law: n = 2dsin6
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Figure 3-12. (a) Derivation of Bragg’s law, and the specific angles where (b) constructive

and (c) destructive interference takes place [15, 16].
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3.2.1.2. Scanning Electron Microscopy

Scanning electron microscopy was conducted using a scanning electron
microscope (SEM) [17]. An SEM uses a focused beam of an electron to produce an
image of the sample. The focused beam of electrons interacts with the atoms of the
sample and produces different types of signals. These signals contain information
regarding the surface topography and composition of the sample. A typical SEM can
attain resolutions down to 1 nm. In SEM, the sample can be observed in a low
vacuum, high vacuum, and, in fact, in a cryogenic environment, too. Most SEM uses
secondary electrons (emitted from very close to the sample surface) emitted as a
result of interaction between the incident electron beam and the atoms in the sample
to observe surface topography. In this thesis, a JEOL JSM-6490LA, low vacuum
SEM was used [18]. For surface topography, a secondary electron detector was used,
whereas for energy-dispersive X-ray spectroscopy (EDS), a backscattered electron
(BSE) detector was used. The SEM image and the corresponding EDS maps of one

of the joint cross-sections are shown in figure 3-14.

Figure 3-14. SEM image of the cross-section of a joint, and EDS maps of (b) B, (c) Mg, and
(c) Nb.
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3.2.2. Electromagnetic Characterization

The electromagnetic properties of the wires and joints such as critical
temperature (T) and transport current (lc) were measured using an American
Magnetics re-condensing 15 T Superconducting (AMS) magnet, as shown in figure
3-15[19].

Figure 3-15. American Magnetics Superconducting (AMS) magnet with a test probe. The
bottom section of the test probe is replaceable with current leads to perform transport

measurements of the wires or joints.
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3.2.2.1. Critical Temperature Measurement (T,)

To measure T, of the wires and the joints, the variable temperature insert
(VTI) of the AMS magnet was used [19]. The typical set-up of the test probe for T,
measurements on joints and wires is shown in figure 3-16. To measure T, firstly,
current up to 1 A was passed through the specimen at around 50 K temperature, and
the voltages across the specimen were acquired using a Keithley Nanovoltmeter
model 2182A via the LabVIEW interface until the superconducting transition
occurred [20]. The measured voltages were converted into resistance using Ohm’s
law. The resistance vs. temperature plot of one of the joints to determine the T, is

shown in figure 3-17.

Heater for temperature control

Temperature sensor

Temperature sensor

Voltage taps

Figure 3-16. Test probe set-up for T, measurements of (a) joint and (b) wire.
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Figure 3-17. Resistance vs. temperature plot of one of the joints to determine T..

Figure 3-18. The bottom of the test probe for I, measurements.
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3.2.2.2. Critical Current Measurement ()

To measure I, of the wires and joints at different temperatures and in
different magnetic fields, a similar set-up to that used for T, measurements was used.
For 1. measurements, however, current up to 200 A (the maximum limit of the power
supply) was passed through the sample, and voltages were measured across the finite
length. From the voltage vs. current plot, I was determined, using the 1 pV cm™
criterion.

For applying an external magnetic field to the sample, the VTI is housed in
the superconducting solenoid magnet with PCS. Thus, for I, measurements in
different external magnetic fields, the test probe shown in figure 3-15 (with the
bottom part replaced with current leads, as shown in figure 3-16) was inserted in the
VTI of the AMS magnet. To measure the magnetic field in the vicinity of the test
sample, a uniaxial Hall probe was used, as shown in figure 3-16(a). The temperature
control was accomplished by controlling a small needle valve through which liquid
helium (LHe) enters into the VTI, and by controlling the power of two heaters (one
at the bottom of the VTI and one at the top of the current leads, as shown in figure 3-
16). One voltage taps were used to measured voltage during transport measurements
(see figure 3-16). The bottom of the test probe for I, measurements is shown in figure
3-18. The typical voltage vs. current curve of one of the joints is shown in figure 3-
19.

1.0x10° T T T T T
| 20K,2T

8.0x10°

T
1

6.0x10° - i

1uv cm criterion

sontge |(Voltage taps distance 4 om) kT4 A |

Voltage (V cm™)

2.0x10° | g

0.0 .
\ 1 . 1 \ 1 \ 1 \ 1
0 20 40 60 80 100

Current (A)

Figure 3-19. Voltage vs. current curve of one of the jointat 20 K, 2 T [1].
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Chapter 4
4. Design, Fabrication, Installation, and

Testing of Solid Nitrogen Cooling System

4.1. Introduction

The continuously soaring price of liquid helium (LHe) has increased the
demands for the use of alternative cryogens more than ever for various applications
of superconductors. As mentioned in the Literature Review, specifically for
magnesium diboride (MgB;) superconductor based magnetic resonance imaging
(MRI) magnets to operate around 20 K, inexpensive and lightweight SN is the most
promising choice because SN, has a high heat capacity compared to other solid
cryogens (see Chapter 2). Solid neon (LNe) is ruled out of the choice because it is
about 200 times more expensive than SN, on a volume basis [1, 2].

As already mentioned in the Literature Review, there are three major benefits
to using SN as a cryogen: (i) enhanced thermal stability against premature quenches
due to the higher heat capacity, (ii) simpler system dynamics, and (iii) the possibility
of operation of the magnet in the absence of the cooling source, i.e., cryocooler [3].
Nevertheless, a cooling system using only SN, has a potential thermal contact
problem from repeated thermal disturbances, such as a local heating or an over-
current, called the thermal dry-out phenomenon [4]. The Kyoto group proposed that
a small amount of the liquid cryogen in SN, can solve the problem of dry-out [2, 5-
7]. In fact, recently, Song et al proposed the use of mixed cryogens such as SN,-
liquid nitrogen (LN), SN2- LNe, and solid argon (Ar) — LN, to avoid the dry-out
problem [8]. The operation of a mixed cryogen cooling is performed once SN is
formed in the SN, chamber. A suitable gas is slowly injected into the system, and the
gas changes its phase and is transformed to a liquid so that the solid and liquid
cryogens remain in the cooling chamber in mixed form. For demonstrating a
laboratory-scale MgB, based persistent magnet in SN, the design, fabrication, and
installation of an SN, cooling system was carried out. The cooling system was

designed to have the option of operating in mixed cooling mode.
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Furthermore, Nakamura et al reported that the thermal contact between the
magnet and the cryogen would be poor if the formation of SN, was done by vacuum
pumping [5]. Therefore, the reduction in temperature in the cooling system was
designed to be carried out by conduction cooling using the cryocooler.

The SN, cooling systems designed prior to this thesis work have already been
presented in section 2.3.4.2 of the Literature Review. The previously reported SN,
cooling systems experienced the following issues: (i) probable leaks in dissimilar
material joints, (ii) poor thermal contact between the cryocooler and the SN,
chamber, and (iii) high known or unknown heat loads, which prevented the system
from reaching a sufficiently low-temperature. Therefore, the cooling system for this
thesis project was designed in such a way that all these problems could be
eliminated.

In particular, to avoid dissimilar material joints, the entire cooling system was
designed using stainless steel (SS), except for the radiation shield, to avoid any low-
temperature leaks. In addition, the connection between the cryocooler and the SN,
chamber was designed such that no poor thermal contact problem arises. Finally,
detailed analytical and finite element (FE) analysis (thermal and structural) was
carried out to simulate the system response, which had not been done before.

In this thesis Chapter, therefore, details of the design, fabrication, installation,

and testing of the SN, cooling system are presented.

4.2. Cooling System Description

A three-dimensional (3D) model of the designed cooling system is shown in
figure 4-1. The cooling system consists of the cryostat, radiation shield, SN,
chamber, connecting tubes, and cryocooler. Except for the radiation shield, all parts,
i.e., the cryostat, SN, chamber, and all connecting tubes were made from SS304L,
whereas the radiation shield was constructed from oxygen-free, high-conductive
(OFHC) copper (Cu). The cooling system was conduction cooled with a Sumitomo
model RDK-408E2 Gifford-McMahon two-stage cryocooler having a cooling
capacity of 40 W at 43 K at the 1% stage, and 1 W at 4.2 K at the 2" stage. The 1%
stage and the 2" stage were thermally connected with the radiation shield, and the
SN, chamber through an OFHC Cu bar, respectively. For charging the magnet,
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hybrid current leads using brass and a high-temperature superconductor (HTS) were
designed. The transition part (brass to HTS) was designed to be thermally connected

with the first stage of the cryocooler through the radiation shield.

Instrumentation feed-throughs

LN, In/Out

Current leads Cryocooler

Process Ports

Cryostat

Radiation shield

Connecting tubes -

Groove (each tube has

groove below and OFHC Cu bar
above radiation shield
flange)
Cu flange Cooling chamber

Support system

Figure 4-1. 3D model of the designed cooling system [9].

The tubes coming from room temperature (RT) to the SN, chamber were
required to be brazed at the radiation shield to give support to the radiation shield.
Hence, it was not feasible to use thin wall tubes due to possible deformation while
brazing with the radiation shield. Nevertheless, the conduction heat load from RT to
the radiation shield, and the radiation shield to the SN, chamber through the
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connecting tubes was minimized by designing the 20 mm short groove so that only a
0.5 mm thickness of the tube remained at the optimised location. In fact, a longer
groove would be better, but, as per the requirement of this system, the 20 mm groove
length was kept. The optimization of the groove location was mandatory because the
groove should be at the location where the thermal conductivity and temperature
gradient are minimal with low cross-section area. Hence, even though more power is
available for the conduction, due to the groove's lower capability of driving
conduction, the overall stationary conduction heat load can be reduced.

Previously, Patel et al suggested that thermal anchoring of the instrumentation
wires is mandatory to measure the temperature with higher accuracy and intercept
the heat flow that is reaching critical parts of the system [10]. Hence, in order to
decrease the conduction heat load from RT through the instrumentation wires to the
SN, chamber, all the wires were designed to be thermally anchored at the radiation
shield. Finally, suitable paths were kept for performing the mixed cooling operation.

Figure 4-2 presents a two-dimensional (2D) cross-sectional front view of the
cooling system with key dimensions. The overall height of the cooling system,
radiation shield, and SN, chamber was 1065 mm, 688 mm, and 322 mm,
respectively. The outer diameter (O.D.) of the cryostat, radiation shield, and the SN,
chamber was 508 mm, 396 mm, and 273.10 mm, respectively. The connecting Cu
bar from the 2" stage of the cryocooler to the SN, chamber was 99.5 mm long, and
the distance between the radiation shield and the SN, chamber was 333 mm. The gap

in-between the SN, chamber, radiation shield, and the cryostat was 30 mm.

4.3. Thermal Design

The optimal design of the cooling system greatly depends on the precise
estimation of various heat loads. For estimating the total thermal heat load on the
SN, chamber and the radiation shield, the conduction, radiation, and the residual gas
conduction heat loads were taken into account, whereas the radiation transmission
and the gaseous conduction through the connecting tubes were neglected, because, in
this type of the system, they are approximately 20 and 10 times lower than the
conduction heat load of the connecting tubes, respectively [3]. The conduction heat

load (Q) was estimated using equation (4.1).
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Q = i‘f K dT (4.1)

The radiation heat load (Q,.q4) is estimated by Stephen-Boltzmann law using

Equation (4.2) :

Qrga = €0 (TH4 - TL4) A (4-2)

l‘,

,___
|
L__

u::_____‘___________
I
I

—H

nil

Figure 4-2. 2D cross-sectional front view of the designed cooling system.
The radiation configuration of this system resembles parallel flanges, so the

effective total emissivity was calculated using equation (4.3) [2].



Chapter 4: Design, Fabrication, Installation, and Testing of Solid Nitrogen Cooling System 123

e = (er) - (en) (4.3)
&L + &y — &1L€h

In most cryogenic experiments or apparatus, the radiation heat load is
minimised by wrapping multiple layers of multilayer insulation (MLI) around a cold
body; in our case, it was 10, and hence, in the presence of the MLI layers, equation
(4.2) can be modified to equation (4.4). This equation is only valid when a hot body
is not touching the MLI, because if a hot body is touching the MLI, then the

conduction heat load through the MLI needs to be taken into account.
Q - £ o (Ty*—T,*) A (4.4)
rad N+1 H L :

For estimating the residual gas conduction(Q,.4.), equation (4.5) was used, [2,
11], although the empirical values in watts per meter squared (W m™) of the cold
body area, as given in [2, 11], were used for the residual gas conduction calculations

for the radiation shield and the SN, chamber.
Qrgc = NMrge Prgc “(Ty —T) (4.5)

where 7,.4. is dependent on the high and the low-temperature, but also depends on
the accommodation coefficient [2].

The conduction, radiation, and the residual gas conduction heat loads were
calculated for the radiation shield and the SN, chamber, using some of the critical
estimated temperature inputs from the FE analysis to increase the practicality of the
estimations.

The conduction heat load on the radiation shield comes from the connecting
tubes, anchored instrumentation wires, and anchored current leads, and the joule
heating due to current in the brass section of the current leads. Using FE analysis, the
temperature of all the tubes below the radiation shield was estimated to be less than
48.5 K. Prior to calculating the radiation heat load on the radiation shield, the overall
temperature of the radiation shield was estimated by FE analysis, as shown in figure
4-3. The maximum temperature point on the radiation shield was considered to be
the temperature of the radiation shield for subsequent radiation heat load

calculations. The Cu was regarded as OFHC Cu with residual resistivity ratio (RRR)
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of 50. The maximum temperature on the radiation shield was estimated to be 54.305

K, as shown in figure 4-3.
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Figure 4-3. Temperature distribution in the radiation shield.

The residual gas conduction takes place due to un-evacuated gases remaining
in the system. In order to keep the residual gas conduction as low as possible, the
vacuum in-between the cryostat, radiation shield, and the SN, chamber was designed
to be kept at < 1.33 x 10 mboar.
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Table 4-1. Summary of the various thermal heat loads in the designed cooling system. The
design of the hybrid current leads is presented in section 4.5.

Thermal heat loads Radiation shield (W) SN, chamber (W)
Conduction through tubes 6.971 0.015

Conduction through instrumentation wires 1.219 0.124

Conduction through current leads 7.450 0.232

Joule heating through current leads 14.897 0.026

Radiation 2.627 0.006

Residual gas conduction (while operation above

20.28 K) 0.341 0.079

Total (W) 33.505 0.482

Like the radiation shield, the conduction heat load on the SN, chamber comes
from the connecting tubes, instrumentation wires, HTS part of the current leads, and
the joule heating due to the inherent resistance of the HTS tape. The linear distance
between the Cu radiation shield and the SN, chamber could be set to a maximum of
333 mm to minimize the conduction heat load.

All calculated heat loads on the radiation shield and the SN, chamber are
listed in table 4-1 (see section 4.5 for current leads design). The total estimated heat
load on the radiation shield and SN, chamber were 33.505 W and 0.482 W,
respectively. These values were well below the available cooling power of 40 W at
43 K at the 1% stage and 1 W at 4.2 K at the 2" stage of the cryocooler. As can be
seen in table 4-1, an additional ~16% (~6.5 W), and ~52% (~0.52 W) of the cooling

power remained at the 1% and 2" stage of the cryocooler, respectively.

4.4. Structural Design

The 2007 ASME Boiler and Pressure Vessel Code VIII, Division 2 [12], and
the 2007 ASME Boiler and Pressure Vessel Code Il, Part D Properties of Materials
[13] were utilized for estimating all wall thicknesses, all cylinders, and the head
flanges, apart from the radiation shield.

As mentioned above, the SN, chamber and the cryostat were designed to be
fabricated using SS304L (henceforth called SS), whereas the radiation shield was
constructed from OFHC Cu. Cu with higher thermal conductivity was impractical for
fabricating the SN, chamber to avoid any joining of dissimilar materials. Therefore,
it was mandatory to use the SS, even though there was the drawback of its lower
thermal conductivity. Moreover, there could be a temperature gradient in the system
if the system was not designed rationally. Hence, the system was designed such that
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the required uniformity of temperature was maintained, and this was confirmed by
the FE analysis. The SN, chamber and the cryostat were designed for an internal 0.3
MPa pressure (gauge) because under the operation conditions, the pressure inside the
SN, chamber was envisaged to run up to a maximum of 0.15 MPa during LN,
transfer and gas boil off, and there would vacuum inside the cryostat. The cryostat
was designed with the internal pressure of 0.3 MPa by envisaging the results of any

accidental leak in the system.

4.4.1. Solid Nitrogen Chamber
As per the ASTM A312M, and the ASME B36.19M-2004 codes, a pipe with

an inner diameter (1.D.) of 266.3 mm was found to match the dimension requirement,
and the thickness was estimated by the ASME codes. According to ASME 2007
Section VIII, Division 2, the minimum required thickness t of a cylindrical cylinder

subject to an internal pressure was estimated by equation (4.6).

t = % (exp [&] - 1) (4.6)

The required cylinder thickness with a safety factor 5 was calculated to be 1.7
mm, but for obtaining the required temperature uniformity across the SN, chamber,
the nearest available standard wall thickness pipe with schedule 10S was chosen,
which had a wall thickness of 3.4 mm.

The thicknesses of all the flanges were also determined by the ASME 2007
Section VIII, Division Il code, section 4.6.2.2 [12], as per the welded blank flange
criteria. The top flange of the SN, chamber was designed to be bolted on the collar of
the SN, chamber. In order to use the welded blank flange criteria, about thirty
structural bolts of M8 were designed to be used to avoid any displacement. Equation
(4.7) was used for estimating the required thickness t of the bottom and the top

flanges of the SN, chamber.

CcpP

t=d-
ShoE

(4.7)

The calculated flange thickness was 7.84 mm, so the flange thickness of 8

mm was chosen. Similarly, the upper flanges and the collar thickness were kept
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>7.84 mm, although for making the indium seal mechanism for sealing the SN,
chamber, the top collar, and the top flange were designed to be 10 mm thick. The
effective thickness of the top flange was kept at 8 mm, however, including the 3 mm
thick Cu flange on the top of the top flange, which was designed to be bolted on the
top flange (see figure 4-1). Apiezon N® grease was used to improve the thermal
contact between the Cu and the SS flanges [14]. The Cu flange has the unique
purpose of maintaining the temperature uniformity in the entire SN, chamber (details

presented later in section 4.6).

4.4.2. Radiation Shield

The dimensions of the radiation shield were based on the dimensions of the
SN, chamber, the Cu bar between the 2" stage of the cryocooler and the SN,
chamber, and the 30 mm gap in-between SN, chamber, radiation shield, and the
cryostat, respectively. The wall thickness was not designed as per the ASME codes,
however, because the entire radiation shield would remain in the vacuum during
operation. Nevertheless, for the thermal and the structural integrity, a 2 mm thickness
was estimated to be optimal from the FE analysis (details presented in section 4.6).
On the other hand, 3 mm thick flanges were designed to be used for the bottom and

the top flanges of the radiation shield.

4.4.3. Cryostat

The cryostat was the outermost chamber where the SN, chamber and the
radiation shield were designed to be housed and supported using the connecting
tubes from the top flange of the cryostat (see figure 4-1). All the structural loads of
the system were ultimately transferred to the top flange of the cryostat, which
distributes the load over the entire structure of the cryostat; hence, the structural
integrity of the cryostat was the apex requirement. Under the normal operation
conditions, the cryostat was designed to be in a vacuum; hence, for estimating the
wall thickness of the cryostat components, the pressure vessel under an external
pressure section of the ASME codes, with a design by rule requirement, was used
[12, 13].

The available standard I.D. as per ASTM A312M and ASME B36.19M-2004

was chosen to be near the required 1.D. of 498.44 mm for estimating the wall
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thickness of the cylinder. As per this section, for checking the allowable external
pressure, an arbitrary wall thickness of a cylinder needed to be assumed first. The
standard thickness of 4.78 mm was chosen, and the remaining calculations were done
to check its suitability for the external pressure requirement. The O.D. of the cylinder

was thus 508 mm, whereas the required height was 854 mm.
As per the ASME code, if %S 2000 (in our case, 106.27), the 2007 ASME
VIII, Division 2, section 4.4 code was the one to be used for the estimation.

Equations (4.8) to (4.14) were to be used for determining the allowable external

pressure. Only those equations are shown that are applicable to this design [12].

_16-Cp Byt (4.8)
he — DO
D 0.94 4.9
Cp = 1.12- M, "% for 13 < M, < 2(7") (49)
L 4.10
M, = < ) (4.10)
JRot
F
Fi. = Fp, for —< < 0.552 (4.11)
y
FS = 2.0 for Fy <0.55S, (4.12)
t (4.13)
P, = 2F (—)
a ha Do
Fy 4.14
Foa = (55) o

D 0.94 F
The calculated values of M,., 2 (TO> Chy Fre % F;., and FS were 24.50,
y

160.65, 0.0379, 0.546, 113.7, and 2, respectively. Thus, the allowable external
pressure P, calculated from equation (4.13) was 1.07 MPa. Based on this thickness,
0.449 MPa of internal pressure was calculated to be safe, with a safety factor of 5
(using equation (4.6)). The required thickness of the end flanges of the cryostat was
estimated to be 14.62 mm (similar to the end thickness calculation of the SN,
chamber); however, 15 mm thick flanges were chosen.

The wall thicknesses of all the process tubes were estimated from equation

(4.6) using welding factor 1. Therefore, for 0.3 MPa (gauge) maximum internal
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pressures with a safety factor of 5, the required wall thicknesses of the tubes were
0.042 mm, 0.245 mm, and 0.098 mm, respectively for the LN, supply/return, current
leads, and the instrumentation feed-through tube. The effective tubes thickness was

designed to be 0.5 mm, however.

4.5. Thermoelectric Design and Analysis of Hybrid Current Leads

To limit the conduction heat load to a minimum via the current leads,
conventional Cu current leads were not desirable. Therefore, to keep the conductive
heat load and joule heating to the SN, chamber at a minimum, DI-BSCCO
(Sumitomo) and brass based hybrid current leads with a current capacity of 150 A
were designed [15]. Due to their low thermal conductivity compare to Cu, the normal
section of the hybrid current leads was designed using brass [2]. As per [2, 16], to
minimise conductive heat load along with joule heating due to current, the ratio /A
of the conductor was chosen such that equation (4.15) was satisfied, so that both heat

loads would be at a minimum.

()= [

To absorb conductive and joule heat, the joint locations between the HTS and
the normal parts of the current leads were designed to be thermally connected with
the 1% stage of the cryocooler using copper braid with suitable insulation. Using
equation (4.15), for [ of 305 mm and I of 150 A, the optimal diameter of the brass
current lead was 8.163 mm. This diameter of the brass section led to 7.450 W and
14.897 W conductive and joule heat load, respectively, on the radiation shield.

The HTS part of the individual hybrid current lead was designed using a
high-temperature (HT) type of DI-BSCCO tape (in each current lead) manufactured
by Sumitomo and a G-10 housing [15]. The typical HT type of DI-BSCCO tape had
critical current, I, from 170 A - 200 A in self-field at 77 K. Hence, it was accepted
that it would comfortably take a 150 A current when was to be operated below 48.85
K. The 3D model of the hybrid current lead is shown in figure 4-4. The conductive

and joule heat load to the SN, chamber from the pair of current leads was estimated
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to be 0.259 W and 0.026 W, respectively, for [ of 395 mm from 48.85 K to 4.5 K at
the SN, chamber.

Brass section

Transition
(Brass to HTS)

<—— HTS section with
G-10 housing

Figure 4-4. 3D Model of hybrid current leads.

An FE analysis of the simplified model of the designed hybrid current leads
was also carried out, in which, out of the two leads, one lead was modelled.
Temperatures of 293.15 K, 48.85 K, and 4.5 K were set at the top, transition region,
and bottom of the current lead, respectively. In addition, a 150 A current was set in
the current lead. Under experimental conditions, the temperature at the anchoring
area could be somewhat different due to conduction and joule heating. Figure 4-5(a)
shows the temperature distribution in the current lead, whereas figure 4-5 (b) shows

the temperature distribution above and below 48.85 K.
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Figure 4-5. (a) Temperature distribution in the current lead, and (b) temperature distribution
in the current lead above and below 48.85 K.

4.6. Finite Element (FE) Analysis

The stationary FE analysis of the entire cooling system was conducted to
confirm the thermal and structural integrity in three parts (due to limitations in the
computation power): (i) the SN, chamber with connecting tubes up to the radiation
shield and Cu bar, (ii) the radiation shield with tubes up to the top flange of the
cryostat, and (iii) the cryostat with connecting tubes up to the SN, chamber. In each
analysis, the temperature distribution, von Mises stress, and total displacement due to
the loading conditions were determined, except for the temperature distribution in the

cryostat, because it was designed to remain in RT.
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Figure 4-6. Temperature distribution in the SN, chamber.

The FE model shown in figure 4-6 was used for the analysis of the SN
chamber. Note that the 3 mm thick Cu flange was placed on the top of the SN,
chamber together with SN, in the SN, chamber. The left side image in figure 4-6
shows the temperature distribution on the SN, chamber, while the right side image
shows the temperature below and above 4.5 K. It can be clearly seen that a 4.5 K
uniform temperature was achieved in the SN, chamber.

The von Mises stress and the exaggerated total displacement of the SN,
chamber are shown in figure 4-7 (a), and (b), respectively. The maximum von Mises
stress and total displacement under appropriate loading conditions were estimated to
be 9.1681 MPa and 0.0037 mm, respectively. The allowable stress in SS304 is 138
MPa, so 9.1681 MPa was acceptable, and 0.00374 mm displacement was also
acceptable displacement [12, 13]. Based on this simulation, it was anticipated that

flexibility in the connecting Cu bar was not required.
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Figure 4-7. (a) von Mises stress, and (b) displacement in the SN, chamber.

Furthermore, the effect of SN, on the temperature distribution of the SN,
chamber was also simulated. If the SN, chamber was not filled with SN, the hot spot

was remained at the bottom, as shown in figure 4-8(a).
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Figure 4-8. (a) Temperature distribution without SN,, (b) temperature distribution without
Cu flange and with SN, >4.5 K, and (c) temperature distribution without Cu flange and with
SN, >5.73 K in the SN, chamber.

In particular, as specifically mentioned previously, the Cu flange on the top of
the SN, chamber was mandatory for achieving a uniform 4.5 K temperature of the
SN, chamber, which was confirmed by the FE simulation. As can be seen in figure 4-
8(b), when the Cu flange was not placed on the top of the SN, chamber (even though
SN, was present in the SN, chamber), a uniform 4.5 K temperature of the SN,
chamber could not be achieved. Interestingly, as can be seen in figure 4-8(c), there
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was a direct temperature gradient on the SN, chamber. As can be seen in the figure
4-8(c), the cooling power of the cryocooler was not able to absorb the conduction
heat load from the far end side of the SN, chamber due to the lower thermal
conductivity of the SS. Therefore, the 3 mm Cu flange on the top of the top flange of
the SN, chamber was found to be very effective for eliminating such a temperature
gradient across the SN, chamber (see figure 4-6). Therefore, following the placement
of the Cu flange, as can be seen in figure 4-6, a uniform 4.5 K temperature could be
achieved. These simulation results suggested that, especially if the SN, chamber was
to be made of SS and cooled by conduction cooling, FE analysis had better be done
to find the temperature distribution, even though the overall heat load on the SN,

chamber was less than available cooling power.
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Figure 4-9. (a) Temperature distribution, (b) von Mises stress and (c) total displacement in

the radiation shield.

For FE analysis of the radiation shield with the process tubes up to the top
flange of the cryostat, the FE model shown in the figure 4-9 was used. Figure 4-9(a),
(b), and (c) show the temperature distribution, von Mises stress, and total
displacement in the radiation shield, respectively, under loading conditions. The
maximum von Mises stress and total displacement were 16.312 MP and 0.2834 mm,
respectively. The yield strength of Cu (1/4 hard) at 77 K is 275 MPa [2], and hence,
16.312 MPa was well below the yield strength of Cu; similarly, 0.2834 mm

displacement was also acceptable as per operation requirements.
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Figure 4-10. (a) von Mises Stress and (b) total displacement in the cryostat.

The cryostat was designed to be connected to the SN, chamber and radiation
shield through connecting tubes from the top flange. Hence, integrity evaluation of
the cryostat along with the connecting tubes was mandatory. The best possible model
close to the operation conditions was developed. The cryostat was modelled with the
connecting tubes and the top flange of the SN, chamber. To avoid a large model size
of the cryocooler, SS pipe 4 mm in thickness and the exact O.D. of the cryocooler
was modelled. The 4 mm thick pipe was assumed to be reasonable because the total
weight of the cryocooler was about 35 kg, and it was rigid enough to give support to
the respective components with which it was designed to be tightened, irrespective of
its allowable stress from the optimum performance point of view.

The possibility of failure of the grooves (see figure 4-1 and section 4.2) in each
connecting tube was evaluated in this analysis. The pressure of 0.1 MPa (gauge) was
set on the entire outer surface of the cryostat, whereas the actual loading conditions
were also applied on the remaining structures. Figure 4-10(a) and (b) shows the von
Mises stress and total displacement in the cryostat, respectively. The maximum von
Mises stress was 91.679 MPa, which was below the allowable stress value of 138
MPa for SS, and similarly, 0.199 mm displacement was also acceptable [12, 13]. A
summary of the structural design parameters and FE analysis results is presented in
table 4-2.
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Table 4-2. Summary of structural design parameters and FE analysis. All the pressure values

are in gauge.
Structural design parameters SN, chamber Radiation shield Cryostat
Design Pressure (MPa) 0.3 (internal) - 0.3 (internal)
Allowable Pressure (MPa) 0.3 (internal) - 0.449 (internal), 1.07 (external)
Calculated cylinder thickness (mm) 1.7 - -
Cylinder thickness (mm) 34 2 4.78
Calculated end flange thickness (mm) 7.84 - 14.62
End flange thickness (mm) 8 3 15
FE analysed von Misses stress (MPa)  9.1681 16.312 91.679
FE analysed total displacement (mm)  0.00374 0.2834 0.1993

Based on the design and analysis of the SN, cooling system, an order was
placed for its commercial fabrication. Based on the bidding process, the fabrication
order was placed with Aditya High Vacuum Pty. Ltd., Ahmedabad, Gujarat, India
[17]. The following section of this chapter presents the fabrication details of the

cooling system.

Figure 4-11. As received cooling system from the manufacturer.
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4.7. Installation of the Cooling System

Figure 4-11 shows the cooling system as received from the manufacturer. The
manufacturer was able to meet all the technical requirements given to them when
placing the order.

Figure 4-12 shows the cooling system without the cryostat, radiation shield, or
cryocooler. Soon after receiving the cooling system, the first step of the installation

was to install the cryocooler.

Figure 4-12. Cooling system without the cryostat, radiation shield, or cryocooler.
Figure 4-13 shows the cooling system after installation of the cryocooler. To
improve the thermal contact between the connecting parts to both stages of the

cryocooler, Apiezon N® grease was used in the interfaces [14].
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Figure 4-13. Cooling system after installation of the cryocooler.

Figure 4-14 shows an open cooling system with the radiation shield around
the SN, chamber.

Figure 4-14. The open cooling system with the radiation shield around the SN, chamber.
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4.7.1. Fabrication and Testing of the Hybrid Current Leads

Following the installation of the cryocooler, the next step of the installation
process was to fabricate and test the hybrid current leads. Figure 4-15 shows the
fabricated hybrid current leads. Instead of one HT type of DI-BISCCO tape, two
samarium bismuth copper oxide (SmBCO) tapes were used for the fabrication of the
HTS section. Instead of designed DI-BISCCO, SmBCO was chosen due to its
availability and high performance. In addition, instead of designed one HTS tape,
two SmBCO tapes were used to operate current leads up to 200 A current instead of
designed 150 A. As a result of these changes, the estimated thermal heat load on the
radiation shield and SN, chamber was changed somewhat, however, within the
available cooling power.

A single SmBCO tape was able to carry 200 A current at 77 K. Thus, the
current leads were tested in an LN, bath with 200 A safely. The testing sequence for
the fabrication of the current leads with 200 A current was as follows: testing of (i) a
short sample of SmBCO tape, (ii) an individual HTS module with G-10 support, (iii)
an individual current lead with a brass section, and (iv) two current leads together
with an HTS link. Following successful testing of the current leads, the transition
regions (brass to HTS) were wrapped using Cu wires, as shown in figure 4-16 and
were soldered to make good electrical contact.

Figure 4-15. Fabricated hybrid current leads.
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Figure 4-16. Current leads with transition parts wrapped with Cu wires.

To make good thermal contact with the transition region of the current leads
to the 1% stage of the cryocooler via the current lead insertion tube (see figure 4-1),
Kapton tape was first wrapped on the individual transition region of the current lead.
A Cu tube was installed between two insulated current leads (to allow gas to be
passed during LN, transfer), and a Cu braid was wrapped around both current leads
in a circular shape. Cu foil was wrapped around the Cu braid (Apiezon N® grease
was used to improve thermal contact with the current lead tube during installation,
see figure 4-17). The current leads were fitted with two pairs of voltage taps (one
pair for each current lead) to monitor the voltage drop while charging. The currents
leads were tested with 200 A current before final installation, again. The fabricated
and tested current leads are shown in figure 4-17. In addition, the resistance
(insulation) between the two currents leads, as well as the current leads to the SS
flange (can be seen in the figure 4-17, with the negative terminal of the Megger
connected to it) was found to be >1 GQ at 1 kV.
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Figure 4-18. HTS links installed in the SN, chamber.
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4.7.1.1. HTS Links from Current Leads to Coil Terminals

The HTS links were fabricated to connect the current leads to the coil
terminals for current charging. The sole purpose of these links was to reduce joule
heating while current charging. Figure 4-18 shows the HTS links installed in the SN,
chamber between the current leads to the coil terminations. Two SmBCO tapes were
used to fabricate the links with copper blocks at the ends for the connection. These

links were also tested at 200 A in an LN, bath at 77 K prior to installation.

4.7.2. Copper Flange Installation

Following the installation of the current leads, the next step in the installation
process was to install the Cu flange on the SN, chamber (see figure 4-1). As already
discussed in section 4.6, the Cu flange was going to play very important role in
providing temperature uniformity across the SN, chamber, and therefore, the thermal
contact between the top flange of the SN, chamber and the Cu flange was vital. To
improve thermal contact, as shown in figure 4-19, Apiezon N® grease was smeared
in a sufficient amount, and then the Cu flange was finally placed on the SN,

chamber.

Figure 4-19. Cu flange prior to final installation on the top of the SN, chamber.
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Figure 4-20. (a) Heater installed on the Cu connector (with Kapton tape used for the

insulation), (b) Cu foil wrapped around the heater, and (c) Kapton tape wrapped around the
Cu foil.

4.7.3. Heater for Temperature Control

The temperature in the SN, chamber was designed to be controlled using a
heater on the 2™ stage of the cryocooler. For this purpose, the heater was installed on
the Cu bar (installation steps are shown in figure 4-20). Lakeshore 32 American Wire
Gauge (AWG) Nichrome wire with 50 Q resistances was used for the heater. The

heater power was controlled using a Cryocon 32B [18].

4.7.4. Voltage Measurement

The SN, chamber was equipped with four pairs of voltage taps to measure the
voltage drop in the coil to be tested. The voltages were measured using Keithley
Nanovoltmeter model 2182A [19]. The voltage taps coming from RT to the SN,
were thermally anchored at the 1% stage of the cryocooler through process tubes (see
figure 4-1). For thermal anchoring, the wires were non-inductively anchored on the
Cu tube, and then Cu foil was wrapped around the wire in a circular shape. Prior to
final installation, Apiezon N® grease was smeared around the Cu foil to improve

thermal contact with the process tube, as shown in figure 4-21.
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Figure 4-21. Thermal anchoring of the instrumentation wires.

4.7.5. Temperature Sensors

For temperature measurement, a total of seven carbon ceramic sensors (CCS,
Temati, UK) were used [20]. Of the seven sensors, four sensors were installed inside
SN, chamber, whereas three sensors were installed outside the SN, chamber. Similar
to the voltage tap wires, the temperature sensor wires were also thermally anchored
on to the 1% stage of the cryocooler via process tubes or directly on the radiation
shield.

Inside the SN, chamber, one sensor was installed on the top flange to monitor
the LN, level, whereas other sensors could be freely installed as per requirements.
On the outside of the SN, chamber, one sensor was installed on the Cu bar to
measure the temperature of the cryocooler 2™ stage (see figure 4-22), and one sensor
was installed on the bottom of the radiation shield (diagonal to the cryocooler
location) to measure the temperature of the radiation shield. The temperatures were
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monitored using a Lakeshore 218 temperature monitor, a Lakeshore 325 temperature
controller, and a Cryocon 32 B [18, 21].

Figure 4-22. Temperature sensor on the Cu bar.

4.7.6. Hall Sensors

The SN, chamber was equipped with the three Hall sensor wire pairs. During
experiments, however, only one uniaxial Hall sensor was used to measure the central
field of the coil. Figure 4-23 shows the Hall sensor installed in the centre of the
solenoid during the first experiment. A Lakeshore Gaussmeter model 425 was used

to acquire the magnetic field [21].
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Figure 4-23. Hall sensor installed in the centre of the solenoid.

4.7.7. Indium Sealing

To seal the LN, chamber for leak tightness at low-temperature, indium wire 2
mm in diameter was used. Figure 4-24 shows the indium wire on the SN, chamber

top flange. Later, this sealing was successfully tested for leak tightness.

Figure 4-24. Indium wire (2 mm diameter) for sealing.
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Figure 4-25. SN, chamber wrapped with MLI.

4.7.8. Multilayer Insulation

As mentioned in sections 4.2 and 4.3, MLI with 10 layers was used for
reducing the radiation heat load on the radiation shield as well as the SN, chamber.
The MLI was prepared in such a way that it could be reused. Figure 4-25 shows the
SN, chamber wrapped with MLI. MLI was not wrapped on the process tubes or
cryocooler other than on the Cu bar, as shown in the figure. Figure 4-26 shows the
radiation shield wrapped with MLI. Again, MLI was not wrapped on the process

tubes.

4.7.9. Power Supply
For charging the coils in the SN, chamber, a Cryomagnetics — 4G (200 A)

power supply was used [22]. The power supply was remotely controlled using the
LabVIEW program.
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Figure 4-27. Cooling system with a turbomolecular pump station.
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4.7.10. Vacuum System

The vacuum in the cooling system was created using a small turbomolecular
pumping station, as shown in figure 4-27. The pumping capacity of the turbopump
was 55 litre s*.A Penning gauge and a Pirani gauge were installed on the pumping
port of the turbo and rotary pump, respectively. Vacuum < 2 x 10°® torr was achieved

after overnight pumping.

4.7.11. Data Acquisition and Control

For data acquisition, an NI PXI — 1045 (see figure 4-28) was used with the
LabVIEW data acquisition platform. This PXI has a CPU NI PXI-8110 inbuilt. All
the instruments were connected to the PXI with either GPIB or RS-232 interfaces.
The graphical user interface (GUI) of the LabVIEW data acquisition program is
shown in figure 4-29.

‘7 NATIONAL
¥ INSTRUMENTS

NI PXI-1045

Figure 4-29. GUI of the LabVIEW program for data acquisition.
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4.8. Cooling System Testing
4.8.1. MgB, Solenoid Coil

To test the SN, cooling system, an MgB, solenoid coil was fabricated using
the ‘wind and react” method. A photograph of the fabricated solenoid coil is shown
in figure 4-30(a). This coil was installed in the SN, chamber, as shown in figure 4-
30(b). The specifications of the solenoid coil are listed in table 4-3. The coil was
heat-treated in high purity Ar inert atmosphere at 675 °C for 60 min. Inductance was
measured using an LCR meter at 1 kHz frequency, as well as was calculated from the
induced inductive voltage while charging the coil. The field constant of the solenoid
was calculated using the standard solenoid magnetic field formula [23]. The critical
current of the coil was measured using the 1 pV cm™ criterion. The distance between

voltage taps was 11 m.

Coil former

‘MgB, winding pack

Solenoid coil

Figure 4-30. (a) Photograph of the MgB, solenoid coil, (b) SN, cooling system (SN,

chamber, radiation shield, and cryostat removed).
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Table 4-3. The specifications of the MgB; solenoid coil.

Parameters Specifications
Coil type Solenoid
Winding method Wind and react
Strand (HTR 1535-46) MgB,/Nb/Monel
Filament count 30

Insulation S-glass

Wire diameter with insulation (mm) 1

Wire diameter without insulation (mm) 0.84

SC fill factor of the wire (%) 17.6

Coil 1.D. (mm) 115.28

Coil O.D. (mm) 119.28

Coil height (mm) 15.7

Turns per layer 15

Total layers 2

Coil filling factor (%) 75
Impregnation No

L (UH)

Field constantat z = 0 (G A™)

135 (measured at 1 kHz)

200 (observed in inductive voltages)

3.18 (Calculated)
3.20 (Measured)
+ 0.6 % (field error)

4.8.2. Temperature Measurements

As shown in figure 4-31, six cryogenic CCS temperature sensors (out of

seven, one was malfunctioning) were installed using Apiezon® N grease and

Kapton® tape to make them thermally well-coupled with the measurement location to
monitor the temperature [14, 20, 24, 25]. A 50 Q Nichrome (100 AWG) heater was

installed on the Cu bar near the 2" stage of the cryocooler to control the temperature
[21]. The heater was controlled using a Cryocon 32B [18]. A Hall sensor with 0.1 G

sensitivity was installed at the centre of the coil to measure the magnetic field

generated by the coil. The HTS links were used to connect the coil with the current

leads.
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Figure 4-31. A cross-sectional view of the SN, cooling system, including a schematic

representation of the temperature sensors/heater/Hall sensor with the corresponding

photographs.

In order to cool down the SN, chamber, the required vacuum was created
surrounding the SN, chamber and radiation shield. LN, was transferred into the SN,
chamber until a uniform temperature of 77 K was reached in the SN, chamber, and
then the cryocooler was switched ON. LN, was poured into the SN, chamber several
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times until it was completely filled with LN,. Vacuum pumping was not used for
forming SN, [5].
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Figure 4-32. (a) Cool down and (b) warm up curves of the SN, cooling system. Temperature

sensor locations: TC1 (at the top of the SN, chamber (inside)), TC2 (on the positive current

lead current connector), TC3 (centre of the coil winding pack), TC4 (top of the coil former

near the positive current lead), TC5 (bottom of the radiation shield), and TC6 (bottom of the

Cu bar attached to the 2™ stage of the cryocooler). The inset in (b) shows the level of the
SN,.
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4.8.3. Cool Down and Warm Up

Figure 4-32 shows the cool down and warm up curves of the SN, cooling
system. As can be seen in figure 4-32(a), in about 6 days, 17 L of SN, was cooled
down to 8 K. It was observed that the SN, level was as high as the top flange of the
radiation shield inside the SN, chamber (inset of figure 4-32(b)). Thus, the SN, itself
was delivering an additional conductive heat load from the radiation shield to the
SN, chamber. This prevented the SN, chamber from reaching an even lower
temperature. As can be seen in figure 4-32(a), liquid to solid and solid to solid phase
transitions was observed at 63 K (~0.7 day) and 35.6 K (~0.5 day), respectively [26].
The overall cool down was smooth. The temperature of the radiation shield was
constant around 36 K. The decreasing trend in the temperatures inside the SN
chamber around the coil (TC2, TC3, TC4) was uniform. There was no noticeable
temperature gradient across the coil. Eventually, at the end of the 6 days, the
temperature in the entire SN, chamber was ~8 K. These results show that the Cu
plate on the top of the SN, chamber worked quite well, and it improved the
temperature uniformity of the entire SN, chamber significantly.

Figure 4-32(b) shows the warm up trend of the SN, cooling system. As can
be seen in the figure, as soon as the cryocooler was switched off, the temperature of
the radiation shield started to increase rapidly. In contrast, the temperature of the SN,
chamber was increasing very slowly, even though cryocooler was connected to the
SN, chamber in the off condition. Like the cool down trend, the warm up trend of the
SN around the coil was quite uniform, without any noticeable temperature gradient.
This indicates that even when the cooling source was off, the temperature of the coil
increased very slowly. With 17 L of SN, it took almost 1 day to increase the
temperature from 8 K to 25 K, even though the cryocooler was delivering a
significant conduction heat load. The warming time could be greatly improved with
thermal disconnection of the cryocooler from the SN, chamber. Therefore, longer
maintenance time or less re-cooling time will be possible in the event of a problem or

power failure in the commercial MRI systems.
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Figure 4-33. LN, cooling of the current leads.

4.8.4. Current Charging

To measure the field constant of the MgB; solenoid coil, firstly, the coil was
energized up to 40 A current at 20.5 K. It was observed, however, that the HTS
sections of the current leads were developing a voltage drop when the current was
increased to more than 10 A. The voltage drop was indicating that the thermal
contact of the transition region with the 1% stage of the cryocooler (at that time, the
1% stage was ~36 K) via the connecting tube was not good enough for the high
conductive heat load via the brass section, even though SN, level was up to the
transition region (see inset of figure 4-32(b)). Thus, it was decided to slowly
introduce LN, from one of the ports on the current lead tube, as shown in figure 4-33.
Following the cooling of the current lead top sections using LN, no voltage drop

was observed while current charging across the HTS section.
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Figure 4-34. (a) Voltage vs. current at 20.5 K (inset: photograph of damage to HTS links),

and (b) temperature, current and time characteristics of the MgB, solenoid coil.

Again, to measure the field constant of the MgB, solenoid coil, the coil was

energized up to 40 A current at 20.5 K. The measured field constant of the solenoid

coil was 3.20 G A compare to the calculated field constant of 3.18 G A™[23]. This

result shows only +0.6 % field error and indicates that the fabricated coil was wound

in a fairly uniform way. Figure 4-34(a) shows the current vs. voltage characteristics

of the coil at 20.5 K. As can be seen in the figure, the coil was prematurely quenched

at 46.9 A. As soon as coil was quenched, temperature spikes were observed (figure



Chapter 4: Design, Fabrication, Installation, and Testing of Solid Nitrogen Cooling System 157

4-34(b)). Nevertheless, the maximum temperature increase on the coil winding pack
was limited to only 0.6 K. This indicates that the coil under SN, was thermally
stable. To examine the reason for the premature quench of the coil, the SN, chamber
was warmed to RT. It was observed that both HTS links were severely damaged at
two locations in each current lead as shown in the inset of figure 4-34(a). These
current leads could have played a role in the premature quenching of the coil. In later
experiments, the HTS links were replaced by flexible Cu leads.

The performance of hybrid current leads was later evaluated in subsequent
experiments. The hybrid current leads were capable of carrying 200 A current,

although LN, cooling was required for the brass section.

4.9. Summary

The conduction cooled SN, cooling system with the option of operation in
mixed cooling mode was designed, fabricated, installed, and tested. The design of the
cooling system was conducted using the optimal combination of analytical,
empirical, and FE analysis. The unique approach for achieving a uniform
temperature in the low thermal conductivity SS chamber using a Cu flange was
proposed, simulated, and experimentally verified. The cooling system was designed
such that the total estimated thermal heat load on the radiation shield and SN,
chamber was about 33.505 W and 0.482 W, respectively. These heat loads were
~16% and ~52% less than the available cooling power at the 1% and 2™ stages of the
cryocooler, respectively. During the actual cool down, however, it was observed that
SN level was as high as the radiation shield top flange. Thus, the SN, was delivering
an additional conductive heat load onto the SN, chamber, which prevented the SN,
chamber from reaching the temperature of the 2" stage of the cryocooler, so that it
remained at 8 K.

In addition, the detailed installation procedure of the cooling system was
presented. The HTS modules of the current leads were fabricated using two SmBCO
tapes instead of the designed single DI-BISCCO tape. Furthermore, the current leads
were tested and used at 200 A current despite being designed for 150 A current. No
leaks in the system were observed, which means that the indium seal mechanism

worked very well. The system cool down was smooth. The thermal contact between
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the 1% stage and the 2" stage with the radiation shield and LN, chamber,
respectively, appeared to be excellent. Poor thermal contact between the transition
region of the current leads and the 1% stage of the cryocooler was observed, however.
Thus, LN, cooling was necessary for the brass section of the current lead. A
premature quench in the MgB, solenoid coil was observed. After the system warms
up, it was observed that the HTS links had been damaged during cool down. This
might have played a role in the premature quench. Thus, in subsequent experiments,
Cu links were used instead of HTS. In all, the system operation was well within the

operation requirements for subsequent experiments.
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4.11. Note: Chapter Publication and Text Usage Detail

The design portion of this Chapter with the coil testing portion of Chapter 8 is
under preparation for the submission to the Scientific Reports as below paper. Some
of the written text in this Chapter has been taken from my paper (under preparation),

as shown below.
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Chapter 5
5. MgB, Superconducting Joints for

Persistent Current Operation

5.1. Introduction

Magnetic resonance imaging (MRI) is the key technology for diagnosing
critical injuries and diseases. In commercially available MRI systems,
superconducting magnets based on niobium titanium (NbTi), are used for producing
the high and precise magnetic fields required under persistent-mode for better image
quality. It is well known that superconducting MRI magnets are currently operated in
expensive liquid helium (LHe) bath at 4.2 K. The soaring LHe prices and possible
shortages have increased the demand for LHe-free MRI magnets more than ever [1].
Magnesium diboride (MgB,), which was found to be superconducting in 2001 [2], is
considered as a promising candidate for LHe-free operation in MRI due to its
relatively low material and fabrication costs compared to high-temperature
superconductors. In addition, its transition temperature of 39 K allows it to operate at
higher temperatures up to 25 K [3-6]. Owing to these benefits [7, 8], there have been
many recent reports on MgB,-conductor-based MRI magnets [9-14]. In fact,
PARAmed has already commercialized LHe-free MRI systems, called as “open sky
MRI”. These MRIs are not operated in persistent-mode, however. Therefore, a
precise power supply is needed, which leads to high-cost operation. In general, MRI
magnets are operated in the persistent-mode to retain magnetic field stability
throughout the spherical imaging volume, to keep the long-term drift rate of the
magnetic field under 0.1 ppm h™, and to maintain overall stable operation [15]. The
development of a highly reliable and consistent superconducting joint technique for
MgB, conductors is considered to be the most critical challenge for its wide
application in the MRI market.

Several superconducting joint techniques between MgB, conductors have been
reported [13, 16-23]. The first joint between MgB, and NbTi for an MgB, caoil
operated at 4.2 K under persistent-mode was reported by Hitachi in 2005 [16].
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However, a first successful MgB,-MgB, joint was reported in 2006 by ASG
Superconductors, which was confirmed by field-decay measurement of an MgB,
closed-loop coil [17, 18]. Later, Nardelli and co-workers further developed and
reported the lowest joint resistance as low as 10™ Q at 20 K for an ex situ
multifilament MgB, tape [24]. Most recently in 2013, Ling et al reported their
concept for joining unreacted monofilament MgB, wires, resulting in consistent
critical current capacities [12], although their closed-loop coil fabricated via the
“wind and react” method achieved joint resistance of only 1.3 x 10™° Q at 15 K in
self-field, which needs to improve by at least an order of magnitude for practical
MRI application. It is thus necessary to further improve the state-of-the-art
superconducting joint, to give it low joint resistance in the order of 10%* Q for
persistent-mode MgB;, magnet operation.

In this study, therefore, of a joint technique for unreacted monofilament MgB;
conductor, test results at different temperatures and magnetic fields that include a
comparison of the critical current (I;) of the joint with the wire, the closed-loop coil,

and the microstructural analysis of the joints are presented in detail.

5.2. Experimental Details

Monofilament MgB, wire was fabricated by a powder-in-tube (PIT) technique,
using an in situ process. The detailed method for fabricating wires was reported
elsewhere [8]. Magnesium (99 %, 325 mesh) from Sigma-Aldrich and amorphous
boron (98.8 %, ~400 nm) powder from Pavezyum were used as the starting materials
with the stoichiometric composition of Mg : B = 1 : 2. The mixed power was packed
into an iron (Fe) tube with an outer diameter (O.D.) of 6.30 mm and an inner
diameter (1.D.) of 4.11 mm. The composite wire was swaged and subsequently

drawn to an O.D. of 1.00 mm.
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(a) (b)
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Figure 5-1. Joint configuration and fabrication steps for unreacted monofilament

MgB; wires.

Figure 5-1 shows the joint configuration and fabrication steps for unreacted
monofilament MgB; wires. As shown in figure 5-1(a), the metallic sheath material of
the two wires was partially peeled off using mechanical polishing until the MgB,
core was exposed. After removing the metallic sheath, exposed cores of the wires
were aligned and made to face each other using conventionally available super glue.
The two aligned wires were then fixed in a suitable SS316 enclosure having an inner
bore diameter of 6 mm, using a high-temperature sealing material from Copaltite, as
shown in figure 5-1(b) [25]. The curing of the sealing material was carried out at 150
°C for 15 min in a drying oven. For the next step, mixed powder from the same batch
(Mg + 2B) used for wire fabrication was then packed into the enclosure bore, as
shown in figure 5-1(c). The packed powder density was estimated to be 1.96 g cm™ +
4 %. As shown in figure 5-1(d), the sealing material was applied on the top edge of
the enclosure to hermetically seal the enclosure to avoid Mg evaporation during the
heat-treatment process. For compacting Mg + 2B powder to make close contact with
the wire core, ~0.93 GPa of pressure was applied, using a suitable SS316 plug.
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Again, the curing of the sealing material was carried out at 150 °C for 15 min in the
drying oven. Finally, the joints were heat treated in high purity argon (Ar) inert
atmosphere at 700 °C for 90 min as shown in figure 5-1(e). The joints were allowed
to cool down naturally to room temperature (RT) before removing from the furnace.
Figure 5-1(f) shows a longitudinal cross-sectional view of the as-prepared joint
specimen after a final heat-treatment.

The I of the joints were measured using an American Magnetics
Superconducting (AMS) magnet with DC currents up to 200 A (since 200 A was the
limit of the power supply), different temperatures up to 25 K, and magnetic fields in
the range of 0 — 2 T, using the standard four-probe method with the criterion of 1 uV
cm™.

To observe the longitudinal cross-section, the joints were cut from the
appropriate location in the centre of the enclosure. Scanning electron microscopy of
all the joints was conducted using a JEOL low-vacuum scanning electron microscope
(SEM).

To measure the joint resistance, a small closed-loop coil was fabricated using the
same conductor through the “wind and react” method and evaluated using the field-
decay method. The selected specifications of the closed-loop coil are listed in table
5-1. Inductance was calculated using equation (5.1) because the insulation was not
used in the closed-loop coil [26]. Later, the two ends of the wire were connected
using the same joining technique mentioned earlier. The entire coil assembly was

heat-treated in high purity Ar inert atmosphere at 700 °C for 90 min.

Table 5-1. Selected specifications of the closed-loop coil.

I.D. O.D. Height Turns Inductance
(mm) (mm) (mm) (L, pH)
20 24 15 28 14+7 %
+1 2+ 1
L = u0a11v2(“ - ){m l%l —0.5} (5.1)

where L is the inductance of the coil, u, is the permeability of free space (1, = 1.26

x 10° H m™), a, is the inner radius of the coil, N is the number of turns, « is the
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ratio of outer radius to the inner radius of the coil, g is the ratio of half of the length

of the coil to the inner radius.

Temperature
sensor

Joint

Hall sensor

Closed-loop
coil

Figure 5-2. Field-decay measurement set-up.

To determine joint resistance, a field-decay measurement was carried out. The
field-decay measurement set-up is shown in figure 5-2. A Hall sensor with 0.1 G
sensitivity was installed at the bottom of the closed-loop coil to measure the
magnetic field generated by the coil. The cryogenic Cernox™ SD package
temperature sensor was also installed using Apiezon® N grease and Kapton® tape for
thermally well-coupled with the joint to monitor the temperature [27], during the
closed-loop coil measurement as well as short joint measurement (not shown here).
The test probe was then inserted into the bore of the variable temperature insert
(VTI) of the AMS magnet (see Chapter 3). First, a magnetization test of the closed-
loop coil was carried out to check for any magnetization effect on the coil at RT
because Fe was present in the coil as a wire sheath. But, we did not observe any
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noticeable magnetization effect. External magnet field was applied up to 1.42 T and
then decreased to zero with a ramp-down rate of ~0.17 T s*. A similar magnetic field
and ramp-down rate applied during the actual field-decay measurement to induce
current in the closed-loop. Owing to the limitations of our equipment, the field-decay

measurement was carried at 4.2 K.

5.3. Results and Discussion

To evaluate the current-carrying capacity of the jointed MgB, conductor,
firstly, we carried out I, measurements, as shown in figure 5-3. Unjoined and jointed
wires (inset of figure 5-3) were heat-treated under the same conditions for
comparative study. As can be seen in the figure, the I; values of the unjoined wire
under 2 T were measured to be 64 A and 155 A, respectively, at 25 K and 20 K.
After mechanical pressing and heat-treatment, the joined wires showed electrical
performance fading, leading to ~35% I degradation. The n-values, however, which
are extracted from the power law of voltage vs. current characteristic, did not show
any noticeable difference between the jointed and unjoined wire. Regardless of the
presence or absence of the joint, a very sharp transition appeared near the criterion of
1 pV cm™. Compared to low-temperature superconductors such as NbTi and niobium
tin (NbsSn), however, the n-value of the MgB, conductor still shows a relatively
smooth transition from the superconducting state to the resistive one. In particular, it

is well-known that both the I, and the n-value are close to the microstructures.



Chapter 5: MgB, Superconducting Joints for Persistent Current Operation 168

(a)

16 s T T T T T T T T T T
! |
14/ 20K, 2T : g _
S 12} ! <| -
< < I
o 10+ gl -0 .
-— T 1 —
X 8L gy Q 4
Py Joint =1 S
o 6 4 <L £ ]
S 4-1 uVem' criterion S, D
St s e
> 2+ I i
I
D e = - - .
_2 N 1 — U P NP | P N |
(b) 0 20 40 60 80 100 120 140 160
16 i T L L] 4 T . L] I‘ T 3 T L
14[29K, 2T | <| |
L |
S 12} <! % )
© 10} 2, g
I I o
x gl ol @ 4
v 6l £ S|
& |1 uVem? criterion S 5
5 4f""""""""""""""'T _______________ ]
> 2l ! 1
L I
0 - - -
_2 ] . 1 . ] . 1 . 1 . 1 .
0 10 20 30 40 50 60 70

Current (A)

Figure 5-3. Current and voltage characteristics of the jointed (inset figure) and unjoined
wires at (a) 20 K, 2 T, and (b) 25 K, 2 T. The distance between voltage taps was 4 cm.

To determine the reason for the current fading, a detailed microstructure
analysis was conducted using SEM. Figure 5-4 shows a schematic representation of a
longitudinal cross-section of a joint and SEM images of the specified areas in a
schematic. As has been described, core-exposed MgB, wires were put into Mg + 2B

powders contained in an SS316 enclosure. Thus, we expect that some porous regions
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might still exist, even after pressing and heat-treatment processes. The total length of
the wire inside joint was ~5.63 mm and direct MgB, core to core contact length was
~2.38 mm. The remaining length was connected through porous bulk MgB, between
two cores. Figure 5-4(a) shows a schematic representation of a longitudinal cross-
section of a joint (not scaled). Figure 5-4(b) depicts a bulk region formed by the Mg
+ 2B powders between wire cores. We observed that porous microstructure exists.
On the other hand, the interface between wire cores has a denser structure with less
porosity, as can be seen in figure 5-4(c). Most importantly, as can be seen in figure 5-
4(d), the interface between the bulk and the wire core shows different microstructure.
This might result in microstructural defects, such as micro-/macro-cracks.

To examine this point, we carried out further microstructure analysis. It is worth
noting that pressure was vertically applied to the MgB, wires. As expected from this,
micro-/macro-cracks were observed, as can be seen in figure 5-4(e). External
pressure helps MgB, formation in the Mg + 2B bulk area, but this can induce
microstructural defects, resulting in degradation of current-carrying capacity. In fact,
by avoiding the cracks, the performance of the joints can be further improved.
During MgB, formation, micro-/macro-cracks were not healed during the heat-
treatment process. As a result, we need to determine the optimized pressure

conditions.
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Figure 5-4. (a) Schematic representation of a longitudinal cross-section of a joint (not
scaled), SEM images of the jointed wires area represented in a schematic: (b) bulk MgB,
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region, interfaces between (c) MgB, wire cores, and (d) MgB, bulk and wire core, and (e)
cracks in the joint (yellow (solid) and white (dashed) arrows are showing macro and micro

cracks, respectively).
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Figure 5-5. (a) The schematic of the operating procedure of the field-decay measurement
method. (b) Time decay curve of the captured magnetic field (y-axis field is the induced field

in the closed-loop coil).

As was described above, superconducting joint resistance between MgB, wires

can be evaluated by field-decay measurements, i.e., the decay of the induced current
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in the superconducting closed circuit. The decay behaviour normally has two stages
as shown in the schematic of the operating procedure of the field-decay measurement
method in figure 5-5(a). The first stage shows exponentially decreasing current with
a high decay rate, due to the lower n-value and the small difference between the
induced current and I of the closed-loop coil [26, 28]. In the second stage, the decay
is very slow and depends on the joint resistance. The field-decay measurement
results obtained from our system are shown in figure 5-5(b). During the entire field-
decay measurement period, the joint was exposed to only self-field at 4.2 K. The
magnetic field was allowed to stabilize for about 3000 s, and at this point, was
considered to be the initial magnetic field By at time t, for the resistance estimation.
About 0.1 gauss decay in retained magnetic field was observed in 7764 s. The
retained magnetic field after 0.1 gauss decay was 129.3 G which corresponds to 30.8
A current based on finite element analysis.

The joint resistance was estimated from temporal decay of magnetic field in the

time constant of L - R circuit:

B = B, e‘(%)t (5.2)

where B is the magnetic field at time t, By is the magnetic field at a time t,, L is the
inductance of the closed-loop coil, R is the joint resistance, and t is the decay time in
seconds. The joint resistance was estimated to be 1.4 x 10 Q at 4.2 K. The same
joint technique will be applied to make an MgB, based persistent current switch
(PCS). For practical MRI application, however, the joint technique without any
electromagnetic performance fading will be a major challenge for long-term

operation.

5.4. Conclusions

We fabricated and evaluated superconducting joints and determined their joint
resistance with unreacted MgB, wire. The |I. results for the jointed wires
demonstrated consistent performance, which is promising from the viewpoint of
“wind and react” magnets. Despite the performance consistency in the joint
performance, about 60 to 66% of the current was retained after the joint was

installed. A field-decay measurement of the closed-loop coil was also conducted to
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estimate the joint resistance, which was about 1.4 x 10™2 Q. Optimisation of the wire
cutting, heat-treatment conditions, and powder density in the joint is required,
however, for further performance enhancement. The SEM observations showed very
good MgB; core to core contact in the joint, but some cracks were also induced in

this region. These should be avoided for reliable joint processing.
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5.6. Note: Chapter Publication and Text Usage Detail

This Chapter has been published in Superconductor Science and Technology as
a paper (see below reference). The written text in this Chapter has been taken from

my published paper, as shown below.
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Chapter 6
6. A New Approach to a Superconducting

Joining Process for Carbon-Doped MgB2

Conductor

6.1. Introduction

Magnesium diboride (MgB,), which has a critical temperature (T.) of 39 K,
was found to be superconducting in 2001 [1]. Since then, the performance of MgB,
material and the manufacturing technology for long-length conductors have been
improved significantly [2-7]. Recently, magnet-grade MgB, conductors have been
commercially available in long-length pieces for employment in various practical
applications [5, 6, 8-10]. In particular, the high-T. of MgB, can enable liquid helium
(LHe)-free operation up to 25 K. Therefore, there is strong interest worldwide in
employing MgB. for magnetic resonance imaging (MRI) based on an LHe-free MRI
magnet system [11-16]. A special LHe-free MRI system can offer lower principal
and maintenance costs, which may make MRI affordable for developing and
underdeveloped countries [17].

The ‘open sky MRI’ has already been commercialized using MgB, conductor
[18]. These MRIs, however, are operated in a driven-mode due to the difficulties in
making reliable superconducting joints between MgB, conductors. Usually, MRI
magnets require a persistent-mode operation to obtain high-quality images [11, 19].
Therefore, for wide applicability of MgB; in MRI, still more work needs to be done
on the joining process. So far, there have been several reports on joining both in situ
and ex situ MgB, conductors [6, 16, 20-27]. Comparison of our joint performance
values with various literature is summarized in table 6-1.

In the case of in situ MgB, conductor joints, it has been reported that unreacted
monofilament conductor joints can certainly give reliable performance [13, 16, 21-
23]. Several coils with a persistent-current switch or joint(s) have been fabricated
using an in situ monofilament MgB, conductor via the wind and react method [13,
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16, 21-23, 28]. These coils showed stable persistent-mode operation. It is well known
that the high-field performance of in situ MgB, can be significantly improved by
carbon (C)-doping [2, 3, 7, 29-32]. Thus, it is desirable to use C-doped MgB;
conductor where high in-field performance is required. However, most of the high-
performance joint results have been reported for in situ MgB, conductors without C-
dopant for low-field operation (see table 6-1) [13, 16, 21-23]. Park et al reported that
the critical current (I¢) of an unreacted in situ undoped monofilament wire joint was
>230 A at 10 K [22]. On the other hand, when they used an unreacted in situ C-
doped monofilament wire under the same experimental conditions, the I. of the joint
was only 16 A at 10 K. To the best of our knowledge, there has been no report on
high-performance joints using an unreacted in situ C-doped monofilament MgB,
conductor at 20 K. There is thus a need for a superior joining approach for in situ C-
doped conductors.

Table 6-1. Comparison of our joint performance values with various literature.

Joint details |_orcurrent carrying capacity  Joint resistance

Multifilament
4

Ex situ tape [26] >300 A at 20 K, self-field <10 Qat20K

9

Ex situ tape (fully reacted) [33] 50 A at 15 K, self-field <10 Qatl5K,

self-field, four-probe

In situ wire (undoped) [22] 103 A at 10 K, self-field -

Monofilament

In situ wire (undoped) [22] 160 A at 20 K, self-field

-12
<10 Qatl105K

12

In situ wire (undoped) [16]

In situ wire (undoped) [23]
In situ wire (C-doped) [22]
In situ wire (C-doped)
(this study)

94 Aat20K, 2T

270 A at 20 K, self-field
11 A at 16 K, self-field

>200 A, 20 K, self-field

14x10 Q atd2K

-10
<13x10 Qatl5K

1

-13
<18x10 Qatl6.7+4.7K

In this study, therefore, a superconducting joining process for an unreacted in

situ C-doped monofilament MgB, wires has been investigated in detail, and the
persistent-mode performance of the solenoid closed-loop coil was systematically

evaluated.
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6.2. Experimental Details

A C-doped monofilament MgB, wire was fabricated via an in situ process by
Hyper Tech Research Inc. [8]. The diameter of the wire was 0.84 mm with a niobium
(Nb) barrier and a Monel outer sheath. The superconducting fill factor and the
amount of C-dopant in the wire were 21% and 2 wt%, respectively. Figure 6-1
presents a cross-sectional image of the MgB, wire used in this work.

We already reported the joining concept for unreacted in situ undoped
monofilament MgB, wires [16]. More reliable joining using an unreacted in situ C-
doped MgB, conductor is still required, however [22]. In the literature so far, there
have been no reports showing superior current carrying capacity (i.e., current
carrying retention >60%) with C-doped wire at 20 K. Therefore, it is necessary to
study a new approach to the superconducting joining process for C-doped MgB.

conductors.

Figure 6-1. Cross-sectional image of the monofilament MgB, wire (Monel sheath, Nb

barrier).
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Figure 6-2 shows the key steps in our modified superconducting joint
fabrication process for an unreacted in situ C-doped monofilament MgB, wire.
Firstly, a predefined length (~7 mm) of the Monel sheath was chemically etched
away using nitric acid from the joining area of the wires. Then, the Nb barrier of the
wire (~4 mm in length) was partially peeled off until the MgB, core was exposed
using mechanical polishing. After peeling off the Nb barrier, the exposed MgB;
cores of two wires were aligned and made to face each other using super glue. As
shown in figure 6-2, the two aligned wires were fixed in a stainless steel (SS)
enclosure (inner diameter of 6 mm) using a high-temperature sealing material
(Resbond 907GF) [34]. The sealing material was allowed to cure for 24 h at room
temperature (RT) in air. In our original joining process, the sealing material needed
to be cured at 150 °C for 15 min in an oven [16]. For the modified joining process,
RT curing of the sealing material can offer better flexibility in handling the joints.
After curing the sealing material, previously, packing Mg + 2B powder into the joint
was performed in air. In the modified joining process, however, filling in the joint
with Mg (99%, 325 mesh, Sigma-Aldrich) + C-encapsulated B (98.8%, ~400 nm, C-
doping 2 wt%, amorphous, Pavezyum) powder was performed in an argon (Ar)
protective atmosphere (in an Ar glove box) to minimize trapping of oxygen while
filling the joint with powder [35, 36]. An SS plug was used to compact the powder
inside the enclosure (figure 6-2). The uniaxial pressure for pressing the plug was
<0.35 GPa, which was much lower than 0.95 GPa reported in our previous work (i.e.,
in situ undoped monofilament MgB, wires) [16]. It should be noted that the applied
pressure for the power compaction is more sensitive for C-doped MgB, wire joining.
In the next step after pressing the powder, the sealing material was applied to the
remaining gaps on the SS enclosure, and the joint was then taken out of the Ar glove
box. Again, the sealing material was allowed to cure for 24 h at RT (in air) prior to
heat-treatment. Finally, the joint was heat-treated in Ar atmosphere at 690 °C for 30
min, which are the best conditions for our MgB, wire.

The field dependence (up to 2 T) of the I. of the joint and wire without a joint
was investigated using the variable temperature insert (VTI) of an American
Magnetics Superconducting (AMS) magnet with direct-current up to 200 A (the

maximum power supply capacity) and 20 K operating temperature, using the
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standard four-probe method with the criterion of 0.1 pV ¢cm™' (the criterion of 1 pV

cm ! is the one that has been most commonly used for MgB, conductors).

/

Mg + C-encapsulated B powder

T Sealing material
SS enclosure (24 h RT curing)

Press ‘

e SS plug

Super glue

s//\

C-doped monofilament
MgB, strand

['] ,/}
=

Heat treatment 690 °C/30 min
(Sealing material was cured again for
24 h at RT before heat treatment)
Figure 6-2. Superconducting joint fabrication process for an unreacted in situ C-

doped monofilament MgB, wire.
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The joint was then longitudinally cut to take out the MgB, powder ingot to
perform X-ray diffraction (XRD) analysis. The ingot was ground into a fine powder.
The XRD device (Mini-materials Analyser, GBC Scientific Equipment, USA) was
used with Cu Ka (4 = 1.54056 A) radiation for the XRD analysis [37]. Finally, a
solenoid closed-loop coil was fabricated via the wind and react method using the
same wire and joining process discussed earlier to evaluate the joint resistance using
a field-decay method [16]. The coil with the joint was heat-treated in Ar atmosphere
at 690 °C for 30 min. The inductance of the fabricated coil was calculated using the
finite element (FE) method implemented with COMSOL Multiphysics software [38].
The specifications of the solenoid closed-loop coil are listed in table 6-2. After heat-
treatment of the coil, the coil was mounted on the test probe. The detailed field-decay

measurement set-up is described in our previous paper [16].

Table 6-2. Specifications of the solenoid closed-loop coil.

Parameters Specifications

Coil Type Solenoid (closed-loop)
Wire type C-doped (in situ mono)
Winding method Wind and react

No. of joints 1

Inner diameter (mm) 20

Outer diameter (mm) 26.72

Height (mm) 9.24

Turns 42

Computed parameters from FE analysis

Inductance (uH) 29

Trapped current (A) 104.7

Field at the coil centre (T) 0.22

Pick field on the conductor (T) 0.35

Field on the joint (T) 3.8 x 10 + self-field

The closed-loop coil was inserted into the VTI of the AMS magnet to perform
a field-decay measurement. The background magnetic field was increased to 0.24 T

with a ramping rate of 10 mT s™. The closed-loop coil was then cooled down to ~12
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K. To induce a current in the closed-loop coil, the background magnetic field was
linearly decreased to zero at the ramp-down rate of 0.19 mT s™. The field-decay in

the solenoid closed-loop coil was observed over 48 h.
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Figure 6-3. (a) Critical current vs. magnetic field characteristics of the wire (i.e., without a

joint) and the joint, (b) electric field vs. current characteristics of the joint in different

magnetic fields at 20 K. The direction of applied magnetic field for 1. measurement is shown
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in the inset of figure 6-3(a). The distance between voltage taps on the joint sample was 4 cm
(criterion: 0.1 pV cm™).

6.3. Results and Discussion

Figure 6-3(a) shows the magnetic field dependence of I at 20 K for the wire
without a joint and joint. In self-field at 20 K, the I; of the joint was >200 A, so the I.
results are shown from 0.5 T. The self-field performance of the joint at 20 K for the
in situ C-doped monofilament MgB, wire is comparable to the performance of the
joint for the in situ undoped monofilament MgB, wire [22, 23]. The I values of the
wire without a joint and joint in 0.5 T at 20 K were measured to be 194 A and 140 A,
respectively. This result means that the performance of the joint was approximately
72% of the performance of our wire without a joint. To the best of our knowledge,
such significantly enhanced joint performance at 20 K with in situ C-doped MgB.
monofilament wire is reported in this work for the first time [22]. Nevertheless, the
joined wire also showed strong field dependent I. in the field up to 2 T, and
performance fading was also observed. These are preliminary results, so there is still
room to further improve the joint performance.

The electric field vs. current characteristics of the joint at 20 K is shown in
figure 6-3(b) as a function of external magnetic field. As can be seen in the figure,
the superconducting to normal transition region appears very sharp in the range of
0.01 to 0.1 pV cm™ criterion. This indicates that our joint technique was successful
[39]. Furthermore, the joint performance is expected to be strongly dependent on the
grain connectivity between the two MgB, wires and the phase formation of MgB.
bulk inside the joint [16]. During the heat-treatment process, the sealing material
always remains in close contact with the MgB, powder (figure 6-2) in the joint.
Therefore, there was room for the sealing material to diffuse or react with the MgB,
powder inside the joint during the heat-treatment process. Hence, XRD analysis was
carefully carried out to look for impurity phases inside the joined part. Figure 6-4
shows XRD patterns of powder samples taken out of the wire and the joint. From our
results, well developed MgB, phase was observed with only a small fraction of MgO.
In the XRD pattern of the wire sample, Nb phase was also observed. This Nb might
have come from the Nb barrier while taking the powder out from the wire. On the

other hand, in the joint powder sample, MgB, was a major phase, and no foreign
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phases existed, except for MgO as a minor phase. The calculated values of MgO
fraction in the wire and the joint were 7.7 wt% and 13.3 wt%, respectively. These
results confirm that the sealing material did not diffuse into or react with the MgB,

during the heat-treatment process inside the joint.
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Figure 6-4. XRD patterns of the MgB, powder samples from the wire (i.e., without a joint)
and the joint.

Under the same experimental conditions, a solenoid closed-loop coil was
fabricated to evaluate the precise joint resistance using a field-decay measurement.
Figure 6-5(a) shows a digital image of the solenoid closed-loop coil fabricated in this
experiment. Figure 6-5(b) shows the magnetic field and temperature vs. time
characteristics of the solenoid closed-loop coil during the initial induction of the
current. Before starting the field-decay measurement, the coil temperature was
adjusted to ~12 K. As can be seen in figure 6-5(b), when the background field started
to decrease, the field began to be induced in the solenoid closed-loop coil. When the
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background field was decreased to zero, the induced field in the closed-loop coil was
0.09074 T at the Hall sensor location (bottom of the coil near the coil winding) [16].
This magnetic field was equivalent to 104.7 A in the closed-loop coil based on FE

analysis. Then, the coil was left in the persistent-mode for 48 h (figure 6-5(c)).
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Figure 6-5. (a) A digital image of the solenoid closed-loop coil, (b) magnetic field (B) and
temperature (T) vs. time (t) characteristics of the solenoid closed-loop coil during initial
induction of the current, (c) B, T vs. t characteristics while the coil was in the persistent-
mode, and (d) B, T vs. t characteristics as the temperature of the coil increased after 48 h of

persistent-mode operation. The legends in figure 6-5(b), 6-5(c) and 6-5(d) are the same.

Our VTI system has a manual temperature control, so precise temperature
control for a very long time period was very difficult to achieve. Hence, during
persistent-mode, the temperature deviation in the VTI was from 12 K to 21.4 K.
Close to 48 h, the temperature of the coil was controlled to ~15 K. In the 48 h of
persistent-mode operation of the closed-loop coil, 0.1 mT decay in the magnetic field
was observed (figure 6-5(c)). Eventually, at the end of 48 h, as shown in figure 6-
5(d), the temperature of the VTI was increased. The decay of the magnetic field
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started at 24.8 K, and rapid decay of the magnetic field was observed at 30 K. Some
of the computed parameters of the solenoid closed-loop coil during the field-decay
measurement are shown in table 6-2. Therefore, based on 29 uH inductance and 0.1
mT decay in 48 h, the calculated total circuit resistance of the solenoid closed-loop
coil was <1.8 x 10 Q [16]. This circuit resistance is acceptable for MRI
application. These findings show the promising potential of the in situ C-doped
monofilament MgB, wire. Moreover, this technique will pave the way for developing

the joint of in situ and ex situ multifilamentary MgB, wire/tape conductors.

6.4. Conclusions

This study presented a new approach to a superconducting joining process for
an unreacted in situ C-doped monofilament MgB, wire and evaluation of the joint
resistance through a field-decay measurement. The new joining approach for C-
doped MgB, conductor showed significantly enhanced performance compared to
reported results to date. According to the literature, joint fabricated in this study
using the unreacted in situ C-doped MgB, monofilament wire was the first to achieve
an I value >200 A in self-field at 20 K. The joint demonstrated current retention of
up to 72% in different magnetic fields at 20 K. The results presented here are
preliminary results, so still there is room to further improve the joint performance.
The XRD analysis showed no diffusion or reaction of the sealing material with the
MgB; powder inside the joint. The solenoid closed-loop coil showed very reliable
persistent-mode operation for a period of 48 h at temperatures up to 21.4 K in self-
field. The estimated total circuit resistance was <1.8 x 10 Q at 16.7 + 4.7 K
temperature. These superconducting joint performance results demonstrate the

potential of MgB, conductors for MRI application based on an LHe-free system.
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Chapter 7

7. Evaluation of Persistent-mode

Operation in Superconducting MgB, Caoil
In Solid Nitrogen

7.1. Introduction

Physicians and surgeons rely critically on magnetic resonance imaging (MRI)
scans to diagnose and treat critical injuries and medical conditions. In an MRI
system, high, stable (<0.1 ppm h™), and uniform (<10 ppm in 50 cm diameter of
spherical volume (DSV)) magnetic fields are required for obtaining high-resolution
images of the human body. The unique possibilities for the operation of
superconducting magnets (i.e., persistent-mode) make them ideal for MRI with a
central field strength >0.35 T [1]. Thus, in the majority of commercially available
MRI systems, superconducting persistent magnets based on niobium titanium (NbTi)
have been used [2]. These magnets, which are cooled in an expensive liquid helium
(LHe) bath at 4.2 K, cannot currently be avoided. Thus, the high operation costs of
MRI systems obstruct their extensive use in developing and underdeveloped
countries [3].

To fulfil the above requirements, the magnesium diboride (MgB;,) magnet, which
can be operated at around 20 K in an LHe-free manner, is considered as one of the
best potential candidates for next-generation MRI application [4, 5]. It has been
reported that the heat capacity of MgB, magnets can be significantly enhanced by
cooling them using solid nitrogen (SN,) with a cryocooler [6]. The high heat capacity
of SN, is well known to enable a magnet to operate for a certain time period in the
absence of a cooling source (i.e., cryocooler) [7], which is suitable for areas where
power failure is common. Takahashi et al reported the first successful persistent-
mode coil with joints between MgB, and NbTi wires [8]. Jiayin et al reported the
operating results for MgB, persistent-mode coils in a helium environment [9].

Nardelli et al also reported on persistent-mode operation with a short MgB, tape



Chapter 7: Evaluation of Persistent-mode Operation in Superconducting MgB, Coil in Solid Nitrogen 193

winding operating with conduction cooling [10]. Until now, however, there have
been no reports on persistent-mode operation in an SN, cooled system with an MgB,
coil.

In this study, the fabrication of an MgB; coil and its persistent-current switch
(PCS), a newly developed SN, cooling system, and the operation of the coil in

persistent-mode are presented in detail.

7.2. Experimental Details

Hyper Tech Research Inc. supplied monofilamentary carbon-doped MgB, wire
(strand no. 3356) for the coil. The wire was 0.84 mm in diameter, constructed with
an MgB; filament (diameter — 0.4 mm), a niobium inner barrier (thickness - 0.10
mm) and a Monel outer sheath (thickness - 0.12 mm). Figure 7-1(a) presents a digital
photograph of the coil, which was fabricated via the wind and react method with a
heat-treatment at 690 °C for 30 min in argon (Ar) atmosphere. The whole coil was
assembled with the main MgB; coil at the bottom and the PCS at the top. The PCS
was made by extending the two ends of the coil and joining them together. The
diameter of the PCS was 113.5 mm with two non-inductively wound turns, and its
estimated wire resistance ~7.1 mQ m™ at 40 K. The inner diameter and the height of
the coil were 109 mm and 20 mm, respectively. The coil was wound in a single layer
(22 turns) without any insulation. The calculated inductance of the coil was 86.7
0.02 pH using equation (7.1) [11].

L= .anlNz (aTH) (ln ﬂ%] [1 + 2(1i2a2)]} _%[1 + 4(11120!2) ) (7.1)

where L is the inductance of the coil, p, is the permeability of free space (1, = 1.26

x 10° H m™), a, is the inner radius of the coil, N is the number of turns, « is the
ratio of outer radius to the inner radius of the coil, g is the ratio of half of the length
of the coil to the inner radius.

The joining process developed at the University of Wollongong include [12]: (i)
etching the Monel from the area of the wires to be joined, (ii) polishing the ends of
the two wires until the MgB, core was exposed, (iii) aligning the two wires together
using glue, (iv) mounting the two wires in a stainless steel (SS) enclosure using a

high-temperature sealing material, (v) packing the Mg + 2B composite powder in the
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SS enclosure in Ar atmosphere, (vi) pressing the powder using SS plug, and (vii)

sealing the remaining gaps using a high-temperature sealing material.

(a)

C-doped monofilament MgB, wire

(b) PCS and heater
embedded in the Stycast®

Joint Current leads

MgB, winding Coil former (SS)

Figure 7-1. (a) Digital photograph of the fabricated coil after heat-treatment, (b) top view of
the coil after applying Stycast® 2850 FT (Catalyst 9) epoxy.

To charge the current into the main coil, the PCS was needed to be heated up to a
resistive state. This was achieved using a 47 Q Nichrome heater (Lakeshore, 32
AWG) wound on the PCS. Copper (Cu) current leads were installed between the
PCS and the coil. Three pairs of voltage taps were attached, one each from the coil,
the PCS, and the joint, to monitor the voltage drops during charging of the coil. A top
view of the coil after applying epoxy encapsulant Stycast® is shown in figure 7-1(b).



Chapter 7: Evaluation of Persistent-mode Operation in Superconducting MgB, Coil in Solid Nitrogen 195

(a) PCS protected by foam (b)
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Cryocooler i

Current
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level
Current
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flange
SN,
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ryostat

Radiation shield

Figure 7-2. (a) Photograph of the installed coil in the SN, chamber, with a 3D model of the
Hall probe location (the centre of the coil at z = 0) shown in the inset; (b) schematic diagram
of the temperature sensor locations (TC1 — at the top of the SN, chamber (inside), TC2 — at
the centre, between the coil and the PCS, TC3 — at the coil winding, TC4 — on top of the SN,
chamber near the current lead tube, TC5 —100 mm below the top collar of the SN, chamber,
TC — 6, at the bottom of the Cu bar below the cryocooler, TC7 — at the PCS); (c) 3D model
of the SN, cooling system, and (d) photograph of the experimental set-up.

Figure 7-2(a) shows the coil installed in the SN, chamber. Prior to installing the

whole coil in the SN, chamber, the PCS was covered with expanded polyethylene
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(EPE) foam to enable easy temperature control under the SN, for charging the coil. A
Hall probe with 0.1 G sensitivity was installed at the centre of the coil to detect the
magnetic field (B) generated by the coil (figure 7-2(a) inset). Seven cryogenic
temperature sensors were also installed to monitor the temperatures of the SN,
chamber and the coil, as shown in figure 7-2(b). Figure 7-2(c) shows a three-
dimensional (3D) model of the SN, cooling system. The Gifford-McMahon two-
stage cryocooler (Sumitomo, RDK-408E2) was used in the cooling system featuring
a 1% stage cooling capacity of 40 W at 43 K and 2" stage of 1 W at 4.2 K. Figure 7-
2(d) shows the assembled SN, cooling system.

7.3. Results and Discussion

To cool down the coil in SN, the system was first evacuated using a turbo
vacuum pump (figure 7-2(d)). The SN, chamber was mechanically sealed using
indium wire. A vacuum of <2 x 10°® torr in the system was achieved, and then liquid
nitrogen (LN;) was introduced into the SN, chamber. When the temperature at TC®6,
as shown in figure 7-2(b), reached 280 K, the cryocooler was switched on. The
purpose of the early switching on of the cryocooler was to avoid the rapid
evaporation of LN,. Once the SN, chamber was fully filled with LN,, both the inlet
and the outlet were closed, and a non-return valve was installed. The temperature of
the radiation shield remained at 36 K throughout the experiment.

Figure 7-3 shows the temperature profiles of the SN, chamber during the
system cool down. The total volume of SN in the chamber was about 16 L. It took
about 4.56 days to reach the minimum temperature of 7.2 K in the SN, chamber,
whereas the temperature on the 2" stage of the cryocooler reached 4.85 K. Liquid to
solid, and solid to solid phase transitions were observed at ~63 K, and ~35.6 K,
respectively. The level of the SN, in the chamber reached up to the radiation shield
flange (see figure 7-2(c)). Thus, additional heat conduction was taking place from the
SN in the current lead and the SN, in the tubes running into and out of the chamber.
This might have prevented the SN, chamber from cooling down to the cryocooler 2™
stage temperature. The temperature inside the SN, chamber remained uniform at
around 7.4 K + 0.2 K. However, the temperatures at the TC4 and TC5 locations were

around 11.1 K and 10.2 K, respectively. This clearly indicates the high conductive
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heat load from the current lead tube (with SNy) to the SN, chamber. In fact, prior to
fabricating this system, our finite element method (FEM) simulation predicted
similar behaviour even without SN, in the current lead tube. The temperature
gradient might be due to the lower thermal conductivity of the SS material of the SN,
chamber. Owing to this, the cryocooler was unable to absorb heat from the far end of
the SN, chamber. Thus, a 3 mm thick Cu flange was placed on the top of the SN,
chamber (see figure 7-2(c)). As a result, the FEM simulation showed a negligible
temperature gradient after installing the Cu flange on top of the SN, chamber.
However, during actual cool down, due to the high conductive heat load
through the SN in the current lead tube, the cryocooler (when at 4.85 K) was unable
to absorb heat from the far end of the SN, chamber, which left a temperature gradient
on top of the SN, chamber. On the other hand, when the temperature of the SN,
chamber was controlled to around 18 K, the temperature gradient in the entire SN,
chamber was reduced to ~1.75 K (not shown here), which indicates that the Cu

flange facilitated better heat conduction to the cryocooler.
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Figure 7-3. Temperature vs. time profiles during cool down of the SN, chamber.
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7.3.1. PCS Testing

The on/off function of the PCS was evaluated at the PCS temperature of 11.3
K. As can be seen in figure 7-4(a), the PCS reached 45 K in 600 s. The heater power
was 3 W. Once the PCS temperature climbed above 45 K, the coil was charged with
aramp rate of 0.1 A s up to 10 A. As can be seen in figure 4-4(b), B at the centre of
the coil was increasing linearly with the current. At 10 A, the B at the centre of the
coil was 27 gauss (G), which matched the calculated value of 24.8 G. The variation
in B might be due to misalignment of the Hall probe. During current charging, the
inductive voltage was about 8.17 = 0.12 uV, which is comparable to the 81.7 + 1.2
pH inductance of the coil. This value is well matched with the calculated inductance
of 86.7 + 0.02 pH. After reaching 10 A, the PCS heater was switched off. It took
about 1480 s to cool down the PCS. The reasons for the longer PCS cool down time
might be due to over-protection of the PCS, contact between the SN, and the PCS
(solid phase transition can be seen in figure 7-4(a)), and lower thermal conduction
through the SS bars (see figure 7-1) from the surroundings to cool the PCS back

down to the initial temperature.
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Figure 7-4. (a) Temperature vs. time profile during open/closed operation of PCS, TC3 — at
the coil winding, TC7 — at the PCS, and (b) voltage and magnetic field vs. current profiles

while charging the coil when the PCS was open.
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Figure 7-5. Measurements when the coil was put into persistent-mode at 100 A: ()
temperature vs. time (Coil and PCS) profiles, TC3 — at the coil winding, TC7 — at the PCS,
(b) current and magnetic field vs. time profiles (inset: magnified plot of the current vs. time

plot while discharging the PS (coil magnetic field was converted to current)).

7.3.2. Persistent-Mode Coil Testing at 100 A

The temperature of the coil and the PCS was fixed at around 18 K prior to
charging the coil. As can be seen in figure 7-5(a), firstly, the temperature of the PCS

was increased above 45 K, and the coil was charged to 100 A with a ramp rate of 0.5
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A s (figure 7-5(b)). As can be seen in figure 7-5(b), we waited for about 140 s and
confirmed the coil constant prior to switching off the PCS heater. It took about 3000
s to cool down the PCS. The enthalpy of the material increases at high-temperature
[11], thus the PCS cooling time was longer at 18 K compare to PCS cooling time at
11.3 K during PCS testing at 10 A. Then, the power supply (PS) was discharged with
a ramp-down rate of 0.5 A s™. To check the initial decay generated by the coil while
discharging the PS current, the B in the coil was converted to current using the coil
constant. The inset in figure 7-5(b) shows the magnified profiles of the current vs.
time while discharging the PS. Herein, the coil current initially decayed by about 0.7
A, and then remained stable at 99.3 A. Decay in the current showed exponential
behaviour. The initial decay might be due to the phenomenon of ‘settling’ of current
in the closed superconducting circuit [13].

As a result, the coil was kept in the persistent-current mode for about 4.75 days.
Figure 7-6(a) and (b) shows the B and temperature profiles in the coil for the entire
persistent-mode duration. In figure 7-6(a), B was observed to remain around 268.4 G
with + 0.1 G fluctuation, but without any noticeable decay within the resolution limit
of a gauss meter. This fluctuation might be due to the data acquisition instrument.
During persistent-mode operation, the joint experienced only self-field with very
small influence (2.5 G) from the main coil. The temperature of the coil and the PCS
was then increased up to 21 K and 20.6 K, respectively (figure 7-6(b)). If we
consider 0.1 G (resolution limit) decay of B in the coil in 4.75 days, the calculated
total circuit resistance would be <7.4 x 10™ Q at 19.5 K + 1.5 K. The B line
calculated from the RL circuit time constant corresponding to the minimum
measurable resistance of 7.4 x 10™ Q over the 4.75 days is also included in figure 7-
6(a). We further need to consider the effect of n-value, indicating a joint quality. It
has been reported that the circuit resistance strongly depends on the n-value and joint
resistance [11]. Especially, low n-values make the persistent-mode impossible [14].
Later, the PCS was charged to 200 A without any quench at 20 K. During the attempt
to charge the coil to 200 A, a quench occurred when the charging current was 183 A,
which damaged the coil. This incident prevented us from carrying out any further

experiments. Moreover, in a future test, we will implement quench protection
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system in the experiment to avoid damage to the coil while charging at the higher
current.
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Figure 7-6. Measurements after putting the coil into persistent-mode: (a) magnetic field vs.
time profile of the coil including B line calculated from RL circuit time constant, and (b)
temperature vs. time (Coil and PCS, TC3 — at the coil winding, TC7 — at the PCS).

7.4. Conclusions

The MgB; coil and the PCS were successfully fabricated through a

superconducting-joint technique, and the persistent-current mode of the system was
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evaluated with SN, cooling and a 100 A operating current. The total circuit
resistance was estimated to be <7.4 x 10 Q at 19.5 K + 1.5 K, in the coil during
reasonably long-term persistent-mode operation for 4.75 days. This performance is
comparable to the technical requirement for practical MRI application. This joining
technique will be further optimized for multifilament MgB, conductors in the near

future.
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Chapter 8
8. MgB, Solenoid Coll in Solid Nitrogen

8.1. Introduction

Magnetic resonance imaging (MRI) is a non-invasive diagnostic technique that
allows doctors to take lifesaving decisions in several health conditions. To produce
an image of a body part in MRI, the combination of a strong magnetic field and radio
waves are used. In most of the current MRI systems for producing a strong magnetic
field, niobium titanium (NbTi) based superconducting magnets are used [1, 2]. NbTi
based magnets, however, are cooled at 4.2 K using expensive liquid helium (LHe)
bath [3]. The continuously increasing price of LHe and possible shortages in the
future has increased the demand for MRI magnets that are LHe-free [1, 3].
Magnesium diboride (MgB;) has strong potential among the various available
commercial superconductors for application in the LHe-free MRI magnets [4-18].
The transition temperature (T;) of 39 K for MgB; offers high-temperature operation
up to 30 K, eliminating the use of LHe [19-21].

In particular, for enabling MgB, based MRI magnets to operate in an LHe-free
manner, inexpensive and lightweight solid nitrogen (SN,) is a promising choice due
to its higher heat capacity with a cryocooler [18, 22-26]. Yao et al reported test
results on MgB; solenoid coils utilizing SN, as a cryogen for the first time [18]. Their
assembled magnet was prematurely quenched, however, at currents ranging from 79
A to 88 A, even though an individual coil could carry a 100 A current. Most recently,
for the very first time, this thesis work reported the operation of an MgB, conductor
based persistent magnet in SN, that was carrying 100 A supercurrent at ~20 K for
4.75 days [27]. This work was done with the aim of MRI application. So far,
however, the demonstration of SNj-cooled MgB,-based solenoid coils for MRI
application is limited to below 100 A around 20 K [18, 27].

In this study, therefore, the design, fabrication, and testing of an MgB;
solenoid coil carrying 200 A current at 28 K in an SN, environment are presented in
detail.
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8.2. Experimental Details

Figure 8-1(a), (b), and (c) show a 3D model of the SN cooling system, the SN,
chamber, and the MgB, solenoid coil, respectively. The details of the SN, cooling

system are presented in Chapter 4.

a LN, In/Out b Solid nitrogen chamber
Current leads = —
" D p ) 2
& / PN

Instrumentation
feed-through
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> Thermal straps
Cryostat
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Cu bar v Current terminals \

Cu flange

Support system SN, chamber

MgB, winding pack

MgB, Solenoid coil

Figure 8-1. (a) 3D model of the SN, cooling system, (b) SN, chamber, and (c) digital image
of the MgB, solenoid coil.
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where B, is the magnetic field at the coil centre (i.e., z=0), J is the average overall
current density, a is the inner radius of the coil, b is the outer radius of the coil, [ is
the half length of the coil, N is the total number of turns, I is the current in the coil,

Lo is the permeability of free space (uy = 1.26 x 10°Hm™), @ = b/a,B = l/a.
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TS : Temperature sensor
HS : Hall sensor

Figure 8-2. Cross-sectional view of the SN, cooling system, including a schematic
illustration of the temperature sensors, Hall sensor, and heater. The level of SN, was as high
as the radiation shield flange, as shown in the figure.

The MgB; solenoid coil was fabricated using the ‘wind and react’ method. The
coil was installed in the SN, chamber, as shown in figure 8-1(b). Copper (Cu)
thermal straps were used to minimize the temperature gradient across the coil while it
is cooled down from 300 K to 77 K. The specifications of the MgB, solenoid coil are
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presented in table 8-1. The heat-treatment of the coil was carried out in argon inert
atmosphere at 675 °C for 60 min. The inductance of the coil was calculated using
finite element (FE) simulation, as well as using induced inductive voltage while
charging the coil. The field constant of the solenoid was calculated using FE
simulation and verified by the standard solenoid magnetic field formula (using
equations (8.1) to (8.3)) [28]. The critical current (I¢) of the coil was evaluated using
the 1 pV cm™ criterion. The distance between voltage taps was 9.4 m. The critical
temperature (T¢) of the coil was measured by passing 10 mA constant current from
37.6 K until the superconducting transition occurred. The n-value of the coil was

calculated from the voltage vs. current curve of the coil in the voltage range of 0.1 - 1

nV.cm™,
Table 8-1. The specifications of the MgB, solenoid coil.
Parameters Specifications
Coil type Solenoid
Winding method Wind and react
Strand (HTR S1506) MgB,/Nb/Cu/Monel
Nb : barrier, Cu : matrix, Monel : sheath
Filament count 36 + 1 (Cu at centre)
Insulation S-glass
Wire diameter with insulation (mm) 13
Wire diameter without insulation (mm) 1.1
SC fill factor of the wire (%) 11.1
Coil 1.D./0.D./height (mm) 130/135.2/15
Turns per layer 23 (1%: 11, 2": 12)
Total layers 2
Caoil filling factor (%) 56
Impregnation No
Inductance, L (uH) 123 (calculated from FE simulation)
128 (calculated from inductive voltages)
Field constantat z = 0 (G.A™) 2.19 (calculated from FE simulation)

2.22 (measured using Hall sensor)

As shown in figure 8-2, seven cryogenic carbon ceramic (CCS) temperature
sensors were used to monitor the temperature of the system together with that of the
coil [29-32]. A 50 Q Nichrome (100 AWG) heater was installed on the Cu bar below
the 2" stage of the cryocooler to control the temperature [33]. The heater was
controlled using a Cryocon 32B [34]. At the center of the coil, a Hall sensor (0.1 G
sensitivity) was installed to measure the coil magnetic field. Flexible copper leads

were used to connect the coil current terminals to the current leads.
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8.3. Results and Discussion

For cooling down, the required vacuum was created surrounding the SN
chamber and the radiation shield. LN, was transferred into the SN, chamber until a
uniform temperature of 77 K reached in SN, chamber, and then, the cryocooler was
switched ON. Several times, LN, was poured into the SN, chamber was completely

filled with LN». Vacuum pumping was not used for forming SN [35].
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Figure 8-3. Temperature vs. time curves of the cooling system from 300 K to LN,
temperature. Temperature sensor locations: TS1 (on the Cu bar below the 2™ stage of the
cryocooler), TS2 (on the Cu plate of the SN, chamber near the current lead tube), TS3 (on
the negative current lead termination of the coil), TS4 (on top of the coil), TS5 (on the
bottom of the coil), TS6 (on the G10 support plate), TS7 (on the radiation shield bottom,

diagonally opposite to the cryocooler 1% stage connection).

Figure 8-3 shows temperature vs. time curves of the cooling system from 300
K to LN, temperature. The LN, transfer was intentionally interrupted several times to
keep temperature gradient at a minimum across the coil. Nevertheless, a temperature

gradient of up to 11 K was observed between the coil former and the current
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terminals. The temperature gradient was observed because of the air gap between the
coil former and the current terminals (see figure 8-1(c)). The air gap was left because
it was assumed that the cold gas would cool the coil terminals uniformly with the coil
former. If we had used some conductive material such as Cu in-between them, the
temperature gradient might be eliminated. Thus, in the future, we will use insulated
copper between them to minimize the temperature gradient.
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Figure 8-4. Temperature vs. time curves of the cooling system (a) from 77 K, and (b) after
130 h of cool down.

Figure 8-4 shows the cool down curves of the SN, cooling system from 77 K.
As can be seen in figure 8-4(a), in about 130 h, the SN, chamber (16 L SN and 9 kg
Cu) was cooled down to a uniform 8 K (see figure 8-4(b)). It was observed that the
SN, level reached as high as the top flange of the radiation shield inside the SN,
chamber (see figure 8-2). Thus, the SN, itself was delivering additional conductive
heat load from the radiation shield to the SN, cooling chamber. This prevented the
SN, chamber from reaching a lower temperature. As can be seen in figure 8-4(a), a
two-phase transition was observed at 63 K (liquid to solid for ~9.8 h), and at 35.6 K
(solid to solid for ~7.9 h), respectively [36]. Overall, the cool down was smooth. The
radiation shield remained at around 36 K throughout the experiment. The decreasing
trend in the temperatures of TS4 (coil top) and TS5 (coil bottom) inside the SN,
chamber was uniform. The small temperature gradient was observed, however,
between TS3 (current termination) and TS4 (coil top). As mentioned earlier, this

temperature gradient might exist because the cooling between the -current
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terminations and the coil top was taking place via SN, only (see figure 8-1(c)). As
mentioned earlier, in the future, we will use insulated copper between them to
minimize the temperature gradient. Eventually, at the end of the 130 h, the
temperature in the entire SN, chamber was ~8 K, as shown in figure 8-4(b). These
results show that the Cu plate (for details see Chapter 4) on the SN, chamber worked
quite well, and it significantly improved the temperature uniformity of the entire SN,
chamber. Nevertheless, the TS2 (on Cu the flange near current lead tube (see figure
8-2)) temperature was 0.5 K higher than the SN, chamber temperature. As mentioned
earlier, the SN, inside the current lead tube was delivering an additional conductive
heat load to the SN, chamber, and TS2 was installed right next to the current lead
tube, so TS2 was showing a slightly higher temperature.

Figure 8-5(a) shows the resistance vs. temperature curve of the coil at 10 mA
constant current. As can be seen in figure 8-5(a), the superconducting transition
started at 36.25 K and finished at 35 K. Below 35 K, the coil resistance was below a
measurable level. The measured T of the coil was 1 K higher than in the previously
reported results of the coil, which used a similar type of MgB, wire [37]. To measure
the field constant of the coil, firstly, the coil was energized up to 10 A current at 31.5
K. The measured and calculated field constant of the solenoid coil was 2.22 G A™,
and 2.19 G A, respectively [28]. This indicates that the fabricated coil was wound
uniformly. The slight variation in the field constant, however, might be due to the
alignment error of the Hall sensor.

Figure 8-6 shows the critical current (Ic) measurement results for the coil at
31.5 K. Figure 8-6(a) shows the voltage vs. current curve of the coil. The I of the
coil was measured to be 79 A using the 1 pV cm™ criterion. The superconducting to
normal transition appeared smooth. The n-value, which indicates the quality of a
superconducting material, was calculated to be 26 [27, 31, 38]. The n-value is
strongly dependent on the microstructural uniformity of a superconductor [38]. The
n-value of the MgB, conductor should be greater than 50 at any given temperature
and magnetic field for better suitability of that conductor for persistent-mode magnet
application in MRI [26]. Figure 8-6(b) shows the current, temperature vs. time curves
of the I, measurement at 31.5 K. As can be seen in figure 8-6(b), during

superconducting to normal transition, the temperature on the coil increased by only
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~0.5 K. This indicates that in the SN, environment, the thermal stability of the coil

was improved.
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Figure 8-5. (a) Resistance vs. temperature curve, (b) voltage vs. current curve (at 28 K), (c)
current, temperature vs. time curves (at 28 K) of the MgB, solenoid coil, (d) temperature vs.
time curves of the cooling system, and (e) temperature vs. time curves of the temperatures on

the coil after turning-off the cryocooler at ~28 K temperature.
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Figure 8-6. (a) Voltage vs. current, (b) current, temperature vs. time curves of the coil at 31.5
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Figure 8-7. Voltage vs. current curve of the coil at 29.4 K.

At 29.4 K, again, the I; of the coil was measured (see figure 8-7). The current
was not passed until a full transition occurred as per the 1 uV cm™ criterions to avoid
unforeseen damage to the coil due to the transient resistive heating. As mentioned
earlier, SN, has high heat capacity to provide thermal stability to the magnet, but on
the other hand, it has very poor thermal diffusivity in the event of transient heating
above 10 K (see section 2.3.4.3 of Literature Review) [26]. This means that due to
the poor diffusivity of SN, the hot-spot temperature of the magnet can be rapidly
increased [28]. This can lead to magnet damage. Therefore, SN, is more suitable in a
magnet system where heat dissipation is slow, such a persistent magnet for MRI. As
shown in figure 8-7, as soon as the transition was observed, the current was
decreased from 177 A. This indicates that the coil had I, of ~177 A at 29.4 K.
Moreover, during coil charging at 0.5 A s, ~0.064 mV inductive voltage was
observed. This voltage indicates that the coil has an inductance of 128 uH, which

matches the FE simulated inductance of the coil as shown in table 8-1.



Chapter 8: MgB, Solenoid Coil in Solid Nitrogen 215

Figure 8-5(b) and (c) show the I. measurement results on the coil at 28 K. Up
to 160 A, current was ramped at 1 A s, and then at 0.5 A s™ to 200 A. Figure 8-5(b)
shows the voltage vs. current curve of the coil. As shown in the figure, the coil I was
greater than 200 A at 28 K. Figure 8-5(c) shows the current, temperature vs. time
curves of the coil. As shown in the figure, 200 A constant current was maintained for
113 seconds prior to discharge. During the entire charging and discharging cycle, the
coil temperatures remained constant. These results show that the MgB; coil stability
was greatly enhanced in the SN, environment. This work was the first to show such
stable high current operation for any MgB; coil in an SN, environment above 25 K
[18, 27], which is very promising for the advanced technology needed to develop
low-cost MRI [39].

Following the 28 K measurement, the coil was allowed to cool down to the
minimum achievable temperature. During cool down, the coil was charged with the
full 200 A current several times to see any effects of SN, contraction on the coil
performance [26], and no performance variation was observed. It is worth noting that
the coil was not impregnated to avoid conductor movement during coil charging. The
SN, acts quite well in place of epoxy and provides very good mechanical and
thermal stability to the coil. After cooling down to 8 K, the coil temperature was
maintained at 28 K, and again, the coil was able to carry the 200 A current without
any performance degradation during the thermal cycle. In the end, at ~28 K coil
temperature, the cryocooler was turned off to see the warm up characteristics of the

coil.
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Figure 8-8. Temperatures vs. time curves of the cooling system soon after turning off the
cryocooler.

Figure 8-5(d) shows the temperature vs. time curves of the cooling system for
100 h after switching off the cryocooler. As can be seen in the figure, as soon as
cryocooler was switched off, the temperature of the radiation shield (only conduction
cooling) started to increase rapidly. On the other hand, the temperature of the SN,
chamber was increasing very slowly, even though the cryocooler was connected to
the SN, cooling chamber in the off condition. Like cool down, the warm up of the
SN, around the coil was quite uniform. Figure 8-5(¢) shows the temperature vs. time
plot of the coil up to 35 K, which is the T, of the coil. Soon after turning off the
cryocooler, the temperatures on the coil were decreased for some time to achieve
temperature equilibrium with other temperatures in the SN, chamber (see figure 8-8).
The temperature variation occurred during the temperature control process. As
shown in figure 8-5(e), once the temperature equilibrium was achieved, the

temperatures on the coil increased slowly and uniformly compared to a pure



Chapter 8: MgB, Solenoid Coil in Solid Nitrogen 217

conduction cooling system. It took about 21 h to reach T, of the coil, whereas it took
14.5 hours to reach 31.5 K, even though cryocooler was delivering a significant
conduction heat load to the SN, chamber. The warming up time can be greatly
improved by thermally disconnecting the cryocooler from the SN, chamber.
Therefore, it can offer longer maintenance time or less re-cooling time in the event of

problems or power failure in the commercial MRI systems.

8.4. Conclusions

The high current operation of an MgB; solenoid coil in the SN, environment
was successfully achieved for the first time. The multifilament MgB,-conductor-
based solenoid coil achieved its highest current carrying capacity of 200 A at 28 K in
SN, with enhanced thermal stability. Furthermore, upon turning-off the cryocooler at
~28 K, it took about 21 h for the coil to reach 35 K (T, of the coil) in SN,. Such a
slow warming up of the SN, can offer longer maintenance time, less re-cooling time,
or even cooling-source free operation of the MRI magnet in the event of power

failure.
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This Chapter is under preparation with the design portion of Chapter 4 for the
submission to the Scientific Reports as a below paper. The written text in this

Chapter has been taken from my paper (under preparation), as shown below.
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Chapter 9

9. Conclusions and Future Prospects

9.1. Conclusions

The ultimate aim of this thesis was to demonstrate a magnesium diboride
(MgB,) based persistent magnet in solid nitrogen (SN,), which meets the technical
requirements for applicability in magnetic resonance imaging (MRI). The aim was
successfully achieved by demonstrating the first MgB, based persistent magnet in the
SN, environment. In the course of this thesis, the SN, cooling system, the
superconducting joining processes for the MgB, conductors, the MgB, persistent

magnet, and the MgB; solenoid coils were studied and methodically developed.

First, the conduction cooled SN, cooling system with the option to operate in
mixed cooling mode was designed, fabricated, installed, and tested. The design of the
cooling system was conducted using the optimal combination of analytical,
empirical, and FE analysis. The unique approach for achieving a uniform
temperature in the low thermal conductivity stainless steel cooling chamber by using
a copper (Cu) flange was developed, simulated, and experimentally verified. The
cooling system was designed such that the total estimated thermal heat load on the
radiation shield and SN, chamber was about 33.505 W and 0.482 W, respectively.
These heat loads were ~16% and ~52% less than the available cooling power at the
1% and 2™ stages of the cryocooler, respectively. During the actual cool down,
however, it was observed that the SN, level was as high as the radiation shield top
flange. Thus, the SN, was delivering an additional conductive heat load onto the SN,
chamber, which prevented the SN, chamber from reaching the temperature of the 2"
stage of the cryocooler, so that it remained at 8 K.

The detailed installation procedure for the cooling system was presented. The
high-temperature superconductor (HTS) modules of the current leads were fabricated
using two samarium barium copper oxide tapes instead of the designed single,
drastically innovative bismuth strontium copper oxide tape. Furthermore, the current

leads were tested and used at 200 A current despite being designed for 150 A current.
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No leaks in the system were observed, which means that the indium seal mechanism
worked very well. The system cool down was smooth. The thermal contact of the 1°
stage and the 2" stage with the radiation shield and the SN, chamber, respectively,
appeared to be excellent. Poor thermal contact between the transition region of the
current leads and the 1% stage of the cryocooler was observed, however. Thus, liquid
nitrogen cooling was necessary for the brass section of the current lead. A premature
quench in the MgB; solenoid coil was observed. After the system warmed up, it was
observed that the HTS links had been damaged during cool down. This might have
played a role in the premature quench. Thus, in subsequent experiments, Cu links
were used instead of HTS. In all, the system operation was well within the operation

requirements for subsequent experiments.

In the next step, superconducting joints using unreacted in situ undoped
monofilament MgB, wire were fabricated and evaluated. The critical current (l¢)
results for the joined wires demonstrated consistent performance, which is promising
from the viewpoint of “wind and react” magnets. Despite the performance
consistency in the joint performance, about 60 to 66% of the current was retained
after the joint was installed. A field-decay measurement of the closed-loop coil was
also conducted to estimate the joint resistance, which was about 1.4 x 10 Q.
Optimization of the wire cutting, the heat-treatment conditions, and the powder
density in the joint was required, however, for further performance enhancement.
The scanning electron microscope observations showed very good MgB, core to core
contact in the joint, but some cracks were also induced in this region. These should

be avoided for reliable joint processing.

Moreover, a new approach to a superconducting joining process for an
unreacted in situ C-doped monofilament MgB, wire was developed. The joints were
evaluated for their joint resistance through a field-decay measurement. The new
joining approach for C-doped MgB, conductor showed significantly enhanced
performance compared to the reported results to date. According to the literature, the
joint fabricated using the unreacted in situ C-doped MgB, monofilament wire was
the first to achieve an I; value >200 A in self-field at 20 K. The joint demonstrated

current retention of up to 72% in different magnetic fields at 20 K. The results were
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preliminary results, so still there is room to further improve the joint performance.
The X-ray diffraction analysis showed no diffusion or reaction of the sealing material
with the MgB, powder inside the joint. The solenoid closed-loop coil showed very
reliable persistent-mode operation for a period of 48 h at temperatures up to 21.4 K
in self-field. The estimated total circuit resistance was <1.8 x 10 Q at 16.7 + 4.7 K
temperature. These superconducting joint performance results demonstrate the

potential of MgB, conductors for MRI application based on an LHe-free system.

To achieve the ultimate aim of this thesis, the MgB, coil, and the persistent-
current switch was successfully fabricated through the superconducting joining
technique, and the persistent-current mode of the magnet system was evaluated with
SN, cooling and a 100 A operating current. The total circuit resistance was estimated
to be <7.4 x 10™ Q at 19.5 K + 1.5 K, in the coil during reasonably long-term
persistent-mode operation for 4.75 days. This performance is comparable to the
technical requirements for practical MRI application.

In the end, the high current operation of an MgB, based solenoid coil in the
SN environment was successfully achieved for the first time. The multifilament
MgB,-conductor-based solenoid coil showed a high current carrying capacity of 200
A at 28 K in SN, with enhanced thermal stability. Furthermore, upon turning-off the
cryocooler at ~28 K, it took about 21 h for the coil to reach 35 K (critical
temperature of the coil) in SN». Such a slow warming up of the SN, can offer longer
maintenance time, less re-cooling time, or even cooling-source-free operation of the

MRI magnet in the event of power failure.

In summary, the research and development carried out in this thesis work will
certainly pave the way to the development of the advanced technology of a next
generation LHe-free MRI magnet system based on the MgB, conductor.

9.2. Future Prospects

MgB; has very good potential for application in MRI systems in the near
future. Further work needs to be done, however, on the applicability of in situ
monofilament MgB, wire for MRI magnet winding via a wind and react method. If

the monofilament conductor doesn’t meet the stability criterion for commercial MRI
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application, then the joining process needs to be optimized for in situ multifilament
MgB; wire. Moreover, if the wind and react approach is not viable for commercial
MRI application, then a joining process for reacted mono- and multifilament in situ
wire has to be developed. During this thesis work, however, reacted in situ wire
showed significant degradation after the second heat-treatment, which is mandatory
for joining MgB, conductors. In contrast, Hyper Tech Research Inc. observed no
degradation in in situ wire after a second heat-treatment [1]. This result, however,

needs to be verified.

In the case of commercial ex situ multifilament MgB, tape, a joint carrying
>300 A current at 20 K has been reported [2]. This is a very promising result if the
joining process reported in [2] can be applied to commercial MRI magnets via the
react and wind method. For reacted conductor joining, ex situ conductor seems better
compared to in situ conductor, in term of performance retention (i.e., ex situ wire

retained good performance after the second heat-treatment as per literature).

React and wind MgB, magnets are obviously more suitable for commercial
MRI application. Nevertheless, it should be noted that any fully reacted MgB.
conductor (in situ or ex situ) has strain tolerance up to 0.4% [3, 4]. This means that,
while joint fabrication of any fully reacted MgB, conductor, the strain limit has to be
kept less than 0.4%, which seems very challenging, especially where there are
requirements for pressing and heat-treatment. Thus, probably due to the strain
sensitivity of MgB, conductor, the wind and react approach also has to consider for

commercial application as in the case of niobium-tin.
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