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Chapter 1

Introduction

1.1 Background of the Thesis Research Project
Accelerators are key components to provide energetic particles to investigate the
structure of the atomic nucleus. Invented in 1930s, by 2017, there were several
thousand small and large accelerator systems installed worldwide. With the in-
creasing use of accelerators, not only in the field of particle physics but also in
the medical sciences for the cure of several diseases, many smaller accelerator
systems will be installed in the future [1].

The superconducting magnet, one of the vital component of the accelerator
system. In an accelerator system, magnets are used to produce a strong and stable
magnetic field, several type of magnets are used in accelerator system, however
dipole and quadrupole are the principle magnets with the prime objective to bend
the path of the beam of particle and to focus a beam, gathering the particles close
together, respectively. The majority of existing particle accelerators (which uses
superconducting magnets) are using low critical temperature (Tc) superconductor,
mainly niobium titanium (NbTi, Tc = 9.2 K) or niobium tin (Nb3Sn, Tc = 18.2 K),
which are primarily operated in liquid helium (LHe) environment at 4.2 K [2,3]. In
accelerator field, Large Hadron collider (LHC) is one of the biggest consumer of
LHe, which requires several metric tons of LHe to cool down the superconducting
magnet system. In the case of any problem (quench – loss of superconducting
state) in the accelerator magnet, an enormous amount of LHe gets evaporated
and can drastically increase the operation cost. In addition, increasing uses of
accelerators and superconducting magnets (mainly MRI scanners) in medical field
will increase the demand and supply gap of helium. Due to these compelling
reasons, there is a growing demand to develop accelerator systems that can operate
in higher temperature range with LHe free and somewhat reduces the cost of the
systems [4].
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1.1. BACKGROUND OF THE THESIS RESEARCH PROJECT

In 2001, superconducting phenomenon in magnesium diboride (MgB2) was
observed with relatively high Tc of 39 K [5]. Since then, MgB2 is seen as a
promising candidate and a possible replacement of Niobium based superconduc-
tor accelerator systems due to its relatively low material and fabrication cost (as
compared to high-temperature superconductors (HTS)), with the possibility to op-
erate in the temperature range from 10 K – 25 K, with promising current carrying
capacity below 5 T and availability in long length wire conductor [2, 5–7].

J-PARC is one of the leading accelerator facility for several ground-breaking
experiments such as T2K, KOTO and upcoming facility (COMET). As these ex-
periments, aim at unprecedented sensitivity in precision and rareness, it is nec-
essary to provide sufficient integrated proton on target (POT) which is a product
of proton beam power and operation time. Due to increasing demand of POT,
limitation in operation time and several upcoming experiments in next decade, a
severe shortage of POT is expected. In the future, apart from the ongoing increase
in the beam power, one of the possible option is to to upgrade the current facility
with a new ring (stretcher ring) in the present tunnel [8]. At present, Fermilab
is providing beam simultaneously to multiple facilities by a storage ring, which
result in increase in operation time twice as compare to J-PARC.

Construction and operation of magnets is one of the significant challenge in
any upgrade in accelerator system. Superconducting combined function magnet
with warm iron yoke and superconducting transmission line as primary candidate
is an excellent choice for field below 2T. FNAL developed the first transmission
line magnet using low-temperature superconductor for the Very Large Hadron
Collider [9–14]. A comparatively simple design and compact size make it a suit-
able possibility to install and operate in smaller space.

Conductor selection is also crucial parameter for manufacturing and operation
cost of the magnet system. Advancement in the medium and high temperature su-
perconductors increasing the interest in transmission line technologies using HTS
or MgB2 as conductor [15–18]. Industries are also actively developing transmis-
sion line for power delivery system using these superconductors [19, 20]. Re-
cently, CERN is also considering MgB2 as the conductor for the transmission line
magnet for high luminosity LHC [21].

This thesis, therefore, presents the original research work done for the Study of
MgB2 Based Transmission Line Magnet for Accelerator Systems. The following
section of Chapter 1 includes brief introduction to superconductivity and particle
accelerators.

– 8 –



1.2. SUPERCONDUCTIVITY

Figure 1.1: The first measurement of superconductivity by H. K. Onnes

1.2 Superconductivity
1911, the ground-breaking year in the field of Science when famous Dutch sci-
entist Heike Kamerlingh Onnes during his investigation he found that, resistance
of mercury (Hg) dropped significantly low which is nearly unmeasurable when
cooled to boiling temperature of liquid Helium (4.2 K). H. K. Onnes called this
phenomenon ‘superconductivity’, which is retained since then figure1.1 shows the
first measurement conducted by H. K. Onnes [22].

Since then, in last 10 decades, scientists are continually trying to find new
material that shows this phenomenon and efforts are still going on to discover
new materials that can show almost zero resistance near the room temperature
(RT).

1.2.1 Meissner Effect
Apart from the zero dc electrical resistivity of superconducting materials below
(Tc), superconducting materials exhibit another unique characteristic. In 1933,
Meissner and Ochsenfeld observed that in a superconducting state, a weak mag-
netic field (B, B = µ H, where µ 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
figure1.2

– 9 –



1.2. SUPERCONDUCTIVITY

Figure 1.2: meissner effect, normal and superconductor

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 (ρ), i.e., ρ = 0 because perfect diamagnetism auto-
matically requires a conductor to be a perfect electrical conductor. The surface
supercurrent is primarily responsible for the Meissner effect.

1.2.2 London Penetration Depth (λL) and Coherence Length
(ξ)

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 al-
ways 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 [28]. London sym-
bolised this penetration depth as

λL =

√
m

µ0e2nse
(1.1)

where m and e are the mass and charge of an electron, respectively, and nse is the
density of the superconducting electrons. According to the London theory, within
λL the magnetic field exponentially decreases with the increasing distance from

– 10 –



1.2. SUPERCONDUCTIVITY

Figure 1.3: The density of superconducting electrons, coherence length, and pen-
etration depth inside a superconductor

the edge of the superconducting specimen. The temperature dependence of the
λ(T) can be approximated by

λ(T )≈λ(0)[1− t4]
1
2 (1.2)

It was experimentally observed that the λ determined experimentally was some-
what larger than λL. In 1955, A. B. Pippard successfully solved this discrepancy
by introducing the concept of the coherence length (ξ) by proposing a nonlocal
generalization of the London theory [27]. In the nonlocal electrodynamics of the
normal metal, the (ξ0) plays a role similar to the mean free path, l. The coherence
length (ξ) in the presence of scattering was assuming to be related to that of pure
material (ξ0)by

1

ξ
=

1

ξ0
+

1

l
(1.3)

Inside a superconductor, the density of the superconducting electrons changes
gradually over a distance (ξ) . Therefore, there is no sharp boundary between
superconducting and normal areas within a superconductor. In the core of a su-
perconducting region, (ξ) 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 figure1.3.

According to the theory of Ginsburg, Landau, Abrikosov, and Gorkov on clas-
sifying types of superconductors, a superconductor is type I if(ξ) >

√
2λ , and

type II if (ξ) ≤
√

2λ. The ratio k=λ
ξ

is called the Ginsburg-Landau (GL) parame-
ter [29].

– 11 –



1.2. SUPERCONDUCTIVITY

Figure 1.4: Magnetic phase diagram for type I and type II Superconductors

1.2.3 Type I and II superconductor
Due to enormous practical consequences results in the finding that there exist
two types of superconductors that shows somewhat different response to magnetic
fields. According to their diamagnetic properties, superconductors are character-
ized into two groups, type I superconductors and type II superconductors.

In type I superconductors critical magnetic field (Hc) is a limiting factor as the
applied field from outside surpass the Hc, material will leave its superconducting
state. When the applied field is lower than Hc, the material is in Meissner state.
According to Meissner effect, if a material is in superconducting state the mag-
netic field lines are expelled. The magnitude of external field penetrates into the
surface of the superconductor depends on the penetration depth which is given by

H(x) = H0exp(
−x
λ

) (1.4)

where, x is the distance from the surface and λ is the penetration depth.
Type I superconductors are mainly pure metals and have limited practical uses

due to low critical magnetic field and high sensitivity.
On the other hand, in type II superconductors, shift from normal state to

Meissner state is not sudden but goes through a transitional state in which ap-
plied field can penetrate through certain local regimes. This is called the vortex
state as vortices of the superconducting current surrounded by filaments or cores
of normal conducting materials and its shows a mixed state of normal and super-
conducting regions [23].

If the applied field is increased up to a lower critical field Hc1, the material
expels all the magnetic flux lines. Further increase in the applied up to higher
critical field Hc2, the material is in mixed or vortex state and some flux lines can

– 12 –



1.2. SUPERCONDUCTIVITY

Type I Tc (K) µ0Hc(T) Type II Tc (K) µ0Hc(T)
Ti (metals) 0.39 0.0100 Nb(metal) 9.5 0.2*
Zr 0.55 0.0047 NbTi(alloy) 9.8 10.5**
Zn 0.85 0.0057 NbN(metalloid) 16.8 15.3**
Al 1.18 0.0105 MgB2 39 35-60
In 3.41 0.0281 Nb3Sn 18.2 24.5**
Sn 3.72 0.0305 Nb3Al 18.7 31.0**
Hg 4.15 0.0411 Nb3Ge 23.2 35.0**
V 5.38 0.1403 YBa2Cu3O7−x(oxides) 93 150*
Pb 7.19 0.0803 Bi2Sr2Can−1CunO2n+4 85-110 > 100*

Table 1.1: Selected type I and type II superconductors and their Tc and µ0Hc(Bc2)

penetrate through the sample. The effect of these flux lines are cancelled out by
the supercurrents circulating around the walls of the vortices and net magnetic
flux is zero.

In superconducting magnets, to achieve high critical currents, materials with
high Bc is prerequisite. As shown in table 1.1 [24]Type-I superconductors hav-
ing very low Bc make them inappropriate for the superconducting magnets and
giving type-II materials an advantage over type I. Superconductive magnets based
on niobium alloys achieving magnetic field of about 20 Tesla, when operate at
temperature of 4 K (cooled by liquid helium).

1.2.4 Critical surface
The three essential properties of any superconductor are critical current (Tc), crit-
ical magnetic field (Hc), and critical current density (Jc).

Critical temperature (Tc) is one of the vital property of the superconductors
at which the resistivity of the material reduced to value close to zero. Efforts are
continuously going on in search to find higher (Tc) superconductors as close as
room temperature (RT).

Critical magnetic field (Hc) is another curial property, which can affect the
performance of the superconductor, as superconductivity cannot sustain in the
presence of magnetic field higher than critical value Hc even if we operate at
absolute zero temperature. Critical magnetic field is strongly related with the
critical temperature of the superconductor. Tc decreases with increase in Hc.

Critical current density (Jc) is another crucial parameter, which can affect the
quality of the superconductor. Jc is the maximum current the superconductor can
carry per unit area and it is strongly dependent on the operating temperature. Tc
usually decreases with increase in the current flow through the superconductor. As

– 13 –



1.2. SUPERCONDUCTIVITY

Figure 1.5: Critical Surface of Superconductors

flow of current generates magnetic field, higher current density generates higher
magnetic field and which results in field on the surface of the conductor exceeding
the critical magnetic field (Hc), eventually vanishes the superconductivity.

Relation between all the three critical parameters plotted in a graph that is
defined as critical surface of superconductors as shown in figure1.5.

1.2.5 Critical Surfaces of Type II Superconductor
1.5 shows the critical surface for a typical Type II superconductor usable for mag-
nets, i.e., magnet-grade superconductor. Superconductivity exists within the phase
volume bounded by the surfaces bordered by the function f(J,T,H)

Critical Current Density, Jc
In a type II superconductor, Jc may be enhanced dramatically by means of

metallurgical processing. This enhanced Jc performance is generally attributed
to the creation of “pinning centers” that anchor the vortices against the Jc * B
Lorentz force acting on them. These pinning centers are created in crystal struc-
tures by material impurities, metallurgical processes such as cold working to form
dislocations, or heat treatment to create precipitates and grain boundaries. Kim
and others obtained J(H, T =constant) given by:

Jc =
αc

H +H0

(1.5)

where αc and H0 are constants. Note that αc implies an asymptotic force density
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Figure 1.6: The trend of the development of superconductors

that balances the Lorentz force density for H� H0.

1.3 Commercial Superconductors
Figure1.6 [26]shows the trend in the development of superconducting materi-
als since the discovery of superconducting phenomenon in Hg in 1911 at 4.2 K
whereas table 1.1 shows critical parameters of selected type I and type II super-
conductors. Since then, researchers had gained gradual success in next 6 decades
with the highest known transition temperature increased from 4 K in Hg to 23 K
in Nb3Ge, at a rate of 0.3 K/year.

In last 5 decades this rate is significantly increased due discoveries of new
high temperature superconductors. Among the listed superconductors, type I su-
perconductors are commercially not viable for magnet construction, type II super-
conductors are mainly used in magnet construction.

As of now, among all the listed superconductors in table 1.1 [24], NbTi has
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Figure 1.7: Engineering Critical Current Density vs. Applied

been the main superconductor used for a commercial magnet fabrication. Due
to the difficulty in magnet fabrication and the high strain sensitivity, Nb3Sn 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. MgB2, which
was found to be superconducting in 2001, has been developed very quickly and
won its place in the commercial market [5]. Due to its possible LHe-free operation
combined with high Tc of 39 K and relatively cheaper fabrication cost compared
to HTS, MgB2 has special appeal for commercial applications.

1.4 Particle Accelerators

1.4.1 Introduction
Accelerators were invented in 1930s to provide energetic particles to investigate
the structure of the atomic nucleus. Since then, they have been used to investigate
various aspects in the field of particle physics. Their task is to speed up and in-

– 16 –



1.4. PARTICLE ACCELERATORS

Figure 1.8: KEK and J-PARC accelerator complex layout

crease the energy of a beam of particles by generating electric field that accelerate
the particles and magnetic field to align and focus them.

Particle accelerators are of two basic types:
Linear- Particles travel through a long, straight track and collide with the tar-

get.
Circular- Particles travel through a circular tunnel consisting of cavity and

magnets until they collide with the target.
In Japan, KEK and J-PARC both accelerator facilities consist of Linear and

Circular Accelerators. Layout of KEK and J-PARC as shown in figure1.8 .

1.4.2 Japan Proton Accelerator Research Complex (J-PARC)
As explained in previous section, Japan Proton Accelerator Research Complex
(J-PARC) is a world’s leading research complex with several experimental fa-
cilities such as material and life science facility (MLF), neutrino experimental
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Figure 1.9: Layout of J-PARC Accelerator

facility (NU) and hadron experimental facility (HD). The main requirement for
these experimental facilities is a high intensity proton beam.

J-PARC has three proton accelerators as shown in figure1.9, namely the Linac,
the Rapid Cycle Synchrotron (RCS) and the Main Ring (MR), which serves as
feeder of proton on target (POT) for three research facilities, to underline the
development of advanced science [25].

The Linac accelerates negative hydrogen ions (H-) up to 181 MeV to inject to
the RCS. A charge-stripping foil at the injection point of RCS convert the negative
ions to protons. The RCS accelerates the protons up to 3 GeV at a repetition rate
of 25 Hz, which is then extracted, to the MLF and the MR.

The 1567.5 m long MR, provides 30 GeV high-intensity beams to the NU
by fast extraction and to the HD by slow extraction. The MR has a three-fold
symmetry with three arc and three straight sections. Each arc section consists
eight identical modules with one module consists of four identical bending, four
quadrupole, and three chromaticity corrected magnets. Each straight section have
a length of 116.1 m, which is dispersion free and consists of seven groups of
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quadrupole magnets. Steering magnets placed near the quadrupole magnets over
the entire length of the MR. The three straight sections are dedicated to injection
and beam collimation, slow extraction, and fast extraction respectively. For slow
extraction, dedicated electrostatic and magnetic septa, bump magnets, and a slow
collimator are placed in the straight section. A horizontal tune is approached to
3Qx = 67 resonance line for the slow extraction. Eight resonant sextupole magnets
are distributed in the arc sections. All the magnets used in the MR are normal
conducting type and of separation function type.

The future is bright with upgrades of T2K (T2K-II and T2HK) and hadron fa-
cility experiments, as well as a new flagship lepton flavour violation experiment,
COMET, will be online and use the facility in the next decades [8]. With comple-
tion of above upgrades, the POT shortage crisis will increase, which can be solved
by the use of stretcher ring (SR).
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Chapter 2

Stretcher Ring Magnet Design

2.1 Two Ring in One Tunnel
For upgrade of the J-PARC Main Ring (MR), we are considering a design to place
a stretcher ring (SR) in the present tunnel as shown in figure 2.1. The J-PARC
tunnel have a height of approximately 3.7 m and existing MR of 1.4 m height,
with less than 2 m of space availability for the SR. Taking into account the above
parameters, for this upgrade, we need a compact, energy, and cost efficient design.
In the present study, the design that is considered for SR is as follow:

i) The SR will be suspended from the ceiling of the MR tunnel and will have
the same circumference as of the MR.

ii) To limit the operation cost and optimizing the size, to fit the SR in the
present tunnel, the main magnets are superconducting types with combined func-
tion of dipole and quadrupole fields [1].

Tunnel cross section with the super-ferric type superconducting combined
function magnet are as shown as figure 2.1.

2.1.1 Approach to design
As previously mentioned in section 1.4.2, the J-PARC MR is a 1567.5 m long
3-fold symmetry with 3 arc sections and 3 straight sections shown in figure 1.9.
Each arc section of SR consists of 8 identical modules similar to MR. As shown
in figure 2.2 each module has combined function magnet that produces dipole and
quadrupole field (BMNDCMB, BMNFCMB). It has separated function quadrupole
magnets (QFX, QDX). The beam optics of module is shown in figure 2.2 [1]
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2.1. TWO RING IN ONE TUNNEL

Figure 2.1: J-PARC tunnel cross section with transmission line magnet for SR

2.1.2 Combined Function Magnet
As described in section 1.1, the magnet design considered for the SR is a super-
ferric C-shaped magnet powered by superconducting transmission line. The ini-
tial design of the iron shape is generated by two-dimensional magnetic potential
equation, without taking into consideration the sextupole field [].

[
n

2
ln(1 +

x

ρ
) + 1 +

n

2

x

ρ
+
n

4
(
x

ρ
)2]y = g (2.1)

where ρ = 89.381 m and g = 134 mm are the bending radius of the magnet
and the gap height on the designed orbit. n= ρ

B
∂B
∂ρ

is the n index of the magnet
pole. The pole shape is given by the gap distance y at x position. Since the pole
shape is decided by the analytical formula without taking into consideration the
sextupole field. The FEM results does not satisfy the specified field. The cross
section of combined function magnet is shown in figure 2.3. Further, optimization
is performed to get the target field parameter in chapter 3.
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2.1. TWO RING IN ONE TUNNEL

Figure 2.2: Beam optics of one arc module in the arc section of the stretcher ring

Parameter Expected field FEM field
Dipole Field 1.15 T 1.15 T
Quadrupole Field -3.14 T/m -3.8 T/m
Sextupole Field 17 T/m2 -8.0 T/m2

Magnet Length 5.85 m 5.85 m

Table 2.1: Basic parameters of superconducting magnet of Stretcher Ring

The two-transmission line type conductor are placed in the slot between the
pole and the return yoke. The cable overall diameter including thermal insulation
vacuum jacket is about 130 mm while the inner diameter of the conductor jacket is
about 50 mm. Each cable is a set of 4-sub cables each carrying 20 kA with roughly
80 kA current in each cable. In this study, we are considering MgB2 as candidate
for the transmission line technology with 10 K 1 MPa gas helium cooling.

2.1.3 Transmission Line Geometry
The major component of the transmission line magnet is the 80 kA superconduct-
ing transmission line that energizes the magnet. The conductor requirement is

– 25 –



2.1. TWO RING IN ONE TUNNEL

Figure 2.3: Cross section of combined function magnet

similar to the cable in conduit design with the following exceptions
Positioning of the conductor inside the iron yoke need to be accurate in order

to limit the magnetic decentering forces. In order to achieve this requirement, the
superconducting cable is evenly supported by GFRP structure at the center.

In case of quenching, it must have enough copper and thermal mass, which
allow dump excess current from 80 kA conductor within seconds. This requires
a additional copper which act as stabilizer,and handles the excess heat load apart
from the copper inside each MgB2 wire.

The cable must handle the thermal contraction from 300 K to 10 K. This is
necessary since the conductor loop is without bellow or expansion joints in a sin-
gle stretch.

In present design consideration the GFRP support structure is in the center
of the 4 sets of transmission line.In order to get free flow of helium gas,a wide
cooling jacket is considered in this design.

As mentioned above, the transmission line carry 80 kA current. A 4-set cable
geometry is considered in this design. Each set of cable is a combination of 18:1
(SC: Cu) housed in a copper tube which act as a additional stabilizer in case of
quench to handle excess heat load, layout of each set in shown in figure 2.4.
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2.2. MAGNESIUM DIBORIDE (MGB2)

Figure 2.4: Proposed cable assembly for SC Transmission Line (a) Sub-unit of
20 kA cable, (b) 80 kA transmission line

2.2 Magnesium Diboride (MgB2)
Magnesium diboride (MgB2) was a quite known compound since 1950s, but in
2001, MgB2 gained a sudden attention when, J. Akimitsu group observed nearly
zero resistivity in the compound at a relatively high temperature (39 K) [3]. The
binary compound is a combination of two elements: magnesium (Mg) and boron
(B) [4] . MgB2 can be economical option as compare to other HTS materials such
as BSCCO and REBCO [18,36], due to less expensive material and much simpler
fabrication process as HTS have complicated fabrication process with expensive
rare earth materials [2].

2.2.1 Crystal Structure and Basic Properties of MgB2

MgB2 has a simple hexagonal crystal structure as shown in figure 2.5 with space
group p6/mmm. The lattice parameters of pure MgB2 are a = 3.084 Å and c =
3.524 Å, and the inter-atomic distance is B-B intra-layer 1.780 Å, Mg-Mg intra-
layer 3.084 Å, Mg-Mg inter-layer 3.524 Å and Mg-B 2.5 Å [4]. 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
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Figure 2.5: Crystal structure of MgB2

electrons with each other. The 2D covalent σbonds are responsible for holding
the B atoms in a plane, whereas the three-dimensional (3D) metallic π bonds
exist between the layers [5]. It is supposed that the B layers are responsible for
the superconductivity in MgB2 [6]. MgB2 follow conventional Bardeen-Cooper-
Schrieffer (BCS) superconductivity [7]. This was apparent when the boron isotope
B11 was used in the place of B10, and -1 K shift in Tc was observed [8]. The grain
size in typical poly-crystalline MgB2 material is from 10 nm - 10 µm [9]. The
anisotropy of MgB2 is from 1.5-5, which is lower than for HTS, which eliminates
the need for texturing as for the HTS [10]. The coherence length () of MgB2 is 4 -
5 nm and the penetration depth λ is 100-140 nm, with the Ginzburg-Landau (GL)
factor k = λ/ε, where ε is the coherence length, ≈ 26 at absolute zero [11]. MgB2

has two superconducting energy gaps δ1 (σ) ≈ 5 - 7 meV and δ 2 (π) ≈ 1.5 - 3
meV [12].

Pure MgB2 has a very narrow transition width of less than 1 K with the onset
critical temperature (Tc-onset) of 39-40 K [3]. Various isovalent and aliovalent
atoms with different radii have been substituted to increase Tc, but except for
zinc (Zn) (Tc increase of 1 K), all other substitutions decrease Tc. The normal
state resistivity (ρ(Tc)) of MgB2 is 0.4 µΩcm, which is much lower than for all
commercial superconductors, with a high residual resistivity ratio (RRR) of 20
[14]. The depairing current density of MgB2 is 107 A cm-2 which is only one
order lower than for HTS [15]. Pure MgB2 conductor achieves a transport critical
current density (Jc) on the order of 106 A cm-2 at 4.2 K in self-field, but 3.8 x 10
4 A cm-2 in 6 T [16]. Pure MgB2 has a low lower critical field, Hc1 (0), of 50 mT,
an upper critical field, Hc2, of 15-20 T, and an irreversibility field (Hirr) of 6 - 12
T at 4.2 K [17]. Silicon carbide (SiC) doped MgB2 wires showed Hc2 of about 33
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T, which is greater than for Nb3Sn [18].

2.2.2 Fabrication of MgB2 Conductors for Magnet Application
MgB2 triggered a great deal of interest in the research community soon after the
discovery of its superconductivity in 2001 [3], due to the possibility of its oper-
ation in cryogen-free, GHe, or mixed cooling environments. The simple crystal
structure, high critical temperature, high Jc, large coherence length, and trans-
parency of grain boundaries to the current flow of MgB2, make it special [4].
These properties of MgB2 offer the further promise of some key large-scale appli-
cations [25]. As can be seen in figure 2.1, the MgB2 conductor can open up a new
domain of applications for superconducting direct current (DC) magnets, espe-
cially below 5 T and 20 K. During the past 15 years, MgB2 has been fabricated in
various forms, including single crystals, bulk, thin films, tapes, and wires [20–29].

Different types of MgB2 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 iso-
static 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 MgB2 conductors have been used for this thesis work

2.2.3 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 [6, 23]. The fabrication steps in PIT
wire fabrication are shown in Figure 2.2. 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 MgB2

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 (Nb), silver (Ag), nickel (Ni), titanium (Ti), iron (Fe),
stainless steel (SS), Cu - Ni, Monel, etc. In an ex-situ method, already formed
MgB2 powder is used. For improving Jc, however, further suitable heat-treatment
(900-1000 ◦C.) is also applied in the ex situ case [30]. Due to a possible reaction
of Mg with sheath materials such 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 MgB2 core
in an in-situ process [31]. The requirement for Nb makes an in-situ processed
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Figure 2.6: Fabrication steps for PIT MgB2 wire

conductor quite expensive; therefore, the search for another inexpensive barrier
material is indispensable.

The In situ method has several advantages over the ex situ method such as low
temperature reaction processes and easy nanoparticle doping to enhance Jc [24].
On the other hand, the ex situ method is more suitable for long lengths, a high
packing factor, and complex multi-filamentary conductor geometry [24]. The in
situ reaction yields strong inter-grain coupling with a low packing factor, whereas
the ex situ process yields tightly packed grains, although their inter-grain coupling
is much weaker [32]. At present, many research groups are actively involved in
enhancement of the connectivity of grains in ex situ processed conductors [32–
35]. Some of the ex-situ processed tapes show Jc values of ≈104 A cm-2 at 20
K in self-field [36]. In the case of ex-situ conductors, heat-treatment normally
improves the Jc, but it is still lower compared to in-situ due to relatively poor
inter-grain coupling [37–40]. Kario et al obtained Jc of 3.5 x 104 A cm-2 at 9 T
and 4.2 K in ex situ MgB2 with 5 percent C addition [41].
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Chapter 3

Field Quality in Accelerator
Magnets

3.1 Introduction
In accelerator systems, magnets can be broadly categories based on the dominant
source field is generated due to the coil or iron yoke and based on that, it is easy
to distinguish between coil dominated and iron-dominated magnets.

In C-shaped combined function magnet, the shape of the iron yoke predomi-
nantly determines field quality in the magnet aperture. Multipole errors induced
in iron dominated are mainly due to the pole shape, and an optimized iron yoke
shape can minimize the multipole errors.

The magnetic field quality is an essential factor to keep the particle on stable
trajectories. The magnetic field errors in the aperture of the magnets are expressed
as the coefficients of the Fourier-series expansion of the radial field components
at a given reference radius (in the 2D case). In the 3D case the transverse field
components are given at a longitudinal position z0 or integrated over the entire
length of the magnetic flux density Br at a given reference radius r = r0 inside
the aperture of a magnet is measured or calculated as a function of the angular
position we get the Fourier field expansion.

3.2 Field Harmonics
In accelerator system, magnetic field quality in the magnet aperture [1] is usually
defined by a set of Fourier coefficients, which are commonly known as field har-
monics or multipole coefficient [2, 3]. The overview given in this chapter follows
the book called Field Computation for Accelerators [4]. The technique used for
calculation of field harmonics is based on finding the general solution that sat-
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isfies the Laplace equation in a suitable coordinate system. The integration in
the general solution, obtained with the separation of variable technique, are then
determined by comparing with the boundary condition.

Starting from the vector potential that satisfies the Laplace equation, ∇2Az =
0, and considering magnet aperture as the problem domain, a general solution can
be found

Az(r, ϕ) =
∞∑
n=1

rn(An sinnϕ+Bn cosnϕ) (3.1)

The field components can be expressed as

Br(r, ϕ) =
∞∑
n=1

nrn−1(An cosnϕ−Bn sinnϕ) (3.2)

Bϕ(r, ϕ) = −
∞∑
n=1

nrn−1(An sinnϕ+Bn cosnϕ) (3.3)

Each value of the integer n in the solution of the Laplace equation corresponds to a
specific flux distribution generated by ideal magnet geometries. The three lowest
values, n=1,2,3 correspond to the dipole quadrupole, and sextupole flux density
distributions. Assuming that the radial component of the magnetic flux density
in the Equation 3.1 is measured or calculated at a reference radius r = r0 as a
function of the angular position ϕ, the Fourier series expansion of the obtained
radial field components is [4]

Br(r0, ϕ) =
∞∑
n=1

(Bn(r0) sinnϕ+ An(r0) cosnϕ) (3.4)

where

An(r0) =
1

π

∫ 2π

0

Br(r0, ϕ) cosnϕ (3.5)

Bn(r0) =
1

π

∫ 2π

0

Br(r0, ϕ) sinnϕ (3.6)

Because the magnetic flux density is divergence free it yields that A0 = 0.
In practice, the Br field components are numerically calculated or measured

at a discrete series of points k for a total of N points in the interval (0,2π) equally
spaced ϕk=2πk

N
, k=0,1,2,....N-1. This allows the calculation of two times N Fourier

coefficients by the Discrete Fourier Transform (DFT)

An(r0) =
2

N

N−1∑
k=1

(Br(r0, ϕk) cosnϕk) (3.7)
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Bn(r0) =
2

N

N−1∑
k=1

(Br(r0, ϕk) sinnϕk) (3.8)

which establish a relation among field components and the multipole coefficients
An(r0) and Bn(r0) at a given reference radius r0. The components of Bn(r0)
and An(r0) are called normal and skew multipole coefficients of the field. Field
components at any radius r are given by [4]

Br(r, ϕ) =
∞∑
n=1

(
r

r0
)n−1(Bn(r0) sinnϕ+ An(r0) cosnϕ) (3.9)

Bϕ(r, ϕ) =
∞∑
n=1

(
r

r0
)n−1(Bn(r0) cosnϕ+ An(r0) sinnϕ) (3.10)

Where Br(r0, ϕ) and Bϕ(r0, ϕ) denote the radial and tangential field compo-
nents. Uppercase notation defines the normal Bn(r0) and skew An(r0) multipole
coefficients. It is common practice to normalize the multipole coefficients with re-
spect to the main field componentBN(r0), denoted in lowercase letters, expressed
in a reference frame where the main skew component is zero. In case of the radial
field component, this yields,

Br(r, ϕ) = BN

∞∑
n=1

(
r

r0
)n−N(bn(r0) sinnϕ+ an(r0) cosnϕ) (3.11)

Applying the following trigonometric functions, cosϕ+ sinϕn=(eiϕ)
n= einϕ=

cosnϕ+ isinnϕ, n ∈ Z the magnetic field in Cartesian coordinates components
can be expressed as:

Bx(r, ϕ) =
∞∑
n=1

(
r

r0
)n−1(Bn(r0) sin(n− 1)ϕ+ An(r0) cos(n− 1)ϕ) (3.12)

By(r, ϕ) =
∞∑
n=1

(
r

r0
)n−1(Bn(r0) cos(n− 1)ϕ+ An(r0) sin(n− 1)ϕ) (3.13)

where the normal and skew multipole coefficients Bn(r0), An(r0) are given in
tesla at a reference radius r0. They are often combined in the complex notation
Cn=Bn(r0) + iAn(r0).

By definition for accelerator magnets, the normal components indicate a ver-
tical field in the horizontal plane while the skew terms indicate horizontal field. In
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Figure 3.1: Field lines of normal and skew dipole and quadrupole magnets:
(above-left): normal dipole field lines; (below-left): skew dipole lines; (above-
right): normal quadrupole field lines; and (below-right): skew quadrupole field
lines

3.1, the field lines for normal and skew dipoles (B1, A1) and quadrupoles (B2, A2)
are shown. Multipole coefficients, from different measurement devices for exam-
ple, must be compared at the same reference radius r0. The reference radius r0
is an important concept for accelerator magnets and it is usually chosen as 2/3 of
the magnets aperture. By choosing a complex plane (x, y), the harmonic can be
expressed in terms of the complex variable z=x+ iy [].

B(z) = By(z) + iBx(z) =
∞∑
n=1

Cn(z)(
r

r0
)n−1 (3.14)

The field quality, described as relative errors with respect to the main field com-
ponent BM at the reference radius r0, is given by

cn = bn + ian = 104 Cn
BM

(3.15)
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3.3 Optimization of Iron Yoke using SVD
As mentioned in section 2.1.3 , the design obtained using the numerical formula
is not satisfying the required field quality. In iron dominated magnet system, pole
shape of iron yoke plays an important role in defining the field quality in the beam
area which is also called volume of interest (VOI), VOI in this design study is 10
cm in diameter with a target dipole field of 1.15 T, quadrupole field of -3.14 T/m
and sextupole field of 17 T/m2

Optimizing the magnet pole contour is an iterative process requires the use of
2-dimensional analysis code/software and mathematical technique to process the
data. In order to get the optimized pole shape for the target field, we are using
singular value decomposition (SVD) technique and OPERA 2D software to get
the field components for the given pole shape.
The pole shape for target field is determined by solving a system of equations
formed with a non regular matrix A whose elements are response from points of
shimming on pole to the magnetic field on the VOI, using SVD regularization,the
response matrix A is then factorized into the product of three matricesA = UλV T

where the columns of U and V are orthogonal and the matrix λ is diagonal with
positive real entries.
In order to get the target field in VOI , in this method we tunes the eigenmode
strengths to determine the amplitude of shimming points.

Figure 3.2: Geometry for shimming calculation
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3.3.1 Data Representation
The first step is to convert an analytical or non-analytical design optimization
problem formulation into response matrix A. The response matrix A, derived
from the shimming points on the yoke pole tip and magnetic field evaluation point
(MFEPs) over the 10 cm Volume of interest (VOI). Considering the jth shimming
point Dj produces the magnetic field Bi(T) at the ith point in the VOI, the rela-
tionship is

Bi = AijDj (3.16)

where A is the response matrix.
The response matrix is formed by the difference in the magnetic field before and
after iron pole shimming.

A = By −By0 (3.17)

A =


A1,1 A1,2 · · · A1,j

A2,1 A2,2 · · · A2,j
...

... . . . ...
Ai,1 Ai,2 · · · Ai,j


here m=60 as number of MFEP and n=46 as number of shimming points on the
pole

3.3.2 Error Vector (Berr)
The second step is to determine the error in the VOI field components to the target
field for un-optimized pole shape. In order to determine the error vector, the target
fields for which optimization is to be performed need to be decided.
For present design optimization, the target field have dipole and quadrupole field
components as Bdipole=1.15 T and Bquad = -3.14 T/m. Error vector can be repre-
sented as

Berr = Bi0 −Bdipole −Bquad (3.18)

where, Bi0 is the initial field at magnetic field evaluation points without defor-
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mation.

Berr =


Berr1,1

Berr2,1
...

Berri,1



3.3.3 Performing SVD on the data matrix
The third step is to apply the singular value decomposition (SVD) regularization
on the response matrix A.

A = UλV T (3.19)

where Vi , Ui, and λi (T/A) form a set of an eigenmode.They are eigenvectors of
pole deformation, magnetic field distribution, and a singular value.

U =


U1,1 U1,2 · · · U1,j

U2,1 U2,2 · · · U2,j
...

... . . . ...
Ui,1 Ui,2 · · · Ui,j



λ =

λ1,1 · · · 0
... . . . ...
0 · · · λi,j



V =

V1,1 · · · V1,j
... . . . ...
Vi,1 · · · Vi,j



3.3.4 Eigenmode Strength (Pi)

The fourth step is to determine eigenmode strength from the decomposed matrix
U and error field Berr. Eigenmode strength is determined by∑ (Berr ∗ Ui)√

np
(3.20)
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Berr is the error vector, Ui is the orthonormal matrix where 1≤i≤np (np is number
of shimming points) and Np is number of MFEPs i.e 60 in our case. Eigenmode
strength is one of the crucial parameter which helps in determines the eignmode
to be used in the iterative process.

Figure 3.3: Reduction in eigenmode strength of higher number of eigenmode
with iterative steps

Figure 3.4: Comparison of different eigenmode
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Figure 3.5: Pole shape shimming after iterative process

3.3.5 Pole Shimming Amplitude (∆D)

The fifth step is to determine the shimming amplitude in the pole shape: The
eigenvectors obtained in step 2 form bases for the distribution and the new pole
shape can be obtained as combination based on the eigenmode strength. Based on
the eigenmode strength calculated in step 4 , the solutions are obtained using only
low-ordered (large singular value) eigenmodes.∑ Vi ∗ Pi ∗

√
np

λi
(3.21)

Parameters mentioned in table still need further iteration in order to make design
feasible for the manufacturing process.

Multipoles Initial Iteration 8 Target field
B1 1.1512 T 1.15 T 1.15 T
B2 -0.1944 T (-3.88 T/m) -0.1565 T (-3.13 T/m) -3.14 T/m

Table 3.1: Field variation in 5 cm reference radius (VOI) by SVD optimization

3.3.6 Improved method
In order to reduce the complexities in pole profile and make it commercially fea-
sible we had take a improved approach, the pole shimming amplitude generated
in step 5, instead of adding (∆D) of 46 shimming point we divided 46 shimming
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Figure 3.6: Pole shape shimming after improved iterative process

points into pair of 5 and added average of pole shimming amplitude. By consider-
ing this approach we are successfully able to reduce the complex pole profile and
also able to get the target field quality as shown in

Multipoles Initial Iteration 14 Target field
B1 1.1512 T 1.15 T 1.15 T
B2 -0.1944 T (-3.88 T/m) -0.156 T (-3.12 T/m) -3.14 T/m
B3 -3.89E-03 T (-1.56 T/m2) 0.43 T (17.2 T/m2) 17 T/m2

Table 3.2: Field variation in 5 cm reference radius (VOI) after improving method

In order to validate the above mentioned optimization steps, figure 3.7 shows
convergence of combined function profile to the dipole field profile.
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Figure 3.7: Iterative pole profile convergence combined function to dipole
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Figure 3.8: Singular value decomposition algorithm
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3.4 Conductor movement effect
Magnetic field quality can be degraded by several factors depending on assembly
and operation condition. Misalignment during assembly process can be control
by careful assembly. Operation condition are difficult to control, in order to min-
imize the effects of conductor movement on the magnetic field, allowable toler-
ance need to be checked. The tolerance in transmission line position and top and
bottom asymmetries, FEM analysis using Opera 2D simulation is done. We had
calculated field with the displacement of top conductor in both X and Y direction
up to 5 mm from the top and bottom symmetry state, keeping bottom conductor
at initial position.

Figure 3.9: Schematics of iron yoke with transmission line conductor and dis-
placement direction of conductor
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Figure 3.10: Movement of conductor in x and y direction

Conductor displacement B1 B2 B3 B4 B5
(0,0),(0,0) 1.1510 -0.1945 -4.02E-03 2.47E-03 -2.20E-03
(5,0),(0,0) 1.1510 -0.1945 -4.04E-03 2.47E-03 -2.20E-03
(5,5),(0,0) 1.1510 -0.1945 -4.02E-03 2.47E-03 -2.20E-03
Conductor displacement A1 A2 A3 A4 A5
(0,0),(0,0) -1.69E-05 1.16E-05 -9.80E-06 -8.02E-06 1.10E-05
(5,0),(0,0) 2.74E-04 -2.06E-04 1.04E-04 -4.93E-05 1.74E-05
(5,5),(0,0) 1.26E-04 -8.78E-05 3.81E-05 -2.61E-05 1.80E-05

Table 3.3: Multipole variation (normal and skew) in 5 cm reference radius due to
conductor movement
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3.5 Summary
In this chapter we had described the methodology of optimizing iron pole shape
to get the target field quality in the 10 cm diameter volume of interest using sin-
gular value decomposition and OPERA 2D and also checked the effects of the
transmission line conductor movement on the field quality in order to determine
the maximum allowable displacement without degrading the target field quality.

Optimization using SVD is a iterative method based reduction of eigenmode
strengths by taking into consideration only the number of eigenmode with higher
eigenmode strength and neglecting all the eigenmodes with low eigenmode strength.
In our study we had taken 46 shimming points on the iron pole which gives the
field components in the VOI. Applying SVD on the response matrix A generated
using the difference in the field quality due to change in amplitude of each shim-
ming point on the pole gives a product of three matrices U ,λ and V T , which are
used to determine the eigenmode strength and change in each shimming point
amplitude, which are used for the successive iterations.

Since the cable is subjected to large amount of forces which can cause move-
ment in the transmission line conductor, we have to take into consideration the
maximum allowable displacement in order to limit all higher order field compo-
nents in the range of 10−4 T.In this study we had checked the change in the field
components with a maximum displacement of conductor by 5 mm in both X and
Y direction.

– 48 –



Bibliography

[1] L. Evans and P. Bryant, LHC Machine. JINST 3 S08001, 2008.

[2] L. Walckiers, The harmonic-coil method, part 1 and 2. presented at the
CERN Accelerator School: Magnetic measurement and alignment, Mon-
treux, Switzerland, CERN-92-05, 1992.

[3] L. Bottura, Standard Analysis Procedures for Field Quality Measurement of
the LHC Magnets - Part I: Harmonics. Internal Note, LHC-MTA-IN-97-007,
1997.

[4] S. Russenschuck, Field Computation for Accelerator Magnets. Analyti-
cal and Numerical Methods for Electromagnetic Design and Optimization.
WILEY-VCH Verlag GmbH, Weinheim, 2010.

49



Chapter 4

Electromechanical Properties of
MgB2

4.1 Introduction
MgB2 wires are amalgam of brittle (ceramic) superconducting MgB2 filaments
placed in one or more ductile metallic sheaths. Consequently, the performance of
MgB2 wire is not only constrained to the electrical properties (Ic) of the super-
conductor but also affected by the resulting mechanical stresses during fabrication
and operations. The mechanical behavior of multi-filament MgB2 wire is highly
influenced by fiber characteristics, by the strength and nature of interface and by
matrix hardening characteristics.

Since superconducting magnets have high field and current density as shown
in figure 4.3 (around 65 kA current). Superconducting transmission line or coils
experiences large amount of stresses which can cause several effects in a magnet
system like degradation of coil and field quality, and can also trigger quench.

Superconducting magnet system, having several components that are operated
at temperature range 4.2 K - 20 K. Since the fabrication and assembly is done at
room temperature,material selection is a crucial parameter as different materials
goes under thermal contraction during cool-down cycles. During material selec-
tion and fabrication and assembly the following things need to be considered:

(i)Minimum tensile stresses on the superconductor
(ii)minimize mechanical degradation of the materials
(iii)Sufficient ratio of normal conductor to protect magnet in case of quench.
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4.1.1 Electromagnetic forces
A charged particle q moving with speed v in the presence of an electric field E and
a magnetic field B experiences the Lorentz force, which is given by

F [N ] = q(E + v ∗ B) (4.1)

In the same way, a conductor element carrying current density j in the presence
of a magnetic field B will experience the force density

fL[N.m−3] = j ∗ B (4.2)

The Lorentz force is a body force, i.e. it acts on all the parts of the conductor,
as does the gravitational force. The total force on a given body can be computed
by integration:

F [N ] =

∫ ∫ ∫
fLdv (4.3)

The magnetic energy density u stored in a region without magnetic materials
(µr = 1) in the presence of a magnetic field B is

u[J.m−3] =
B.H

2
=

B2

µ0

(4.4)

The total energy U can be obtained by integration over all the space, by integration
over the coil volume, or by knowing the so-called self-inductance L of the magnet:

U[J ] =

∫ ∫ ∫
all

B.H
2
dv =

∫ ∫ ∫
coil

A.jdv =
1

2
LI2 (4.5)

4.1.2 Stress and strain
The mechanical properties of materials are determined by performing carefully
designed laboratory experiments that replicate as nearly as possible the service
conditions. In real life, there are many factors involved in the nature in which
loads are applied on a material. The following are some common examples of
modes in which loads might be applied: tensile, compression, and shear. These
properties are important in materials selections for mechanical design. Other fac-
tors that often complicate the design process include temperature and time factors.
In continuum mechanics, stress is a physical quantity which expresses the internal
pressure that neighboring particles of a continuous material exert on each other.
As shown in figure 4.1(a), when the forces are perpendicular to the plane, the
stress is called normal stress (σ); when the forces are parallel to the plane, the
stress is called shear stress (τ). Stresses can be seen as the way a body resists
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Figure 4.1: (a) Normal and shear stresses (b) Strain

the action (compression, tension, sliding) of an external force. A tensile (pulling)
stress is considered as positive, and is associated with an elongation of the pulled
body. As a consequence, a compression (pushing) stress is negative and is associ-
ated with a body contraction [1]. The normal and shear stresses are given by

σ[Pa] =
Fz
A

(4.6)

τ [Pa] =
Fy
A

(4.7)

A strain ε is a normalized measurement of deformation representing the dis-
placement δ between particles in the body relative to a reference length lo

ε =
δ

lo
(4.8)

According to Hookes law (1678), within certain limits, the strain ε of a bar is
proportional to the exerted stress σ. The constant of proportionality is the elastic
constant of the material, the so-called modulus of elasticity E, or young modulus:

ε =
δ

lo
=
σ

E
=

F

AE
(4.9)

The Poisson ratio v is the ratio of transverse to axial strain:

v = −εtransversal
εaxial

(4.10)

When a body is compressed in one direction, it tends to elongate in the trans-
verse direction. Conversely, when a body is elongated in one direction, it gets
thinner in the other direction. The typical value is around 0.3.

A shear modulus G can be defined as the ratio of the shear stress (τ) and the
shear strain (γ)

G =
τxy
γxy

=
E

2(1 + v)
(4.11)
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Figure 4.2: Stress-strain graph for a typical material

The proportionality between stress and strain is usually more complicated than
suggested by Hooke’s law.
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4.2 Mechanical Structure of Cable
As shown in figure 4.5, the transmission line conductor is subjected to both tensile
and bending stress due to the large amount of forces acting on the transmission
line as seen in figure 4.3 (determined using OPERA 2D) which can cause cable
movement and can also cause degradation of the superconductor which eventually
leads to the magnetic field errors in the beam area (VOI), which we had observed
in the previous chapter, the effect of conductor movement on the field quality.
The initial design considered have 4 set of cables which are supported by a GFRP
structure with helium flow passage at the center and cables are placed on the arcs
at each corner of the supoort structure

Figure 4.3: Total current and forces acting of transmission line [10].

Figure 4.4: Transmission line cable structure.
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Figure 4.5: Forces acting on transmission line.

4.2.1 Static Structural Analysis
In order to reduce the overall cost of the magnet system with a structurally stable
design, we need optimized spacing of the support structure without degrading the
performance of the superconductor. FEM analysis using ANSYS can give us a
good prediction of the stress and strain in the cable when forces are acting on the
cable
In ANSYS static structural analysis, we had used the properties of OFHC copper
as maximum load is expected to be handled by the copper tube and taking copper
properties can give us more close results as compare of MgB2.
As shown in figure 4.6 and figure 4.7 gives the maximum stress acting on the the
cable when subjected to a resultant force of 17 kN/m which is acting on the super-
conductor and figure 4.8 and figure 4.9 shows the maximum strain acting on the
cable.
For this study, we had considered two cases, one with a support at distance of
0.14 m and another case having support structure at the distance of 0.15 m. The
maximum stress and strain that is acting on the 0.14 m is 455 MPa, 0.22% and in
0.15 m is around 518 MPa, 0.4% respectively. Here we are limiting the maximum
length with a strain limit of 0.4%
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Figure 4.6: Stress distribution in 140 mm length cable.

Figure 4.7: Stress distribution in 150 mm length cable.
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Figure 4.8: Strain distribution in 140 mm length cable.

Figure 4.9: Strain distribution in 150 mm length cable.
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4.3 Mechanical and electrical stability of MgB2 Wires
As shown in previous section, when the support structures are places at a distance
of 0.15 m, the maximum strain induced in the cable is around 0.4%. In order to
check whether the MgB2 sample wire can withstand the strain of 0.4% without
degrading the performance we need to check the electromechanical properties of
the MgB2 sample wires.

In this section, we present a study of electrical and mechanical properties of
the MgB2 wire produced by three manufactures namely, Hitachi, HyperTech, and
Columbus. We demonstrate that the working temperature have a large impact on
the mechanical strength of the MgB2 conductor, it gives the allowable strain that
can be applied on the conductor during the fabrication of the cable. We also study
the effect of the external magnetic field and stress that the conductor can handle
while operation.

Hitachi HyperTech Columbus
Outer Diameter 1.5 - 1
Width (mm) - 1 -
Thickness (mm) - 1.5 -
No. of Filament 10 18 37
Cu stabilization Internal Internal External

Table 4.1: Geometrical characteristic of MgB2 conductors

Figure 4.10: Cross-section view of Hitachi, HyperTech and Columbus sample
wires
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Hitachi HyperTech Columbus
MgB2 24% 10% -
Copper 21% 21% -
Iron 40% - -
Monel 15% 39% -
Niobium - 24% -
Nickel - - -
Tin-silver - - -

Table 4.2: Composition of the investigated MgB2 conductors

4.3.1 Investigating MgB2 Conductor
Hitachi Wire:

MgB2 sample wire fabricated by Hitachi Ltd. uses the powder-in-tube (PIT)
method and in situ process, consisting of magnesium and boron powder with a
purity of 99.8% and 98.5% respectively, carbon as a dopant material was added
with coronene (C24H12) [2].The sample wire composition used in this study as
listed in table 4.1, and table 4.2. and cross-sectional view as shown in figure
4.10.The powdered Mg and B were packed in the iron tubes, which acts as a
barrier for chemical diffusion [2]. The 1.5 mm diameter wire consisting of 10
MgB2 filaments (Wire multi), each of diameter 36 microns and twist pitch of 200
mm, was selected for the characterization. Sample wire was annealed at 600C for
12 hr in vacuum before the test figure C.1.

4.3.2 Tensile test at RT and 77K
The Hitachi wire stress-strain (S-S) measurement at RT and 77 K was performed
using a commercial tensile testing machine, with a load capacity of 5 kN (TCM-
500). Two strain gauges (KYOWA SKF-27817) mounted at the center of 100
mm long sample wire, and a similar dummy sample was connected and placed
near the test sample. To minimize strain gauge error, nearly, the entire surface
of the strain gauge was glued to the sample wire and cured in the oven for 5
hrs figure C.2. Furthermore, for determining the position dependency of the S-
S curve, two extensometers of gauge length 25 mm are connected with strain
gauges [3]. Stress-Strain (S-S) measurement was performed on several samples
during loading and unloading to check the reproducibility.

The stress-strain (S-S) behavior of Hitachi sample at RT, 77 K, and 4.2 K is
shown in figure 4.12, the stress flattening starting at higher strain when tested
at low temperature. The reason for such behavior is not sure, but there might
be one possibility. At the lower temperature (4.2 K-77 K), due to higher ther-
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Figure 4.11: Schematic of tensile test setup at RT and 77 K

mal expansion of overall wire composition, MgB2 filament may be subjected to
higher compressive thermal residual strain, as reported in previous studies [6–8].
Strain applied at a lower temperature (4.2 K) shows a higher tolerance, compared
to the 77 K, and RT under no external field, which gives MgB2 more stability
when operating in a liquid or gas helium environment. Additionally, extensome-
ters were used for the S-S measurement on the tensile testing machine with the
strain gauges. Both results show similar strain as there is no rise in the stress
once the strain reaches 0.15% at RT and 0.39% at 77 K, whereas, the extensome-
ter shows a rapid rise in strain once substantial filament damage occurs near the
gripping section, which is the most vulnerable part. Deformation starts from the
gripping/ soldered section, which was not detected by the strain gauges mounted
at the center of the sample and they only show a maximum strain of 0.4%.

4.3.3 Tensile Test at 4.2 K and Ic Measurement
S-S and Ic measurement of Hitachi, HyperTech and Columbus was performed at
4.2 K using a customized test probe equipped with a 3 kN load cell, and HTS
current leads to supply a maximum current up to 1 kA. For the test at 4.2 K, a 46
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Figure 4.12: Stress-strain curve at variable temperature

mm - 47 mm sample wire was soldered on copper blocks of 7 mm each, two strain
gauges were glued at the center of the sample wire, and voltage taps were placed
at 5 mm from the sample center. Copper blocks are fixed on the test probe which
can apply strain and current simultaneously. The critical current was measured
using the four-probe method at 4.2 K and 10 T, with the criterion of the electric
field fixed at 1 µV/cm [2].

4.3.4 Field dependence on critical current (Ic)

Hitachi wire:
The critical current (Ic) was measured at 4.2 K under no load condition, as a

function of the applied external field. Ic measurement was performed on 4 sam-
ples with a change in the external magnetic field between 7 T to 10 T, and the
results obtained are 320 ±30 A and 60 ±5 A, respectively. The Ic-B measure-
ment was limited to 7 T due to the shunt resistance of 500 A - 50 mV which
allows a maximum current of 500 A, as seen in figure 4.15 from the above results,
it can be expected that Ic may exceed 500 A at 6 T.
HyperTech wire:

Ic measurement was performed on 2 samples with a change in the external
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Figure 4.13: 42̇ K test setup

magnetic field between 3 T to 10 T, and the results obtained are 68 ±10 A and 10
±5 A, respectively. As seen in figure 4.16 both samples shows a large variation in
the current which is not a desirable result.
Columbus wire:

Ic measurement was performed on 2 columbus investigating samples with a
change in the external magnetic field between 3 T to 10 T, as seen in figure 4.17 ,
the results obtained are 116 ±10 A and below 1 A, respectively and both the test
show a slight variation which is desirable in MgB2 conductor.
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Figure 4.14: Schematic of direction of applied load and investigating sample

Figure 4.15: Ic as a function magnetic field for Hitach MgB2 wire at 4.2 K
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Figure 4.16: Ic as a function magnetic field for HyperTech MgB2 wire at 4.2 K

Figure 4.17: Ic as a function magnetic field for Columbus MgB2 wire at 4.2 K
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4.3.5 Tensile Test and Ic degradation by tensile strain
Hitachi Wire

In order to determine the threshold value at which Ic starts to decrease, four
short samples of 46 mm - 47 mm were tested with similar load conditions and the
strain values were checked, at which a sharp decrease in the Ic occurs, which was
considered as the irreversible filament degradation. Under the external magnetic
field of 10 T at 4.2 K, the uni-axial tensile strain was applied on all the samples.
Ic/Ic0 (Ic0 being the critical current at 0% external strain) was plotted against the
applied external strain figure 4.18. Ic0 of 4 samples are between 59 A and 61 A.
The variation in Ic0 can be expected due to the in-homogeneity in the wire [2].
A linear rise in the Ic was observed under an applied stress of about 0.4% on all
samples. Due to the in-homogeneity of the MgB2, we have observed that some
samples shows a rapid degradation of Ic as compared to the other samples. Above
0.4% strain, sample 2 and 3 shows an increase in the Ic with a slight reduction
in normalized value. A possible reason for such behavior can be due to partial
breakage of the filament, and current can still flow until a significant breakage of
the filament occurs. We had not observed any signal noise in the I-V measurement
around 0.4% strain, which can indicate a significant filament breakage [4, 5]. as
show in above figure 4.19 , it shows that S-S curves at 4.2 K, under 0 T and 10 T
magnetic field, agree well in the strain range of 0% to 0.4%. Strain applied at 0 T
is continuous without Ic measurement, whereas at 10 T the strain was applied in
incremental steps of 0.02% and Ic was measured with each increment. At 0 T, εmax
is around 0.46% with a visible necking near gripping section. In the case of 10 T
field,εmax varies between 0.4-0.45% with degradation in Ic and no visible necking
in this range. Figure 4.20 shows the Ic at 20 K under external field measured by
Hitachi shows critical current around 2600 A. As the transmission line magnet is
expected to be operating at 10 K, we are expecting a sufficient safety margin as at
20 K also the critical current is quite high and fulfill the requirements.
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Figure 4.18: Ic/Ic0 dependence on strain at 4.2 K under external magnetic field.

Figure 4.19: S-S curves at 4.2 K, under 0 T and 10 T magnetic field.
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Figure 4.20: Critical current at 20 K under variable external field [Hitachi data]
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4.4 Protection of superconducting magnets

4.4.1 Introduction
Circuits with superconducting magnets must have the same over-current and voltage-
to-ground protection systems that are required for conventional magnet circuits.
In addition, these circuits must have a quench protection system to protect the
magnets when they lose their superconducting properties.

In superconductors, copper matrix stabilizes the cable and provide an alterna-
tive current path for a short time when the superconductor quenches and leaves
its superconducting state so consideration of copper in the magnet quench protec-
tion system is an important thing and properties of copper need to be taken into
consideration

4.4.2 Quenching
Heating of the initiating spot (MIITs)

A magnet conducting current in superconducting mode at cryogenic temperatures
can suddenly lose its superconductive state, usually beginning at a particular spot
in the magnet cable, when something causes the temperature at that spot to rise
above the critical temperature. Once the initiating spot quenches, the heat gener-
ated from the resistance typically keeps it in the quenched state, and the quenched
area spreads to nearby areas at a speed known as the ‘quench velocity’.

Whenever a magnet quenches, the initiating spot starts to heat and is normally
the place with highest temperature in the quenching magnet. Restraining this
temperature below a damaging level (450K) is one of the most critical parameter
in protecting the quenched magnet. In order to predict the quench temperature
rise of a conductor carrying a current, adiabatic one-dimensional approximation
is used. A simple heat balance equation given by:

I2(t)ρ(T )

Acu
dt = ACTdT (4.12)

Rearranging and integrating above equations gives∫ t

0

I2dt = AcuA

∫ T

Tb

C(T )

ρ(T )
dT (4.13)

The term on the left hand side is a time integral over the square of the current,
this integral is called the miits limit of the cable usually this integral is in millions
of amp squared seconds hence termed as MIITs (106A2 − s). To simplify the
problem, it is assumed that the current decay is entirely controlled by the dump
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resistor. The current decays with a time constant of L/R where L is the induc-
tance of the single magnet and R is the resistance of the dump resistor, which is
connected to the single magnet.

The MIITs calculation is crucial for determining the two primary factors of
the quench protection system:

– How quickly the current in the magnet must be reduced once the quench is
detected.

– How quickly a quenched must be detected once the initiating spot quenches.

4.4.3 MIITs Calculation
MIITs(Strand)

AAcu

∫ T

Tb

(
CcuDcuAcu
ρcuA

+
CMgB2DMgB2AMgB2

ρcuA

+
CFeDFeAFe

ρcuA
+
CmonelDmonelAmonel

ρcuA
)dt (4.14)

MIITs (Cable 18:1 (SC:Cu))

(18Acu+Acustrand)

∫ T

Tb

(
CcuDcu(18Acu + Acustrand)

ρcu
+
CMgB2DMgB218AMgB2

ρcu

+
CFeDFe18AFe

ρcu
+
CmonelDmonel18Amonel

ρcu
)dt (4.15)

A, Acu, AMgB2 , AFe=Cross sectional area of strand,copper ,MgB2 and iron
resp (m2),

Ccu,CMgB2 , CFe=specific heat of Copper,MgB2,iron resp.(J/kgK),

ρcu=Resistivity of Copper (Ωm ),

Ccu, CMgB2 , CFe=specific heat of Copper,MgB2,and Iron (J/kgK),

Dcu, DMgB2 , DFe=Density of Copper,MgB2,Iron(kg/m3 )
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Resistivity of copper is given by

ρ(nΩm) = ρ0 + ρi + ρi0 (4.16)

ρ0 =
ρ(273K)

RRR
, ρi0 =

P7ρiρi
ρi + ρ0

(4.17)

ρi =
P1T

P2

1 + P1P3T (P2+P4) exp−(P5

T
)P6

(4.18)

P1=1.17E−17, P2=4.49, P3=3.84E+10, P4=1.14, P5=50, P6=6.428,

P7=0.4531 RRR=300 , ρ(273K) =1.55E−08

Specific heat of copper is calculated by [14]

Cpcu = 10a+b(log10 T )+c(log10 T )
2+d(log10 T )

3+e(log10 T )
4

+f(log10 T )
5+g(log10 T )

6+h(log10 T )
7+i(log10 T )

8

(4.19)

the physical parameters are plotted in appendix section.

Initial cable composition (suggested by Hitachi as show in chapter 2) consist
of 18 MgB2 strand to 1 copper strand which is not sufficient to carry the required
cable current., as shown in figure4.21.

The figure4.21 shows a relationship of MIITs as function of temperature and
the time scale to show the maximum time for the reduction of current once a
quench has been detected. For the present operating current of 80kA (6400 MIIT/s),
the current in the quenching magnet much be reduced substantially in less than 1
second.
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Figure 4.21: MIITs and time dependence of temperature based on the copper
ratio in MgB2 cable
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4.5 Summary
In this chapter, we had performed FEA Analysis using ANSYS in order to check
the optimal distance for placing the GFRP support structure in order to handle
the forces acting on the cable and electro-mechanical characterization was per-
formed to check the maximum limit of stress and strain that can be subjected on
the conductor without degrading the performance of the superconductor.

For the optimized support distance we kept the threshold limit of strain to 0.4%
and two cases are considered for check the range in which a support structure can
be placed. In this study we performed analysis on support structures placed at
0.14 m and 0.15 m.

In order to test the conductor performance and degradation, test samples pro-
duced by the Hitachi, Columbus and HyperTech were tested at room temperature,
77 K and 4.2 K.
The electro-mechanical tests conducted are as follow:
(i)Stress and strain tests are performed at RT, 77 K and 4.2 K
(ii) Critical current measurement are performed on all the test samples at 4.2 K
under variable magnetic field (load free) and variable strain (constant external
field).
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Chapter 5

Results and Discussion

5.1 Optimization of Pole
As shown in chapter 2 the pole profile generated by numerical formula is lack
of target field quality. In order order to get the target field in the VOI region, in
chapter 3, we optimized the pole profile using singular value decomposition. The
results of the optimization of pole profile using Singular Value Decomposition
gave field components close to the target dipole, quadrupole and sextupole field
of 1.15 T , -3.14 T/m and 17 T/m2 . In order to validate the SVD optimization
method, combined function profile generated by numerical formula was subjected
to the SVD optimization to get the dipole pole profile as shown in figure 5.1 and
the method showed satisfactory result in converging the hyperbolic profile into
flat pole profile which give only dipole field components and all higher order
components are of the order of 10−4 T.

Figure 5.1: Convergence of pole profile from combined function (curved) to
dipole (flat)
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But one limitation we found in this method is generation of pole profile with
complex geometry which can be commercially difficult to manufacture. In or-
der to over come this issue one possible option that had adopted is to divide the
shimming points into pair of 5 and take average of the shimming amplitude that
is generated using eigen mode strength and use the average amplitude for getting
the pole profile for the next iterative step.By improving and taking the above pro-
cess into consideration, we were able to get a much smoother and commercially
feasible shape.

5.2 Effects of conductor displacement
In accelerator systems field quality is key concern in order to keep the beam on
the trajectory.As,the magnet is subjected to large amount of forces as well as faces
thermal cycles which can induce movement in the coil/cable.In chapter 3 we had
created a asymmetry in the coil by displacing the top conductor by 5 mm in X and
Y from the symmetry condition, due to this displacement we found variation in
the field components in the VOI region.

5 mm displacement in the conductor induced skew component of order higher
than 10−4 T. This define the tolerance limit of less than 5 mm displacement in
the conductor, under 5 mm we had not found any significant change in the field
components and all the higher order component are under the specified field limit.

5.3 Mechanical support structure
In order to determine the stress and strain acting on the cable we used the ANSYS
static structural analysis and applied the force of 17 kN/m which we found from
OPERA 2D simulation over the length of the cable. In order to get the optimal gap
for the GFRP support we kept the maximum strain limit of 0.4%. For a length of
0.15 m we found that the strain is 0.4% where as for 0.14 m the maximum strain
is 0.22%.

Taking safety margin we can say that 0.14 m grap between two support struc-
ture can give a stable structural stability to the cable.

5.4 Electromechanical characterization of MgB2 wire
As we found from the structural analysis stress of around 0.4% is acting on the
superconducting cable, we need to determine the mechanical properties of the
MgB2 wire at variable temperature. In chapter 4 we had performed tensile test at
RT, 77 K and 4.2 K.
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Figure 5.2: Comparison of Ic as a function of external magnetic field in three
MgB2 wire with different composition

Figure 5.3: Comparison of Ic/ Ic0 as a function of applied strain in three MgB2

wire with different composition

Figure 5.2 shows a large variation in the critical current of three investigated
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samples provided by Hitachi, HyperTech and Columbus with Hitachi wire having
the highest critical current value (Ic) at high external field (minimum 7 T). For
the transmission line magnet the external field is below 2 T, Hitachi sample was
only investigated at minimum field of 7 T which is quite high as compare to the
actual operational field, due to the limitation of test setup, investigation of Hitachi
sample was not possible at low field.

On the other side, we had observed that the critical current of HyperTech and
Columbus wire is quite low as compare to Hitachi with a resistive behavior seen
in the I-V curve. In the present test setup the sample length is limited to less than
50 mm due to magnet cryostate bore which restricts the use of longer sample,
resistive behavior in small was reported in other articles also. In order to reduce
this, there is a need to increase the distance of voltage taps from the copper blocks
on which sample is soldered.

Results of Hitachi and Columbus samples are reproduced with an expected
variation suggested by manufacturer (Hitachi) of±7% ,where as HyperTech sam-
ples showed a large deviation in lower external magnetic field.

Figure 5.3 the effects of applied strain on the critical current of the MgB2 sam-
ples, we have observed that all the samples when tested at 4.2 K initially shows a
rise in the critical current when strain is applied until the point of irreversible fila-
ment degradation, this type of behavior in MgB2 can be due to thermal contraction
happened at low temperature.

We have observed that in Hitachi and Columbus samples an increase in the
current up to 10% - 12% depending on filament degradation where as the increase
in HyperTech is less than 5% which we had seen in the investigated samples.

Electromechanical characterization of Hitachi MgB2 satisfies the threshold
limit of 0.4% strain limit, taking in account the safety factor, GFRP support at
a distance of 0.14 m gives a sufficient safety margin with maximum stain acting
of 0.22%.
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Chapter 6

Conclusion

In this work we have presented the study of transmission line magnet design and
MgB2 superconductor as a possible candidate for the J-PARC upgrade program
which is expected in near future. This superconductor is considered as one of the
substitute of Nb-Ti in superconducting magnets due to high operating temperature
and low cost.

6.1 Numerical Results
Superferric C-shaped combined function type magnet is studied due to compact
size and comparatively easy design.
-The iron yoke is optimized for a combined function which is mainly subject to
the multipole error in superferric magnets taking in account the a stable design.
-Singular value decomposition method is used to optimize the pole profile and the
optimization technique showed good results.
-The effect of coil movement on the multipoles and field quality is studied to op-
timize the coil movement and tolerance for the magnet system.
-Based on the operating current and available space in the iron yoke the required
amount of copper in the transmission line in order to handle the heat load in case
of quench is estimated.

6.2 Experimental Results
The electromechanical behavior of MgB2 wire is studied to check the possiblity
for the transmission line magnet
-Three sample wires of Hitachi, HyperTech and columbus are investigated.
-Stress and strain behavior of MgB2 wire at RT, 77K and 4.2K was examined.
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-Critical current dependence on the external magnetic field and applied strain was
examined in order to check the tolerance of the three sample wire with different
compositions.
-In this study the results of Hitachi sample shows a good reproducibility with
higher current carrying capacity in high external magnetic field and applied strain
as compare with other two investigated samples.

6.3 Outlook
Further work will have to include:

-Performance of the cable with the composition mention in this study need
to be done in order to check the actual current carry capacity of the cable after
deformation due to winding.

-Mechanical design study of the complete transmission line with cryogenic
system.
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A. Supplementary Information: Optimization by SVD

• Combined function to Dipole field profile convergence

Figure A.1: By variation with iterative steps
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Figure A.2: Field after 14 iterations

Figure A.3: Eigenmode strength as a function of number of eigen modes
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Figure A.4: Reduction in strength of higher eignmodes after several iteration

n Iteration1 Iteration14
1 1.150936119 1.153443327
2 -0.19436498 -1.0901E-04
3 -4.0034E-03 -1.8461E-03
4 2.45783E-03 -7.4647E-06
5 -2.2374E-03 1.23243E-03

Table A.1: Reduction of Higher field components by SVD method
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B. Supplementary Information: MIITs calcualation data

• Specific Heat

Figure B.1: Variation of specific heat of MgB2 with temperature. [17]

Figure B.2: Variation of specific heat of copper with temperature. [14]
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Figure B.3: Variation of specific heat of iron with temperature. [16]

Figure B.4: Variation of specific heat of monel with temperature. [18, 19]
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• Resistivity

Figure B.5: Variation of resistivity of MgB2 with temperature

Figure B.6: Variation of resistivity of copper with temperature. [14]
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C. Supplementary Information: Sample preparation setup

• Test setup for RT and 77K

Figure C.1: Vacuum furnace for annealing sample wire

Figure C.2: Furnace for strain gauge bonding
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Figure C.3: RT and 77 K tensile test setup

Figure C.4: 4.2 K test probe sample space
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Figure C.5: 4.2 K test probe
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D. Supplementary Information: MgB2 Characterization

• Hitachi Sample wire

• Ic dependence due to external field

Figure D.1: Hitachi samples dependence of external magnetic field on critical
current, strain = 0 %

figureD.2 shows a linear rise in the voltage, this resistive behavior was only
observed in one test sample of Hitachi, one possible reason for this behavior is due
to improper twisting of voltage tap wires and other signal wires. This issue was
taken into consideration in further tests and further investigated samples produced
by Hitachi has not shown such behavior.
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Figure D.2: Hitachi Sample 1 - I-V curve under variable field (7 T - 10 T) under
0 % strain

Figure D.3: Hitachi Sample 2 - I-V curve under variable field (7 T - 10 T) under
0 % strain
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Figure D.4: Hitachi Sample 3 - I-V curve under variable field (7 T - 10 T) under
0 % strain

Figure D.5: Hitachi Sample 4 - I-V curve under variable field (7 T - 10 T) under
0 % strain
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• Columbus Sample wire

• Ic dependence due to external field

Figure D.6: Columbus sample 1- critical current as a function of external mag-
netic field

Figure D.7: Columbus sample 2- critical current as a function of external mag-
netic field
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• I-V curve ; strain=0%; variable external field

Figure D.8: Columbus sample 1 - I-V curve under variable field (3 T - 10 T)
under 0 % strain

Figure D.9: Columbus sample 2 - I-V curve under variable field (3 T - 10 T)
under 0 % strain
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• I-V curve ; Field=5T; variable strain

Figure D.10: Columbus samples - I-V curve under variable strain and fixed field
B= 5 T

D.10 shows the I-V curve of Columbus sample wire under variable strain vary
from 0 % to 0.3 % as above 0.3 % we observed a decline in the critical current of
the sample wire. Both samples are characterized under external magnetic of 5 T.
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• HyperTech Sample wire

• Ic dependence due to external field

Figure D.11: HyperTech samples dependence of external magnetic field on criti-
cal current, strain = 0 %

D.11 show a resistive behavior with a linear rise in the voltage one of the
reason for such behavior is short test sample of 46 -47 mm with voltage take a
distance of around 15mm which does not seems enough for getting the critical
current value at criterion of the electric field of 1µV
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