
A Persistent-Mode MgB 2 0.5-T/240-mm

Solid-Nitrogen-Cooled Magnet for MRI

by

Jiayin Ling

Submitted to the Department of Mechanical Engineering
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Mechanical Engineering-

at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

February 2016

@ Massachusetts Institute of Technology 2016. All rights reserved.

Signature redacted
A uthor . . . . . . . . . . . . . . . l, - ,< - - - - -Department'of Mecha al Engineering

nuary 14, 2016

Signature redacted-
C ertified by ................................ . ..... .r....

Professor Yukikazu Iwasa
Thesis Supervisor

Signature redacted
Accepted by................................................

Professor Rohan Abeyaratne
MASSCHUS I TTE Chairman, Committee on Graduate Students

MAR 022016

LIBRARIES



MITLibraries
77 Massachusetts Avenue
Cambridge, MA 02139
http://Iibraries.mit.edu/ask

DISCLAIMER NOTICE

Due to the condition of the original material, there are unavoidable
flaws in this reproduction. We have made every effort possible to
provide you with the best copy available.

Thank you.

The images contained in this document are of the
,best quality available.





A Persistent-Mode MgB 2 0.5-T/240-mm

Solid-Nitrogen-Cooled Magnet for MRI

by

Jiayin Ling

Submitted to the Department of Mechanical Engineering
on January 14, 2016, in partial fulfillment of the

requirements for the degree of
Doctor of Philosophy in Mechanical Engineering

Abstract

Magnetic resonance imaging (MRI) has become one of the major noninvasive diag-
nostic imaging tools today. The annual $5-billion market drives magnet engineers to
develop advanced and innovative, high-quality, low-cost, easy-to-operate MRI mag-
nets.

Because superconductors carry more than 100 times higher current density than
copper, while generating no Joule heat, they are the only practical choice for diagnos-
tic MRI magnets with field strengths above 1 T. A low-temperature superconductor
of niobium titanium (NbTi) with a critical temperature of 9.8 K stands out among
other superconductors because of its excellent mechanical properties, adequate elec-
tromagnetic properties and low manufacturing cost. Since the MRI magnet became
available in the 1970s, most commercial superconducting MRI magnets have been of
NbTi wire and operated in liquid helium bath at 4.2 K.

Nowadays, the sharply increasing price of helium has driven magnet designers to
consider other superconductors with higher critical temperature for liquid-helium-
free MRI magnets. Discovered in 2001, a new high-temperature superconductor of
magnesium diboride (MgB 2) with a critical temperature of 39 K has spurred intensive
R&D effort. A combination of high critical temperature, low manufacturing cost, and
good in-field performance makes it viable competitor to NbTi and the basis for this
thesis study.

This dissertation, a result of the 0.5-T/240-mm MgB 2 magnet project performed
in the Magnet Technology Division of the Francis Bitter Magnet Laboratory, includes
design, construction and operation details of the magnet. Each key component of the
magnet, i.e., superconducting joint and persistent-current switch (PCS), was designed
and tested to evaluate its performance. Each PCS was designed also to absorb energy
when protecting the magnet; its protection performance, as well as switching function,
was evaluated before deployed. Each finished coil module was tested separately before
assembled to complete the magnet. The magnet was operated in persistent-mode in
the temperature range 10-15 K. During operation, this liquid-helium-free magnet
was immersed in a volume of solid nitrogen that provided a needed thermal mass to
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the magnet. Temporal and spatial field homogeneity are critical parameters of MRI
magnets. Thus actual fields were measured and compared with the designed values
to demonstrate its acceptability to MRI application. Operation also examined and
validated a protection technique deployed for this magnet, as protection is one of the
vital requirements of the superconducting magnet.

Thesis Supervisor: Professor Yukikazu Iwasa
Title: Head and Research Professor, Magnet Technology Division, Francis Bitter
Magnet Laboratory
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Chapter 1

Introduction

1.1 Magnetic Resonance Imaging

Medical imaging is critical for quality health care for early detection and efficient

treatment of disease and injury. Magnetic resonance imaging (MRI) has become

one of the major noninvasive diagnostic imaging tools today. The annual $5-billion

market [3] drives magnet engineers to develop advanced and innovative, high-quality,

low-cost, easy-to-operate MRI units.

Because superconductors carry more than 100 times higher current density than

copper, while generating no Joule heat, they are the only practical choice for > 1 T

MRI magnets. A low-temperature superconductor of niobium titanium (NbTi) with

a critical temperature of 9.8 K stands out among other superconductors, because

of its excellent mechanical properties, adequate electromagnetic properties and low

manufacturing cost [4]. Since the MRI magnet became available in the 1970's, most

commercial superconducting MRI magnets have been of NbTi wire and operated in

helium bath at 4.2 K [5].

1.1.1 Number of MRI Units

Because MRI units are usually expensive due to their superconductors, cryogens and

intellectual properties, MRI units, despite the high needs everywhere in the world,
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$100,000. By increasing the operating temperature from 4.2 K to 15 K, the required

cooling power can nearly be halved.

1.2 Liquid-Helium-Free Option

Nowadays, the sharply increasing price of helium has opened a new opportunity

for superconductors, e.g., MgB 2 is unquestionably more easily adoptable to LHe-

free operation than NbTi. Adopting LHe-free option and bringing up the magnet

operating temperature from 4.2 K to 10-15 K could save altogether $100,000-$150,000.

This saving would make secondhand MRI machines-a 1.5-T unit typically ranges

$300,000-500,000-more affordable in developing regions than their LHe rivals.

1.2.1 High Temperature Superconductors

In the mid 1980's, Mueller and Bednorz discovered a complex superconducting com-

pound, consisting of copper, oxygen and rare earth elements [11]. This discovery

opened the gate to discovering high temperature superconductors (HTS). In the fol-

lowing few years, many similar compounds were discovered to be superconductors, and

the critical temperature records were broken again and again. In the early 1990s, two

compounds of this family, Bi2 Sr2Ca2 Cu3 010+x, known commonly as Bi2223 (critical

temperature 110 K) and YBa2 Cu30. 7 , YBCO (critical temperature 93 K) [12,13],

have successfully been transformed into marketplace conductors. These two supercon-

ductors perform well in high magnetic field, i.e., their critical currents are sufficient

even at high fields. However, the prices of these two superconductors are still one to

two orders of magnitude higher than the price of NbTi, making them noncompetitive

for most applications in which NbTi suffices.

Discovered in 2001, a new HTS of magnesium diboride (MgB 2 ) with a critical

temperature of 39 K has spurred intensive R&D effort [14]. For applications below

3 T, a combination of high critical temperature, low manufacturing cost, and good

in-field performance makes MgB 2 a viable and promising competitor to NbTi. The

higher critical temperature makes an MgB 2 magnet suitable to operate, for example,
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in solid nitrogen (SN2) in the 10-20 K temperature range. Note that in the range

10-20 K, SN2 enthalpy density is >10 times greater than those of metals, making an

MgB 2-SN2 system operating in the 10-20 K range to possess a thermal mass density

far greater than a conduction-cooled system. Even without SN2, MgB 2 will operate

at 10-20 K much more stably than NbTi at 4.2 K, simply because of its higher critical

temperature and higher enthalpy density compared with NbTi.

Since MgB 2 wire and tape became commercially available, people from both in-

dustry and academia have shown interests in building MRI magnets with MgB 2

wires/tapes. Stenvall et al built a react-and-wind solenoid with 46-m commer-

cial MgB 2 tape from Columbus Superconductors [15], exploring the technologies for

cryogen-free MgB 2 magnet. Zhang et al [16,17] made a 2-solenoid magnet with 60-m

long MgB 2 wire to investigate its thermal stability. Their magnet generated 1-T field

at its center at 290 A. In another study, Li et al made a 1.5-T MgB 2 magnet to explore

its thermal stability and quench characteristics [18]. They also built a few prototype

MgB 2 coils to explore the feasibility of persistent-mode magnets with wind-and-react

procedure [19]. Mine et al have reported their development of a 3-T 250-mm-bore

MgB 2 magnet system with react-and-wind procedure [20,21]. A 6-coil magnet sys-

tem was built, but they found large "remnant" voltages in the coils, which impaired

persistent-mode operation. Paramed, a company in Genoa, Italy, has commercialized

a 0.5-T MRI system of a driven-mode MgB 2 magnet supplied by ASG Superconduc-

tors [22,23]. At Francis Bitter Magnet Laboratory, MIT, Yao et al reported a 10-coil

700-mm-bore MgB 2 magnet built with react-and-wound procedure, tested in SN2 in

the range 10-15 K [24]. The magnet generated a center field of 0.54 T at 88 A. They

also developed a technique to splice multifilamentary MgB 2 wires with a supercon-

ducting joint [25,26], which was later found to work more reliably with monofilament

wire [27,28].

1.2.2 Helium-Free Cryogens

In the absence of LHe, an LHe-free magnet, comprising materials all of relatively low

heat capacities even at 20 K, has practically no thermal mass. For thermally stable
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1.3 Objectives

Research on MgB 2 MRI magnet has been actively conducted worldwide, chiefly to

reduce the manufacturing and operational cost of MRI units and thus proliferate MRI

scans. The objective of my thesis is to contribute in further advancing MRI magnet

technology that specifically incorporates MgB 2 as a superconductor and SN2 as a

thermal mass enhancer for LHe-free operation.

For my thesis work, I was assigned as the principal team member of an MgB 2 MRI

magnet project at the MIT Francis Bitter Magnet Lab. The project had one specific

aim: complete a solid-nitrogen cooled, persistent-mode 0.5-T center field and 240-mm

bore MgB 2 magnet. As such, I was chiefly responsible for design and construction

of most magnet components, which included persistent-current switches and super-

conducting joints, both indispensable elements for persistent-mode operation. Last

but not least, I single-handedly assembled and successfully operated the magnet.

The completion at our lab of such an innovative and first-ever persistent-mode MgB 2

magnet may be considered a major milestone in MRI magnet technology. I expect,

and hope, that my thesis work will facilitate in promoting further R&D work in

this technology and resulting in readily available MRI medical care everywhere, here

and particularly in developing countries. I believe that such a great outcome will

ultimately benefit the entire humanity.
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Chapter 2

Design

2.1 Key Design Concepts

MRI magnets require high temporal stability of magnetic field. An acceptable field

shift for a typical MRI magnet is <0.1 parts-per-million (ppm) per hour. If such

a magnet is driven by a power supply, the power supply must maintain a highly

stabilized current with fluctuations <0.1 ppm over a period of 1 hour. A high-

stable power supply is not only an expensive extra cost to an MRI unit but also,

most importantly, its cold-end terminals become another source of heat input to the

cold environment. Therefore, all of the commercial NbTi MRI magnets operate in

persistent mode. When operated in persistent mode, the superconducting joints of

these magnets are able to restrict the decay of the current <0.1 ppm/hr. In order to

be competitive with its NbTi rivals in terms of cost, an MgB 2 MRI magnet has to

operate in persistent mode as well. Paramed, a company in Genoa, Italy, has already

commercialized a 0.5-T MRI system with a driven-mode MgB 2 magnet supplied by

ASG Superconductors. This reality demonstrates, from another aspect, that it is

neither intellectually exciting nor innovative to develop another driven-mode MgB 2

superconducting magnet. It was decided that for this project the MgB 2 magnet would

operate in persistent-mode. "Persistent-mode" is the first design principle.

A persistent-mode superconducting magnet requires a technique to make super-

conducting splices. Early in the project, the team developed a technique to splice

29



multifilament MgB 2 wires [25, 26]. Later, this splicing technique was proved to be

much more repeatable with nonofilament MgB 2 wires [27, 28]. In order to reduce

the risk of wasting the entire magnet, the project team decided to make the magnet

wound with monofilament wire terminated with more reliable splices of monofilament

wires. "Monofilament" is the second design principle.

The splicing technique has been developed to work with both unreacted and re-

acted MgB2 wires. When it is applied to unreacted wires, however, it involves a

simpler procedure and results in higher critical currents than that applied to reacted

wires. So, because of the joints, it is preferable to wind the magnet with unreacted

MgB2 wires first, make joint between terminals, and then heat treat the magnet to-

gether with the joint, i.e., the wind-and-react procedure. In addition to the splicing

technique, the mechanical property of MgB 2 wire is also suited to the wind-and-react

procedure. MgB 2 behaves essentially as a ceramic and can be easily damaged by

handling. It is risky to wind and handle the wire after reaction, because handling

may cause small cracks in the MgB 2 core and degrade its critical current density.

If the magnet is wound before reaction, no damage can be made to the core of the

wire while it is still a mixture of magnesium and boron power. Thus, it is less risky

and eventually perhaps more economical to employ the wind-and-react procedure.

"Wind-and-react" is the third design principle.

Our wire supplier, Hyper Tech Research, Inc., could comfortably provide us

monofilament MgB2 wire of uniform-quality length up to about 300 m. A magnet

generating 0.5 T uniformly over a 12-cm diameter spherical volume (DSV) requires

wire much longer than 300 m. Thus, there are two options: 1) use superconducting

joints to directly connect coils wound with <300 m wire; or 2) terminate each coil

with its own superconducting joint and then connect coils with resistive joints. In

Option 1 all coils need to be heat-treated at the same time. It is difficult to find

a furnace big enough. Also, it is risky to heat treat the entire magnet in a single

batch. Thus, Option 2 suitable for this magnet. If the magnet is damaged during

heat treatment, handling or test, the damage is very likely within a single coil module

or a few coil modules. The damaged modules can be replaced with healthy spare ones
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Figure 2-3: M\gB wir CrOss section. Froin 1n11ermost to outermost: M'gB,. niobil,

copper, and monel. Photo courtesy of Hyper Tech.

0.5 T is the low thireshold of a superconducting magnet vs. its permanent magnet

counterpart. Our niagnet paraml1(eters were dcliberaitelv chosii so that the magnet

can not only be operated in la.) but also be used in an MRI clinic. In addition, the

technologies developed for this magnet can be scaled up to build whole-body MII

nua gnets.

In order to maintain the electrical perforlmalce of the wire. the hoop strain in the

wire should be smaller than 0.5% [31]. Using the siniplest BJR-rnodel to estimate

the hoop stress with a Young's modulus of 100 GPa for MgB2 wire [1], I cmputed

a safe llooj) strain smaller than 0.02%. Even if the magnet is upscaled to 1.5 T, the

hoop strain 0.18%, 9 times larger than that of the 0.5-T magnet, is still well below

the critical value.

2.3 Wire Selection

The Hyper Tech I0.84-mm bare mionofilamnent MgB 2 wire consists, from inner most

to outermost, of a 00.4-1nin MdgB2 core, a 70-pim barrier layer of lliobiull to enclose

MfgB 2 , a [00-pm layer of copper, and a 45-pin layer of Monel to provide mechanical

strength. The copper layer takes about 35% of the total cross-sectional area of the

wire. The wire is 1.0 mn with s-glass insulation. Altogether 12 reels of nnreacted

wire were pllrehasel from I yper Tech. A photo of the bare wire cross-section is shown

in Figure h2i

The wire has sclf-ficl (Iteo cxternal fidld) critical ctirrenits, mea .sured at FBMIL,
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of >400 A current at 10 K and >200 A at 20 K. These numbers were measured here

at FBML. Other properties of the wires can be found in literature [32,33]. The wixes

carry > 100 A at around 15 K in the magnet.

2.4 Superconducting Joint

A joint was fabricated through the following steps: (1) etch the copper and Monel

surrounding the filament with nitric acid (Figure 2-4a); (2) shear filament at an acute

angle (Figure 2-4b); (3) fill billet with pre-mixed Mg+B powder and insert copper

plug into billet without pressure (Figure 2-4c); (4) insert the two wires side by side

into the billet in the opening between the copper flat surface and billet (Figure 2-4d),

aligning wires so that the angle-cut surfaces face each other (Figure 2-4e); (5) press

the copper plug to partially seal the top of the billet; (6) use ceramic paste to further

seal the top of the billet (Figure 2-4f). Since a Nb barrier layer protects the MgB 2

filament, if each wire was slit right angle to its axis, its end surface exposed to the

Mg+B mixture ingot in the joint would be small. Therefore, each wire was cut at an

acute angle to enlarge this contact area.

Figure 2-5 shows a summary of critical current results of 10 sample superconduct-

ing joints of monofilament MgB 2 wires. Critical currents were measured by the four-

probe method. Figure 2-5 data show that all of the joints had acceptable (>100 A)

critical currents at 15 K, in self field. Most of the joints had critical currents well

above 100 A even at 20 K, which should suffice for use in this MgB 2 magnet.

For one of the best samples, its critical temperature was determined by measuring

its resistance during cool- down. The resistance of the joint is plotted vs. temperature

in Figure 2-6, showing the onset of the superconducting transition is about 36 K.

However, it is not fully superconducting above 32 K. This rather broad transition

observed in the joint might be due to a slight difference in composition in the two

wires and in the ingot. The steeper section may represent the transition of wire, while

the gradual section may represent the transition of the joint.

Monofilament wire that works much more reliably with this splicing technique has
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Joint PCs
003==)O Main coil

Figure 2-7: A circuit diagram of a coil module. Each coil has its own persistent-
current switch (PCS), terminated with a superconducting joint.

two issues that multifilament wire does not have: higher chance of flux jumping and

larger screening current field (SCF). This is because magnetization is proportional

to filament size [1]. For magnet applications, including MRI, NbTi wire usually

consists of many filaments, each diameter of a few micrometers. At this filament

size flux jumping is effectively eliminated. The MgB2 wire used in this magnet has a

filament diameter of -400 pm, about two orders of magnitude greater than its NbTi

counterpart. I have demonstrated in my masters thesis, with both short samples and

sample coils, that flux jumping does not exist in this monofilament MgB 2 wire [341.

The SCF of this magnet was measured and discussed in Chapter 5.

2.5 Coil Connection

Because of the reasons stated in Section 2.1, we manufactured coil modules individ-

ually and assemble them to complete the magnet. So, each coil module has its own

persistent current switch (PCS) and superconducting joint and forms a complete su-

perconducting loop. In a coil module, the PCS and the joint were made of the same

continuous wire used to wind the main coil. The two end wires from the main coil

were non-inductively co-wound into the PCS. Then, the two ends from the PCS were

spliced to form a superconducting joint. Two terminals were placed between the PCS

and main coil to connect to the neighboring coils or a power supply. A circuit diagram

of a single coil module is shown in Figure 2-7.

Figure 2-8 shows a circuit diagram of the 8 coil modules for this magnet. The
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joints are omitted in this circuit diagram. Each coil was connected to other coils

or the power supply via its terminals that were between the main coil and PCS.

These connections, different from the superconducting joint in each coil, are resistive.

When we charge or discharge the coil, we open all 8 PCS's-each PCS in the resistive

stage-and the 8 coils are connected in series, effectively, as shown in Figure 2-8a.

When we reach the target current, we close all of the PCS's and then gradually reduce

the supplied current and remove the external power supply. A persistent current will

then be sustained in each coil, as shown in Figure 2-8b.

Though the connections between coils are resistive, they do not cause current to

decay when the magnet is operated in persistent mode. When the magnet is operated

in persistent mode, each coil module sustains a persistent current individually in its

superconducting loop, keeping the magnet field in persistent mode.

When we energize the magnet, we should keep the supplied current at the target

value for a period that is a few times longer than the time constant of the magnet-

PCS circuit. By doing this, the bypass current in each PCS will reduce to essentially

0 so that the current in each coil will equal exactly to the supplied current. When

we close the PCS's and remove the power supply, each coil will sustain the same

current that equals the supplied current. Because the mutual inductances between

coils are different, if current in a coil decays, the currents in the other coils will change

differently. But, since all coil modules are superconducting, the currents in them are

not expected to decay while the magnet is normally operated.

2.6 Persistent Current Switch

2.6.1 Location

In this magnet, each coil module has its own PCS, and the PCS must be heat treated

together with the rest of the winding, including a joint. The PCS has to be placed

close to the main winding so that later the entire module can be heat treated and

assembled easily. There are two options to place the PCS: concentric or aside, as
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40 K, the PCS, with a large surface area, can emanate a significant amount of heat to

the surrounding cryogen. In Option 2, by non-inductive winding, we can essentially

remove the error field generated by the PCS. Even if there is some uncompensated

error field, it can be shimmed later. If the heat from the PCS is large, the PCS may

not be opened and closed promptly, and it may require a huge amount of heating

power to maintain resistive at >40 K. This heating problem can become worse than

the error field. By weighing the disadvantage against the advantage, Option 2 was

eventually employed to wind the PCS's.

2.6.2 Thermal Insulation

When open, a PCS has to be maintained resistive at >40 K while the environmen-

tal temperature is 10-15 K. The PCS's then have to be insulated very well so that

the PCS's heating to the cryogenic environment is minimal. In order to design the

insulation, a model of PCS is developed and heat transfer is estimated. A schematic

drawing of a PCS cross-section is shown in Figure 2-10.

Heat transfer between the PCS and the environment includes three parts: conduc-

tion, convection and radiation. Because Styrofoam pieces surround the PCS, there is

no direct convection between the PCS and the cryogen. Radiation heat input can be

estimated with the following equation:

Q = AEo(T,4 -Tf4 ) 1mW (2.1)

Conduction heat input can be estimated with the following equations:

Q =kfoarn(Tin - Tout) .2
Q =A ' '" 0.1 W (2.2a)

Q =A s.s. (Tin - Tout) ;:l0. 1 W (2.2b)
d

In these equations, A is the total surface area-top, bottom and side-of the PCS,

Tin = 40 K is the temperature inside the PCS, Tut = 10 K is the environment

temperature. The average thermal conductivity of styrofoam at 10-40 K is kfoain =
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0.01 W/mK [1], and the average thermal conductivity of stainless steel at 10-40 K

is k,... = 3 W/mK [1]. In real application, insulation cannot be perfect, so actual

heat leak may be greater than the estimate above. In this magnet, a 12 mm layer

of Styrofoam should be suffice to insulate the PCS's and keep the required heating

power to <1 W.

2.6.3 Thermal Diffusion

A heater made of resistive wire is usually used to heat up a PCS. To make sure the

PCS can be heated uniformly and opened promptly, I checked the time for heat to

diffuse from the heater to the center of out monofilamant MgB 2 wire. The heater

was wound closely and epoxied to the outermost layer of the MgB 2 wire in the PCS.

Thus, we may assume that the diffusion distance from the heater to the center of its

neighboring MgB 2 wire is the wire radius, R = 0.5 mm. The average diffusivity of

the metal layers, in the temperature range 10-44 K, may be estimated with copper

properties as a = 0.01 m2 /s. Therefore, the diffusion time constant is

R2 
_0.00052R .= = 2.5 x 105s (2.3)

a 0.01

There may be gaps between the heater and the MgB 2 wire that are filled with

epoxy. A gap would slow down the thermal diffusion process. Assume a gap width is

the same as the MgB 2 wire radius d = 0.5 mm. The average diffusivity of epoxy, in

the temperature range 10-44 K, is a ~~ 2 x 10-6 m2 /s. The time for heat to penetrate

an epoxy-filled gap can be estimated as

d2  0.00052
'r ~l -=~ .s(24

a = 2 x 10-6 0.1S (2.4)

This diffusion time of 0.1 s, though much longer than that in a MgB2 wire, is still

much shorter than the required time to activate a PCS (Section 2.7). It means that

the thermal diffusion in the PCS will not adversely affect the PCS opening time.
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Figure 2-11: Circuit diagram of a magnet-PCS unit consolidated from the 8 coil
modules.

2.6.4 Wire Length

The wire length in a PCS should be determined by the required normal-state resis-

tance. The PCS resistance should be large enough to make its normal-state bypass

current less than 1/10 of the coil current [1]. In order to simplify calculation, I consol-

idate the 8 coil modules into a single magnet-PCS unit. An equivalent circuit diagram

is drawn in Figure 2-11.

The magnet inductance L is 0.74 H. If the magnet is charged or discharged at a

ramping rate of 0.1 A/s, the total voltage V across the magnet is

V = L d 74 mV (2.5)
dt

To limit the PCS bypass current to <1 A, the PCS resistance needs to be

Rpcs > _ - 74 mQ (2.6)
1 A

When the PCS is at >40 K, the copper layer in the wire mainly conducts current.

With copper resistivity of Pcu = 0.28 nQ-m at 40 K and its cross-sectional area of

Ac, =1.9 X 10~ 7 M 2 , the wire length corresponding to 74 mQ resistance is

,PCs - RpcsAcu - 50 m (2.7)
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of the magnet, and a bridge circuit is built with the center voltage tap together with

the two terminal voltage taps, as shown on the right in Figure 2-12 [35].

The resistors R1 and R 2 should be properly chosen to balance the bridge:

L1 _ L2  (2.8)
R1 R2

When a quench generates a resistance r in the winding, the bridge becomes unbal-

anced, and the detected bridge voltage V is

Vb= r I (2.9)
R,1+R2'

where I is the operating current.

Once a nonzero bridge voltage is detected, the voltage is sent to an insulated-gate

bipolar transistor (IGBT), which activates the designated energy absorber immedi-

ately. As remarked above, the energy absorber is a part of the winding, which should

have a sufficient volume to absorb the entire magnetic energy while maintaining its

own temperature below a safe value, e.g., 100 K. Because the energy absorber is a

part of the winding, it is superconducting during normal operation. To activate it,

the IGBT sends a current in the protection heater to heat it up. Once the absorber

is heated above its critical temperature, it becomes resistive and gradually absorbs

the magnetic energy through Joule heating.

As a part of the winding, an energy absorber has to be cooled the same as the

rest of the magnet. Therefore, to overcome the cooling power to the absorber, the

protection heater is usually cumbersome and requires significant heating power.

2.7.2 PCS as Energy Absorber

In this magnet, I did not deploy separate energy absorbers. Instead, as a major

innovation of the magnet, I combined the switching and energy-absorbing functions

into a single unit-a modified PCS. A circuit diagram of this design concept is shown

in Figure 2-13. To charge or discharge the magnet, we open all 8 PCS's as usual.
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The properties of materials in the MgB 2 wire can be approximated with those of

respective copper properties. The enthalpy density of copper from 40 K--the PCS is

heated to normal state and starts to absorb energy-to 200 K is Ah = 3 x 10 5 kJ/m 3

[1). The PCS volume required to absorb the magnetic energy is

E
V = -- 1.2 x 10- m3  (2.11)

The corresponding MgB 2 wire length is

_V _

IPcs = A = 22 m (2.12)
Acd

where Acd is the cross-sectional area of the MgB 2 wire. This length of 22 m is shorter

than the required length for switching. So, it is reasonable to use the PCS's to absorb

energy and protect the magnet.

2.7.4 Time Criterion

The energy absorber needs to soak up the magnetic energy not only safely, but also

promptly. The magnet-PCS circuit is equivalent to an L-R circuit. The resistance of

the PCS, when activated as the absorber, should be large enough to provide a short

time constant, preventing the initial quench spot, i.e., a hot spot, from burning out.

In order to estimate the required PCS resistance, I estimated the time for an

initial quench spot to develop and burn out. Assuming that a hot spot is heated

adiabatically by a constant current, the thermal equation is

AcdCe(T)--- = -m _2(t) (2.13)
dt Am

In this equation, Ced is the average unit volume specific heat of the MgB 2 wire, pm

is the electric resistivity of the matrix material-copper in the MgB 2 wire-and Am

is the cross-sectional area of the copper layer. Rearrange this equation and integrate
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over time, I obtained

J C(T) dT = (Am J2 r (2.14)
TiT pm(T ) d Acd j

Here, I approximated the average specific heat Cd with the specific heat of copper

Cm. The current density in the matrix is Jm = I/Am. The time constant T indicates

how long it takes for the hot spot to be heated from its initial temperature T to a

final temperature Tf under a constant current I. We can then define the integral as

Z(TT)= f Pm(T) dT (2.15)
fT P(

Iwasa introduced the concept of Z-function in his textbook "Case Studies in Super-

conducting Magnets-Design and Operational Issues," both the 1' Edition (1994)

and the 2 "d Edition (2009) [1]. Z-function is defined such that it is determined only

by the specific heat and electric resistivity-both are material properties. Therefore,

Z-function is also a temperature-dependent material property. Z-functions of selected

common matrix metals are plotted vs. temperature in Figure 2-14 [1].

In Figure 2-14, the vertical axis shows Z-ftnction from 0 K to a specific tem-

perature T, e.g., Z(T, 0). In order to find Z-function between any temperature in-

terval (Tf, Ti), I simply need to find both Z(T, 0) and Z(T, 0), and their difference

Z(T, 0) - Z(T, 0) = Z(Tf, T). This can be demonstrated:

li C( f? Cm(T ) dT C(T)d= (Z(T,T) = ff dT = dT - [Ti (TfdT = Z(T,0) - Z(T,0)
JiT Pm(T) J0  pm(T) J pri(T)

(2.16)

The above calculation assumed a constant current. In this magnet, while the

energy absorber is activated, the current will discharge exponentially. Under this

discharging current, a thermal balance equation is similar to Equation 2.14:

Z(Tf, Ti) = ( J) j2 (2.17)
(Acd 2Rpcs

Here, instead of T in Equation 2.14, an equivalent time constant L/2Rpcs appears.

When the energy absorber is activated, the current through a hot spot decreases
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exponentially with a time constant L/Rpcs. While the current decreases from the

operating current I to 0, the hot spot temperature rises from the operating temper-

ature T to a final temperature Tf.

The operating temperature of this magnet is T = 10 - 15 K, and the relatively

safe maximum temperature in a superconducting wire is T = 200 K. From these two

temperatures, I determined, from Figure 2-14, Z(200K, 10K) = 15 x 1016 A 2 s/m4 .

Substituting the cross-sectional areas Am = 0.19 mm 2 and Acd = 0.55 mm2 into

Equation 2.17, 1 obtained the desired PCS resistance

R (cs = [m) j(2 1 = 230 mQ (2.18)
(Acd 2Z(200K, 10K)]

The wire length corresponding to this resistance is

=PCs _ RPcsAcu = 156 m (2.19)
PCU

This result indicates that a total of 156 m MgB 2 wire in the PCS could discharge the

magnet fast enough to prevent a hot spot from burning out.

2.7.5 Second Energy Criterion

Three criteria of designing the PCS was discussed in Section 2.6.4, 2.7.3, and 2.7.4.

Switching, energy-absorbing, and discharge-time criteria require the wire in PCS to

be longer than, respectively, 50 n, 22 m, and 156 m. The three criteria are the

sufficient conditions for PCS design. All three criteria give lower bounds of the wire

length in PCS. Therefore, for this 8-coil magnet, it seems safer to use a total wire

length >156 m for 8 PCS's.

All the energy to open the PCS's will be dissipated in the cryogenic environment,

however, which eventually needs to be taken away by a cryocooler or liquid helium

vapor. With either cooling source, large energy dissipation should be avoided. It

means that the heat to open the PCS's should be minimized. For each PCS this

energy is simply the product of the PCS volume and its enthalpy density. ThePCS is

51



~ ) /
I I > 2 15: tle t it i initital (1utwnch sp tt 11ducts t.( Sillro ndinw soli oitogen

Wk 1111d With Mg11-N _ I wire. whielI tis a fixed eutlialIpyv densitY. Te ([lY (optiil is thlen

to inilii!iz/e the PCS \olii iaiiyIv, the Itii5t1i of MgB wir' in the PCS.

A totil lct-th of 156 in 10 S PC (es . 'in V the isc harmg -ti lii'tribo. Is

snin. Cf(on sidtiing thai ail S Iflaill toils (s wia'i . ov 2.00) im 4 the wire and no'

Iot n Kb under adia ba in 1 0d1, it ii an i' sot n IIed.

Ti1s imagmnet was o)perate In a vou e o s I it ut oge tHlit filleo I the void betwe I I

Ni \0 vir, as shown i ['igin'' 2-15. With t ii's'nte K solid n i rogeo, Joih

Iiht at ot i t itl <pIlench spot would conduct to the s1ououig lo1, Olid nIltr1'(eli and I

ighb li g) wie. FTH thrtld diffisivitv of soblI titro)gen is T ) 0.58 x 10- ni /s at

;111/7s N\ 11 2 4
1t~~' I 1) t7 111 il

20 Is iid 7 x I /) K Lii. The thlior' liid di I fiusiv it x.

H) k and O.2t) or/s na 20 1K [1]. At 20K ini a periold Wal1i 1 tin A lsni d]5Iiig'N

timHI' cOIinst;nt T = L , S. the Iwl' hint c(1i difFtsi to a ilsphericl volin'

If radIis

- \/. 'D r, j-J1 111111 (2.21)

The ioatetial iii this spllerlical v oline xiwoi absorb some thertal ,nirv nd help

keep the g 1ilich spot temp'iriij A i.t .(, kow. Tbt disct)rF I (Ig' thine nStait 4111

ho' lOgeiU1 thathat cjstimated it Sectio 2.7. .

A tot.I l t)Ih I( Il m of MgBo wit' was xxoinl i the PCS's, namely, 10 tit will Ill

Vt PCS of iah coil moiulo. The cornspoing PCS resist a)1( is I IS I( resoltiing

ill ; ud 1 iFJba tlime COnstil t T L/ ) i s. hi tis polioud , A sphiericnI vo, 1 Ilnie

52



of radius

L = V- = 1.8 mm (2.21)

would be heated. Considering an 8% volumetric shrinkage of solid nitrogen from 63 K

to 10 K, the solid nitrogen volume in the heated sphere is still >10 times larger than

the volume of the initial quench spot in the wire, which would absorb more energy

than the quench spot itself and keep the spot temperature below a safe value.

The total volume of this 80-m wire in the PCS is

V = 17rD 2cslpcs = 4.4 x 10-5 M3  (2.22)
4

The PCS has to be heated up from -10 K to >40 K to become open. The enthalpy

density of the wire from 10-40 K is

Ah = 6 x i03 kJ/m3  (2.23)

The total thermal energy to open this PCS is then

E = AhV = 264 J (2.24)

In the experiment, a two-stage GM cryocooler was deployed to cool the cold mass.

The 2"d stage cold head provides 8 W cooling power at 10 K and 15 W at 18 K. If

the 2nd stage cold head spares 6 W cooling power to the PCS's, this thermal energy

of 264 J can be conducted away in about 40 s.

2.8 Multi-Coil Consideration

In Sections 2.6.4 and 2.7, I derived all the parameters based on a consolidated magnet-

PCS unit. However, the magnet consists of 8 coil modules, each having its own PCS

and running in persistent-mode independently. The mutual inductances between each

pair of coils will change the design parameters.
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The differential equations governing the currents in the coils are:

dI1  dI2  dI3  d18M'11 1 - + M 1 2 + MI 3 + - + M 1 8I + IpcsRpcs, = 0 (2.25a)
dt dt dt dt
dI2  dI2 dI3  d18 (.2b

M2 1- + 2 + 2 2 - + Al23- + + M28  + IPcs2Rpcs2 = 0 (2.25b)dT dt dt dt
dI1 dI2  dI3  d18 I

M31  + AM 32  + M33 + - + MA3 8 - + Ipcs3RLcs3  0 (2.25c)dt dt dt dt

dI1  dI2  dI3  d18A181 I- + M82- + A - -- + - -- + A 8 8 - + Ipcs8Rpcs8 = 0 (2.25d)
dT dt dt dt

In the above equations, Mii is the self inductance of the ith coil, Mi is the mutual

inductance between the ith and the jth coil, Ii is the current in the ith coil, 'PCSi is

the current in the PCS of the jth coil, and Rpcsi is the PCS resistance of the Ith coil.

The values of self and mutual inductances are summarized in Appendix A.

In order to keep the current and ramping rate the same in each coil during charging

and discharging process, the PCS resistances need to satisfy

8 8 8 8

Rpcsi : Rpcs 2 Rpcs3 : Rpcs8 - Z M1In S AN2n : A'rla. --- AIsn
n=1 n=1 n=1 n=1

(2.26)

In this magnet, I wound the 8 PCS's equally so that all PCS bobbins had the

same dimensions, simplifying the winding process. Thus, the PCS resistances were

the same and did not satisfy the ideal ratio in Equation 2.26. During charging and

discharging process, therefore, the currents in coils were slightly different. However,

as long as all PCS's were open for long enough, the currents in all coils eventually

became constant and equal to the supplied current.

In the event of active protection, the self and mutual inductances would lead to

different ramping rates in different coils, which in turn would result in different final

PCS temperatures. Since 10-m wire in each PCS is much longer than the length of

~3 m determined by absorbing-energy criterion, all PCS's should remain <200 K.
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Chapter 3

Manufacturing

The magnet consists of 8 coil modules. Each module was wound-and-reacted in the

same way, and then assembled into the final magnet assembly.

3.1 Winding

3.1.1 Coil Mandrel

Because the wind-and-react procedure was employed, the coil mandrels needed to

undergo heat treatment together with the wires. The material for coil mandrel must

have a melting point greater than the heat-treatment temperature, and its mechanical

properties after heat treatment should be unchanged. Obviously, no plastic could

withstand heat treatment at 700'C. Among common structural metals, stainless steel

is the best option because of its high strength, high melting point and low cost. For

this magnet, 304 stainless steel, a non-magnetic and corrosion-resistive steel, was

chosen to make the coil mandrels.

A coil mandrel was made from a stainless steel cylinder. A 3-D model of a ma-

chined mandrel is shown in Figure 3-1. A groove was cut in the cylinder for the

winding. On the upper side of the groove, a slot was cut for the lead-in and lead-out

MgB 2 wires. A few holes were drilled and tapped on both upper and lower edges

of the mandrel to later secure the PCS. A window was cut on the upper side of the
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Slot Lwr lead in/out wire
lapped holes Imr PCS mounting

290 m

Pin lor angle positioning iollowed step for concentric positioning

Figure 3-1:3-L) io(ll of (oid 1tIdrel.

I

F1igte I: -2: \Wiuldow nfl Ole uppr Si(e of the t livel for eiitei voltage (p.
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Kerktrated shuet

PCS former --

Figure 3-13: 1 ,CS f() trnr attached to prforlateId stainliess stet shtet.

naindrel, as shown ii Figure 3-2, for the center vltagt' tap to attatchi to the iildile

of the wiiiig.

Bcalise 8 cil indiles were to 1e ass 'iinbthd to form thl igiitt, it was very

1i11ortait to po.siti( t1 Vt oils aicicrately. A protri dintig step wis m hiinw led tl the

ipp r side of the nunalt 1 and a lot1)lt wed step was inneluired n thit' lower side. When

being assembled, tIhe petrtrrinttg step 4 th ' oP wer iiiotdl it ted iite tie Ol lw stel)

of the upper iotiidlI'. S t h) Vht t le 'ighb oring C )i15V'lt's w Aer cticentrita ily assmblt'd. Tie

neiglibto riug cls wer' iltlistd s t as to seiie their relative trit'ntuititoin.

3.1.2 PCS Former

Tihe tICS's were placed (at the sitd' (f the ctis. In ordIe to secure the PCS ftiier,

it was hI ted t a pertftrat ' d staiilt 'ss stet siet ttat. wtS in iIn bted )It side tf

lte oil imaidrel, .as shiow i Figure 3-3. Tie t perfrttit ted shet was stlIectd t s elire

thl PCS formtr, bectuse it prt)vidt si a stabikt' sriface to) sciire' other ctmtiip.tniiits o4

the mii)tdtet. i.c., lPdintg wirts, ints anId tHit jint. tin additML the smial htls in t'

slite't w'r able to grish 1('lpxy. rtsiltiii in good ep quality.

A CS ftrmier has a diaiitner f 50 nii ad a theight of 21 il. t' wall ttf

a ftrter is 0.7 Om tbf i Sth lar. the forimier h;s little htat capacity, tbstiling little

thrtal terglty Who'il tih PCS tqpis. A PCS itti'ite was dsigitt ti hav two wining



Fiirt -i (11 hetwtII PCS ier a(1 perforated sheet to redut 1 u tion.

FrO V( 'S. lIi inin grjove away friV )it the t rtfvrttt sliet lit s I layers J' WIre an

[2 tis in xcwh layer. Thw grOve tJose to the perforatcd sheet also holds I laYers

Nit 6 t urns in each lavt'r. T willlilg gr)(.cves were scpa 'jratte so tlat the PCS unit he

voiiiid ill the iain groct' neatly while the inisitioti wiiing in the siiall'r g1tctwe

t'all he sligtly dis(1'rIdtered.

In cider to reduce c(11dufitc lint)rogh the PCS-ftner-pc'fat d-slt't pth, a

gap was left bctween lt PCS fcnccr ait tii shctt. When aI PS f I I ws dtli c

to flit perforatet shet. a washier was phid c s 1tcrcw etw i .ie fc int'r and

flit' siits to lift the former. This gap ean ft'ttivly (lecrease onditt n h flm ithe

PCS to the cinioinnit. evmittally red it fHit requir i iating v pnwr. -A pictitre

of a gap bcctweci a PCS tcrier adm the {cTpYrfrtd shlt is slc cwni in igure 3- 1.

3.1.3 Winding Main Coil

E"ach i ia-in toil w w'oid nt c a maldrel wit a wi nildiii g 1ac hinte. A len'm gth (f

fl) II wire was left il Hlt'hegiiuning fIi the PCS and join. Drintg wiidiing. a sting

feiisioii was Iiainfained in the wilt' t make sur thi tirins were tiglt. A p-ifiire iof

the wiitdicixn machine is shown in Figre 3-5a.

After all turns were woml in theo' wiidig gr cove. the perfoiated shient, with a

lTCS fn- t r hicfd (l it, was imitt'd cli sit 01f the nandri. Anthtr length itf

H-) III win, was left ill th 'ild, aai [ir fit i PCS and joint. )eftore the wire was cit.

5r lt')-5. sho ws a woilc tsiil wih PCS fciitier niicmiited-l.



(1

.Coil boi woll~ld III t \V wiTHdillo Illocill. (b) PCS oT-c Il o d

t,) Wi \o{ lld coil.
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(1))

lFigi lie I-L: (a)i LooS( S I wi l Ing PCS. (1) NVoml PC S witb tra isi tio

wfl [(S tI W p- r )1-fiI.t( S I sheet.

-I;



f iguie ;-I7: II the I
two layers were o(q)pp)

layers of a PCS. the currents in the innier twvo la'(yers arid outer
(siti..

3.1.4 Winding PCS

After the wire was wOund ii Ifonto the iairluuv '1 and cut froml the' oi giimial sp)ool. ii coil

was 1emliOve( from thi wi1d i achine. Since the PCS frmr was Oi the side anid

its axis was pejpoelndieultr to the axis of the main coil, it was iard to wind a PCS

with a wihoding machine. The eCrSs wXrn w u1d manually. Figure 3-6 (a) and (1)

show the PCS Ifor)i and after beling wound, respectively.

The PCS's were non-cindct ively w(oil1. The two tertidaiil wires from the main

coi were wound in the PCS in their d(( signated irections, so that the clrcots iII

th e iniiter two lavi '15 and outer two lv('rs wereLt in Ipp )1 osite iircct iolls. Thiis windi(

mt Ithol hwever. iesIiltedl iii a. tit PCS iductiatce' (lf ~10 11. A schiiatic dr awing

()f thc (u1errei nt dirct ils in tin hefur iyers of a PCS is showNi in Figure 3-7. Tle wiles

coM ing out of the i PCS were tHici spliced with a spelcoi(Iiditilng joint.

it crder to sect ire ho se wires dirino hieat tieatmilent aItId iandling, tlhc PCS lead-

it a 11d -()Iit wires WIr0 tViD 1d to the pr'Ifor 1ated she4t Wit h HiHi stai inless shtvl wir(s,

wit little roc m tO) 11(nvc. Th( fixtiri' prevented tioo mi1iuch wire IMovemeinuit thait ighr lit

(hbunawo the wire.
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3.1.5 Making Joint

1t coil .jomits w 'tr i itao Ibisicallty in the sanme w y aS t hshort satmtllples wer ma1inde.

First 20-im lolg S-l ass insulatilull witls iriIInuvid f'0m 0tl chl Wir- fU11j. T' wVirOtS WCLO

Own lent iII -U slwpc 10 cm i fro.m the tips. The -1U" otttolS wtr then

ilt IIIUrSU(l in 5-'i-(tc vp 15-2W%' nitric atid to tkh M till atd i' pp'r lay'eirs. Nitie

acid does n1of dissokv 11IobInII. The tip.s of the wires w-e 5-cm abmve iitric aixid.

so thatthe coe of iagnesim and oron pwder riainld itict. Fgr - hw

a phoh) of wires bIn eII ))-otchwed.

Atfter each titiei rminal wire Wias ctchltt, it was tiorgly 'leaned witth aetoie. It

was ihwn slt 'aird ;t a sltrp at cutt angle to liixi m utize Hie 'p( xposcd st. face a l't'. Ft

sltat ti p w's ~'5 n11 iwy from ti et 01ed ise. A phitto of a pir' of sht'ai'etid wilt

tips is suIwt in Figiri '-(.

k ji l was the lli(de in tlie stm way as de'ribte 1 i Stctiut 2t. Tlh joint, wais

rt- W thI air fotti ri [W himrs lutir' the stiling pitty was fully err'td. The splitid

W'irt X, With te tiljoit, were then tid to t' perforat d sht'et with thijit staitiless sttel

wirIs. 1ircr1 )-l s0w ;1 phtoto of il joint( dried in 1-h1 air.

Fignr1et 3-8: Wires, bent In "U7' siqs hling etchled.
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liiogive 3-9: Wire tips share at a tizshm1) acute angle. ~5 nin to the etched base.

I

1 g111r 3- F: S&ale'1 joint dried in the air.

63



F igr( "11: Coil, on a iomemdi rack, placd a1 the (vn11r of tl stai01'ss stct coll.

3.2 Heat Treatment

AftI tie maoi (oil and the PCIS were Noul and tHi teuitiials Spliced tue entime

ii il waS iieit trettdi in a box ftriilitac'. M1 wire leleds to )e lwat-treat(ld

ill aIg(Ol (n'ViX'Oicil it, Which iiicannt N) Slt;1Iil(ed b yic the bi )fuhirnace dti 'ItlY. A s

Iir(lilli at1d 'aining svsttm wil d(evloped to hcat trea t (oil miodli" 4 sIto -'fi' Iuliy.

3.2.1 Device

A StaillUss steel '11 WaS deplioyl to proviid l h riipiirdi argii (nvil iiiit. Eaeih

(i-()I mOd)hli wi \h'Hn plai'd Ill the cn1. Was sipporifd biv a hollemIltild( squi' stailii'sS

Sft,11i riak. hlp; ioil was not in di rect coiltact wit an slrfAc of t11e (il. so that

the Ph mperat i iii the co at mainaie l d reative niform duimg bleat tea1 etit.

Two thii st.a iliuss steel ti'bs were corinected to tIe al as the gap il't an out. let.

3.2.2 Procedure

()ir. the gas systei was set I) in fin box titnace, argon gas of 10 tioes lOf, can

V(4111 wi s W irihated to piige all completely froili th systiiim. The firriace was

t hemi toriled oo anl kept aT 100Cfor I bhi owl to dry tht' systhIii.

At tIn W i o tIn 1-hour baling stagi' thlii iiiiiirni' coiitititd i (h'iiatiiig Ilj. I'c
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temperature rose from 100 'Cto 500'Cin 30 min and kept at 500'Cfor 30 min. Then

the temperature rose to 700'C, the designated temperature, in another 30 min and

kept at 700 Cfor 90 min until heat treatment ended. When the heat treatment

finished, the furnace was turned off, and the coil was cooled in the furnace naturally.

3.2.3 Key Issues

A few key issues was identified affecting coil performance, especially performance of

the heat-treated superconducting joint.

(1) Copper contamination. Copper contaminates the reaction between magnesium

and boron. Thus, copper should ,be kept away from the reaction site. However, our

joint results have shown that copper does not affect the reaction if copper is >3 mm

away from the site. In our joint, the sheared wire tips, where the reaction happened,

were ~3 mm away from the etched edge of the copper layer in the wire. Every joint

was proved to be superconducting.

(2) Joint packing pressure. As described in Section 2.4, a joint was packed with

Mg+B powder to create a good contact between the exposed wire tips. The packing

pressure, however, need not be extremely high. The pressure used by us to pack the

powder was -300 MPa, which was just enough to make powder compact.

(3) Heat treatment pressure. It is important to maintain a positive pressure dur-

ing heat treatment to suppress vaporizing magnesium. A positive pressure, 35 kPa

above atmospheric pressure, was kept with argon environment in our heat treatments,

producing high-quality joints.

3.3 Finishing

After heat treatment, a few steps were taken to finish each coil.
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Figure 3-11: Section of wires soldrd k pr)otect the joint driVC'i iiouiiial.

3.3.1 Soldering Terminal Wires

n o(der to p)t.ect the joint wh(li it is d(riVIn iioiitial. the two tei'riliAl wills WCIU

sldered togetlih il ~10- ci tel 111 ight efore ti joint. In perSist'ut lid1.

cm-reltt Ili (,nich (-(Il t1tl((lul fl()ws tilrl- l"JI tille su percom'dl ItIllgo l lit. III case thle' oillt

ll'(Oflll5 n le l11181. till s)( 'ld rd sectiIll will cil1y the (lit-iV soreilt. vi1g til ' j Ilit

rIl pern1.0it (1lajg'.

3.3.2 Insulating PCS

A ICS 111.1 1st il well inslltld therinally to lllinIunize heat loss !1) the elvironi'ent.

Ili tiiis 1lngl't, StYrvfai11 (f 1 2-1n thIck ('Itnhksed caich P( IS, an1d sca Ils betweell

Styrotoai 1p1iC9 s WIP' s4aled with StVc1st ('I)XV. Bfo'e calii PCS was sea'Ad, twx'o

pieces (4f Man~g 111 wN'ire, ('ach 4f 3-" Q wcre womund and ('po(xi('d ()I the PCS wtind-

IIIg, S(I'rVilg a.s 4H prilary .' t.1 andccm div PCS hea1ters. TvI t1r1InocIupI1s wre

in iplaiitcd ill each PC S as w 1) 11 Wtr t he PCS tInperat-ur.

3.3.3 Soldering Copper Lugs

Tv) thin 0)1ppcn stlips w'l' sutderol1 to each Cil tlHle Ilgs oh tHie cil. AdpacIlt

t 1sil w(rII ' 11155 W wifliiI oplwr JlV lpers h(fti'e ( , I ( 11ie 11s. it (;.I oI I sl dil i

dwee)p(l ig wen, :,()ldlelv e(m hv t si(s ()f Owl P a, -s (11,pict lv t Iw in t

(J7
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FNire .- 17: Joint and flo-mtingt s(,ctions of win, epoxied to tHi perforated shecet for

m~elhaiIca 1 Int( grity.

dIrawing InI Figurc 2-7. -As colinectcd InI this wvay, the currlent. flows III the PCS anid

tHe jitWhen the PCS close (supcirconlducting"), and the currenct Hws III the rnwinl

(,oil whenl Ole PC's opein (resistive).

Proper windthl anld thicknecss w(,re( chosen for the copper strips to carryv IM)

cmrrcnt. The coppcr strips ha~d C- width of 25 nin and Ca thicknecss of 0.5 min, an,1d

ai tcngth of H) min from the jhrnper side to the MgB, wire sidc. WVithl rvesi]stivity of

0.2 ,[-m Vt 20 k [1], thw tota rsistanwe of a coppe r IIIg IS

L
TI = p- = 1.6 x 10 Q (3. )

When -arrying 101 A Vurrent, a Itpper lug genratcd Jolt hwating of

= 12 1 . T (3. 2

This 1.7ig Powi Is Ho ilmpset witt i bx 2" sttgo c(1 olitg Po tt. Also, consid-

rI ht with marit is kpelrtd II erstnfote moer, the copper to1 cary on)d

h) c ellarriy e it. ttmpo ty datprY chalgg et "e/d ehIng tio.
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Terminal taps

Joint taps

Joint PCS

Th ocouples

Coil

Ceti Ler tap

Fgiue -[8: Schenmatic (Idaiving of( volt'gc tapS Pi johit. tit 11( bfdg1 VOltages.

3.3.4 Epoxying Coil Parts

After till' ( 1Wp 1
C ln, Wc'' StdItd, i1. tlc jo itt 811 fLint ili section.s of Wilc Wc(c

epuXie (l to Ihe nrfrite siet 't Wit Stycast fo ni iieclan itt iriteg .y. Tlus, wewn

thle uwllagnwt cllimmid, tilw fl~ming wi~this 4f theC Wirc WaTv not1 u~i\d In- bm)wet%

fuiv. Epoxying floating parits alSo 1)1pctd acideita(ldalig('S to ti' (.0i].

li ((( ' to Iii aliV iliSitlatt tite the coppc 4 logs fwii tlw coil 11il8l ihl , 85 WVI as to

stringthi'i the epoxy, a layer of fitei glass was osTed 1etw i acth cop)eT lug ad 11

.Ile perfm& th; t'1 shee. A otioter la cr (A fibt glass w 'S 'l )(XIcI i)11 tO ) (of c&cih io)per

Ing to reillfofce diC 10111.

I
3.3.5 Instrunmentation

(On 4ICh (( il, a pIf ( Vltag (' taps at tie coil teiiills ineasi t I coil vot.agv, ant

l JIir ( tapo Is at Hiap ilit iia'asnrei( wl' joilit \Vot e. Alil hr MVOltat' ta1, It.laclt

ta s f he middl' -tI s1 1ilh l W(IdIt.i( id a bridge cit(tiit togef1itl wiih Wa1w l crintap.

kips. :-,)TC - I "tl)W's -wI1('1waticallY thpC Pwit IOlls (f (10 1 \(111y, tap.

Wt
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Figiur 3-19: All 8 coils successful( uIjpl(ted with wind-aId-react proc(diIre.

i g1 - II : toils 'ss ziIh I . i 1 the (lesigLIat ( 4 ]leT. with ltIuiiiuI II II IIs

0n lit 1114 le 11111Id4 s.
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3.4 Assembling

All 8 coils were successfully completed with the wind-and-react procedure. They

were assembled in the designated order and fixed with aluminum beams and threaded

rods, as shown in Figure 3-20. A thin layer of G-10 sheet was inserted at each contact

between the magnet and the aluminum beams, electrically insulating the magnet from

the rest of the system.
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Chapter 4

Experiment Rig

A simple test rig was built to test single coils and a 3-coil subassembly in liquid

helium. The rig contained radiation shields, current leads and supporting structures.

A full test rig was built to operate assembled magnet in solid nitrogen. The rig

contains three subsystems of cooling, current leads and instrumentation.

In both tests, a cryostat of 432-mm diameter and 1324-mm depth was deployed

to contain the cryogen and the test rig.

4.1 Simple Test Rig

In order to guarantee the performance of the assembled magnet, each of the 8 coils

was tested in liquid helium individually before assembled. In addition, a 3-coil sub-

assembly was put together and tested in liquid helium to evaluate performance of

multi-coil assembly. A simple test rig, consisting the essential components, was built

for these testing goals.

Figure 4-2 shows a schematic drawing of the simple test rig. The top flange was

made from a 6.4-mm thick G-10 plate. Three 1/4-20 stainless steel threaded rods,

attached to the top flange, were used to hang the coil. Another G-10 plate was bolted

to the bottom of the threaded rods to support coils.

Five circular plates of 51-mm thick Styrofoam were inserted between the top flange

and the cryogenic environment to reduce convective heat input. A layer of aluminum
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Fig ore 1-2: Sehetiatic drawing of sitijple test rig.
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foil was attached to each Styrofoam plate to reduce the radiative heat input. A thin-

walled stainless steel tube was inserted through the top flange and the bottom flange

to guide liquid helium transfer.

A pair of current leads was made of copper wires; each lead consisted of 7 AWG

#12 (-<42 mm) copper wires. The bottom of the copper wires were soldered to a

pair of YBCO conductor bundles that was in turn bolted to the lugs on coils. Each

YBCO conductor bundle was introduced to reduce conductive heat input to the cold

environment through the current leads. Note that each YBCO bundle, containing

four 6-mm wide YBCO tapes, had a total copper cross-section of 0.24 mm2 vs. a

-20 mm2 copper cross-section in each copper lead.

In each test, a coil, or a coil subassembly, was first pre-cooled by liquid nitrogen

to 77 K. The liquid nitrogen was then purged by pressurizing the cryostat before the

liquid helium was transferred. Then, liquid helium was transferred to the cryostat

to slowly cool the coil from 77 K to the testing temperature range, 4.2-15 K. In

tests >4.2 K, the coil, placed above a liquid-helium pool at the cryostat bottom, was

cooled by helium vapor. The distance between the coil and the liquid helium level

determined the temperature of the coil: the farther away was the coil from the liquid

helium level, the higher was the temperature of the coil. Two Cernox sensors were

mounted at the top and bottom of each coil to monitor the coil temperatures at these

locations during the test.

4.2 Full Test Rig

A full test rig was built to test the assembled magnet in solid nitrogen. Figure 4-1b

shows the assembled test rig before it was inserted into the cryostat. The test rig

included cooling, current leads, and instrumentation subsystems. Each subsystem is

discussed below in detail.
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4.2.1 Structure

The top flange was made of a 13-mm thick stainless steel plate to fit the 432-mm cryo-

stat. A 4102-mm circular hole was cut at the center to mount a room-temperature

insert for field mapping. Another 0126-mm circular hole was cut off-centered to

mount the cryocooler. A group of six holes was cut for hermatic feedthroughs. Three

pairs of holes were cut in the flange, respectively, for the current leads, the inlet and

outlet of the cooling coil, and the vacuum ports.

Four 1/4-20 threaded rods were tightened to the bottom of the flange as the main

hanging structure. The shields and Styrofoam plates were fixed to the threaded rods

with nuts. The magnet assembly was bolted to the bottom of the rods.

4.2.2 Cooling System

The cooling subsystem provides cooling power to the magnet and keeps it in the

operation temperature range 10-15 K. The major cooling source is a GM 2-stage

cryocooler. The load map of this cryocooler is shown in Figure 4-6. According to

the performance data, shown in Figure 4-6, the cryocooler 2 "d stage provides cooling

powers of 8 W and 15 W, respectively, at 10 K and 18 K, enough for this magnet to

operate in persistent-mode over this temperature range.

During magnet charge-up when all 8 PCS's need to be open with the switch heaters

on, the system puts an additional heating load of 6 W, making the total load exceed

the 2 "d stage cooling capacity. Thus, liquid helium was deployed as an effective, but

inefficient, source and forced through a cooling coil, wound from 13-mm diameter

copper tube. The cooling coil of 36 turns of copper tube, was placed right next to the

inner wall of the magnet, as shown in Figure 4-7. Two 0.25-mm wall 13-mm diameter

stainless steel tubes were connected to the inlet and outlet of the copper coil. The

thin-walled stainless steel tubes reduce conductive heat input from the top flange at

approximately room temperature to the cryogenic environment.

Two circular copper plates of diameter 419-mm were in close contact with the 1 t

and 2"" stages of the cold heads. The upper copper plate, connected to the 1st stage,
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was deployed to reduce the heat input from the top of the cryostat to the cryogenic

environment. The lower copper plate, connected to the 2 nd stage, was made of OFHC

copper that has better thermal conductivity than normal copper at 10-15 K. Together

with four OFHC copper bars bolted to it, the plate served as the heat sink to the

cold mass.

The upper copper plate firstly served as a shield to reduce radiative heat input

from the top flange. Secondly, it thermally anchored other parts of the test rig,

absorbing conductive heat input from the top flange. The plate was fixed to the four

threaded rods with aluminum nuts, as shown in Figure 4-8a. Aluminum nuts, instead

of stainless steel ones, were used to enhance the conduction between the copper

plate and the threaded rods. A section of the instrumentation wires was attached

to the copper plate, so that the conductive heat through the wires was significantly

reduced before it was conducted further to the cold mass. Figure 4-8b shows the wires

attached to the lower side of the Styrofoam plate. Later, when assembling completed,

the wires were pressed firmly against the upper copper plate. Two aluminum annuli

were placed on the inlet and outlet of the cooling coil. Two copper bars were soldered

to the current leads. They are shown in Figure 4-8c. Both the aluminum annuli

and the copper bars had good thermal contact with the upper copper plate, so as to

reduce the conductive heat input through the cooling coil and the current leads.

In the test system, solid nitrogen was directly poured in the cryostat, without a

separate container. The inner wall of the cryostat and the outer wall of the room-

temperature insert also conducted heat from outside to the cold mass. In order to

restrain this heat input, both walls were anchored to the upper copper plate through

copper strips, as shown in Figure 4-9. These copper strips, with a total cross-section

of -80 mm2 , are enough for thermal conduction of 50 W over a distance of 5 nun

with a temperature difference of -6 K.

Four OFHC copper bars, each 610-mm long, 51-mm wide and 3-mm thick, were

bolted to the lower copper plate as extended heat sink into solid nitrogen. These

bars, with a total cross-section of 612 mm 2 , are sufficient to carry 1 W of heat over a

distance of 610 mm with a temperature difference of -1 K. This magnet, surrounded
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part of the current lead before assembling. The lugs stayed at room temperature,

connecting the rest part of the current lead to the power cable. The copper bands

connected the room temperature lugs to the intermediate copper connectors that were

thermally anchored to the upper copper plate. The hybrid leads then carried current

down to the magnet, with their bottom immersed in solid nitrogen.

Each homemade lug was. made of a 6-mm thick copper bar soldered to a 13-mm

diameter brass rod. The bottom of each brass rod, inserted in a nylon connector, was

fixed in a 1/2-in NPT tapped hole on the flange with Stycast.

A copper band was soldered to the bottom of each brass rod. The copper band

minimizes conductive heat input with an optimized combination of length and cross-

section. The governing equation of conduction in the copper band is

-d 2 T pI2

Ak dz2 + A 0 (4.1)

where A is the cross-sectional area of each band, I is the length of each band, k

and p are the temperature-averaged (in the range 60-300 K) thermal conductivity

and electrical resistivity, respectively. The boundary conditions of this differential

equation are

T(0) = To (4.2a)

T(1) = T, (4.2b)

where T. a 300 K is the room temperature and T1 2 60 K is the temperature of the

1st stage cold head. The heat input to the cold end is then

dT A pI2 1
Q = -Ak-I = (To - T 1)A-+ (4.3)

dz ,_= 1 2 A

The optimal parameters of copper band was derived by differentiating Q with respect

to A/1 and equating it to 0. The optimal parameters satisfies

A 
(44)

2Ik(To - T1)
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The peak charging current is I = 100 A. The copper band length 1 = 150 mm

is determined by the distance between the top flange and the upper copper plate.

Together with k = 460 W/mK and p = 1 x 10-8 Qm for copper in the range 60-

300 K, the optimal cross-sectional area of the copper bands, calculated from Equation

4.4, is 3.2 mm2 . The idle conductive heat leak through each copper band, while not

conducting current, is

Akc(To - T1)
Q AkT- 1 ) 2.4 w (4.5)

Since this magnet was operated in persistent mode, the current leads only needed

to carry current temporarily during charging or discharging, for ~10 min in each

period. In order to further reduce the idle conductive heat leak, the required cross-

section of copper bands must be reduced. The brass rods, during charging/discharging

periods, were cooled by liquid nitrogen. In this way, the entire copper bands, cooled

from both ends, were at 60-77 K, having a much smaller electric resistivity p' =

2 x 10 9 Qm with only a slightly larger thermal conductivity k = 500 W/mK. Under

this cooling condition, a current lead with a much smaller cross-section can still have

the same resistance thus generate the same Joule heating as conventional current

leads. The modified copper band cross-section is

A' = = 0.64 mm2  (4.6)

The new idle conductive heat leak through each copper band with this cross-section

is 0.48 W.

A copper connector, in the middle of each current lead, had three functions: (1)

thermally anchoring the current lead to the 1 t stage cold head; (2) connecting the

copper band and a brass-HTS hybrid lead; (3) insulating the current lead from the

rest of the system. The copper band was bolted to the upper arm of the connector,

and the hybrid lead was bolted to the lower arm of the connector, as shown in Figure

4-14.

The copper connector, body firmly pressed against the upper copper plate for

thermal anchoring, was electrically insulated from the copper plate. As shown in
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In the temperature range 10-70 K, brass has k = 30 W/mK and p = 4.5 x 10-1 Qm

[1]. The conductive heat input through each brass substrate from the 1st stage cold

head to the solid nitrogen is

Q Ak(T - T2) = 0.12 W (4.7)

In case part or all of a brass substrate needs to share 100 A, the Joule heating in

every centimeter of a current-sharing section is

p 21
Q I 0.22 W (4.8)A

Normally, there would be only conductive heat leak of 0.12 W through each hybrid

lead and no Joule heating. This heat is relatively small compared with the 2"d stage

cooling power of 8 W at 10 K.

4.2.5 Heat Leak

Three types of heat leak, conductive, convective and radiative, brought heat from

the room temperature environment to the cryogenic environment. The cryostat was

essentially vacuum during the test, i.e., convective heat input was minimal.

Radiative heat input from the top flange (~300 K) to the upper copper plate

(~60 K), with an aluminum shield in between, can be estimated with:

Ao-(T 4 _T14)Q =u6' 0TC-E(4.9)

+1+ + 1+
CO Es 6s 61

In the equation, A is the area of the flange and the shield and the copper plate, -

is the Boltzmann constant, T and T are the temperatures of the top flange and

the upper copper plate, respectively, Eo, E, and E are the emissivities of the flange,

aluminum foil and copper plate, respectively. This equation also approximates the

view factors between all surfaces to 1. With c, = ci = 0.6 and E, = 0.1, the radiative

heat input from the top flange to the upper copper plate is Q = 3 W. Similarly, the
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radiative heat input from the upper copper plate to the lower copper plate (~10 K),

with 2 aluminum shields in between, can be estimated to be Q = 5 mW.

The paths of conductive heat input include: the outer wall of the room-temperature

insert, four threaded rods, current leads, stainless steel extensions of the cooling

coil, instrumentation wires, and the inner wall of the cryostat. The walls of the in-

sert and the cryostat, the threaded rods and the cooling coil extensions are made

of stainless steel. The current leads and instrumentation wires are made of cop-

per. The temperature-averaged thermal conductivities kss,80-300K = 13 W/mK,

kcu,80-300K = 460 W/mK, kcs,4_80K = 4.5 W/mK, and k-u,4-80K = 1300 W/mK [11

were used to estimate the total conductive heat leak.

The total cross-sectional area of the stainless steel parts is

Arods + Awaiis + Atubs = 1.3 x 10-4 + 1.8 X 10-3 + 2 x 10-5 2 x 10-3 M 2 (4.10)

The distance between the top flange and the Pt stage is 0.1 m. Through the stainless

steel parts:

Q =Ak(TO - T1) 60 W (4.11)

Through the two current leads:

Q = Ak(To T) = 0.9 W (4.12)

Through the instrumentation wires

Q - Ak(TO - ) 2 W (4.13)
1

The total conductive heat leak from the room temperature environment to the 1 t

stage cold head is ~60 W, in which conduction through the wall of the cryostat is

the largest contributor. Including radiative heat leak, according to the cryocooler

performance data, the 1 st stage would stable around 50 K.

Conductive heat leak from the 1st stage to the 2 "id stage can be estimated similarly.
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Through the stainless steel parts:

Ak(T1 - T2 ) 1.8W (4.14)

Through the instrumentation wires

Q - -T 2 ) 0.12 W (4.15)

Through the two current leads, a total heat input of 0.24 W was calculated in Section

4.2.4. The total heat input from the side of the cryostat and the room-temperature

insert is ~2 W, according to the manufacturers. The total heat input to the cold

mass is then ~4 W. According to the performance data shown in Figure 4-6, the 2 nd

stage cold head delivers a cooling power of 4 W at ~6 K.

4.2.6 Instrumentation

As described in Sections 3.3.2 and 3.3.5, each coil had two pairs of voltage taps on

its joint and across its terminals, respectively. There was also, on the coil, a center

voltage tap, a pair of PCS heaters and a pair of thermocouples in the PCS. Besides

those, 8 Cernox temperature sensors and 8 thermocouples were installed at different

locations on the test rig. Figures 4-15 and 4-16 show the locations and labeling of

these temperature sensors. A cryogenic Hall sensor, free to move along the axis, was

placed on the magnet axis.
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Chapter 5

Performance

5.1 Solid Nitrogen

In order to obtain crystalline rather than foamy solid nitrogen (SN2), the liquid

nitrogen (LN2) has to be solidified gradually. Nitrogen has a saturation liquid-to-solid

phase transition at 63.16 K and 93.45 torr (0.122 atm). In this test, the following

procedure was employed to solidify nitrogen, initially liquid at 77.364 K at 1 atm:

1. fill 77-K LN2 into the cryostat;

2. Pump on the LN2 to cool the liquid;

3. At -65 K, stop pumping and turn on the cryocooler to further cool and solidify

the nitrogen.

Pumping was stopped at -65 K when the nitrogen was still in liquid phase. Con-

tinuous pumping to its triple point could cause the nitrogen to solidify too fast and

unevenly, forming foamy SN2 [361. With the cryocooler on, the LN2 could solid-

ify from the cold copper bars attached to the 2 "d stage, and form crystalline solid

gradually.

The total initial LN2 volume required was estimated based on the SN2 volume in

the cold mass and LN2 volume lost through vaporization from 77 K to 65 K. To fill

the space around the magnet, a total volume of V = 0.06 m3 is needed. The density
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Figure 5-1: Measured temperature vs. time plots, from -65 1K to -15 K, of the SN2.
cooled by a crvocooler.

of LN2 at 77 1K is p = 807 kg/n. Therefore, the required LN2 mass is

=p 7 = 48 kg (5.1)

Wvhich correspo ds roughly to a 77-K liquid volune if -60 liters. Assune an amount

of r kgftrogen needs to be vaporized to bring the [8 kg of LN2 from 77 K to

65 K. The approximate eut halpy balance equation is

imj/177f(/ - ha651) = :rs; -t7JK.l ) (5.2)

Phig in the enthalpv dlata of nitrogen [1]. I obtained r = 6 kg. Thus, a total of 51 kg

LN2 was initially pourd into the cryostat.

Tlhie eryocoolcr x as able to cool the 60 kg nitrogen from 65 1K to 15 1K in less than a

week. Figure 5-1 sltws (ing cuis m litasured at different C(ernox sensor locations.

Two plateaus in ti curves at 63 K and 35 K, respectively, iridicate the liquid-solid and

solid-soli phase transitilons of nitrogen. The eooling rates were 7 x iO- K/s tnring
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solidification and 2.5 x 10- 4 K/s after solidification, slower than the cooling rate of

0.001 K/s used by T. Nakamura [36], guaranteeing crystalline SN2. The temperature

difference between the heat sink and the bottom of the SN2, when the temperature

eventually stabled at ~15 K, was <1 K, proving an even temperature distribution in

SN2.

An important characteristic of SN2 is that at ~50 K its thermal conductivity

increases as temperature decreases. Together with heat capacity decreasing with

decreasing temperature, SN2 has a relatively large thermal diffusivity at cryogenic

temperature. Table 5.1 summarizes and compares the thermal diffusivities of solid

neon (SNe), SN2 and copper [1]. Noting that most fluids have thermal diffusivities

in the order of 1 mm2 /s, SN2 has a fairly large diffusivity below 10 K. Considering

thermal diffusivity, the ideal operating temperature for SN2 is <20 K, so as to have

prompt temperature response in SN2.

When operated at 10-15 K, because of much greater thermal conductivity com-

pared with other common insulating materials such as Kapton, Nylon, Mylar used in

superconducting magnets [1], the temperatures at different locations in the magnet

were within 1 K. Figure 5-2 shows temperature vs. time plots at the top, middle

and bottom of the magnet, respectively. The data indicate that although no ther-

mally conductive (e.g., copper) connectors were placed between adjacent coils in the

magnet, SN2 has proven an effective agent in making the magnet temperature nearly

Table 5.1: Thermal Diffusivities of SNe, SN2, and Cu in 5-60 K Range [1]

T [K] SNe SN2 Cu
5 35 157 3.6 x 105

10 22 70 1.7 x 105
20 0.27 0.58 2.9 x 104

30 - 0.22 8000
34 - 0.16 5000
37 - 0.18 3500
40 - 0.17 2800
50 - 0.13 1200

60 - 0.12 600
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uniform [24]. In the followingQ sections. when a magnet temperature s iientioned, it

refers to the middle temperature.

One drawba~ck of SN2 is its relatively large thermal contraction. Cont11101 metals,

i1(1ig opprll' aniicd staiiless steel, have inea r t hermal contraction coefficients be-

tween 0.02% an1(1 P.03% X wh cooled frm 65 K to 10 K. 1 owver, SN2,, when( cooled

from its triple polit 63I K to It) K, has thermnd contraction I ff11 mit of 3T. This

differene in thermal contraction may CAuse daimage to mechanical l vulnerable or

inisecird parts inmmcirsed in SN2, .g., HTS tapes. Figure 5-3 shows a photo of a

short piece of YBCO tape kinked by SN2. Other parts, as as tey Were epoxied

to a rigid surface or reinforced with copper tapes, turned out to be intact.

5.2 Joint

Because the resistance of a superconducting joint is too small to be mneasitrod with

four-probe method, I woutid a small coil, equipl)ed with at PCS amnd termIinated with
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Figu 5--3: YBCO tipe kinked by SN2 die to diifeIlit thiermal c('altL8ction coeffi-

(iits.

o jillt, li(d Inll(Lsured its held d(c((lY to (lIt'Vll(le llf )Opper tiiit of joilit i('5itall(

The iI. with the PCS ( )pe i, was ch atged tk 75 A. a.t 5 lK. It wNalImed up slowly

in g. a ls 'liimit nritil it quielied aft 25 tK. Driilng ' -15 1\ ovr 8 j'11 period (f ~t 1.5 hours.

the ;oIl im tai iita indi l a persist('1nt (lclt. ()f 7 1.6 A with)t a.iy obl servable decay. as

sho wn 'in F'iure(- 5-1. Since thw (.oitl hus ;- deIgnI'led induitcc 4f 3 xW1-5 11, thec

(-c cultd j),int resistAnZic is thenl Oven by:

L At
U = - =. 3 x t0O (5.:3)

Thc joint resistat1(v hs kill upper imLit of 3 p, smA l 1(noigh foi- persistvnit-IlLde

Srti( 1f a 8. ty 1(8.i1 c I R I ig I gIit lainv I Ig e vi I I morI tI IanIi I si ci jI iIts.

5.3 Persistent Current Switch

5.3.1 Open/Close in Heliun

A sI.Imlpl( PCS was tested i both liglid 1(d its eliclii. It rie(ulird 3 \V iI liquid

l('hliumLL at 1.2 1k l \W 'iL gas helitin al 5 bk, r"sp'tively, to keep the PCS above

k) N aind op(qi, i.e.. iII the resistive stale. II gas ielium at 5 K, the PCIS was (oled

froumi 1\ h) 5 1k lit 4 miites, aS Siow ii Figure 5-5.
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I
5.3.2 Protection

Each of the 8 coils was protected by a dte(t-and-activae-th(-hedter (for short.

dlet.t-d(I-heat) protectionu techilique [1]. Each PCS, as intr(oduced in Section 2.7.,

served as the (1111111) resistori. When a. normal zone is dletected, the PCs heater is

turned on, heating the PCS above 40 K, which in turn triggers the dmp of the

stored magnetic energy to protect the nonual zone.

As shown in Figure 5-6 , ii a test, the dump was tiggered in 1 s when 0.4 A was

put into t he PC S heater. A fast-acting capacitor-based switching circuit can shorten

this activation tie to less than 0.1 s. The neasuired d11p time constant was 3 s,

fast enough to protect the magnet operating at 100 A. The PCS. after absorbing the

energy, relaineld below 710 K. so that the thermal stress Caused by the temperature

gradient would riot damlage the wire in the PCS.
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5.4 Single Coil Persistent-Mode

Upon successful joint result and protection operation of a PCS, I proceeded to man-

ufacture and subsequently test all 8 coil modules. Each coil was tested in persistent

mode at 100 A up to 18 K and at 50 A up to 31 K, at which most coils quenched.

Figure 5-7 and Figure 5-8 show the persistent-mode operation at 100 A of Coil 3 and

50 A of Coil 7 (Coil 1 through 8 label coils top to bottom). In the 50-A test, Coil 7

current remained constant at 50 A until the coil temperature rose to 26 K, when the

current started to decay slightly. The coil quenched from 50 A at 31 K. The result

of 100-A test indicated the feasibility of persistent-mode operation at 100 A in the

range 10-15 K.

5.5 3-Coil Assembly

5.5.1 Charge and Discharge

A 3-coil subassembly of the 8-coil magnet was assembled and tested in a helium

vapor environment to prepare for the test of the full magnet. Because each coil

formed a complete superconducting loop, it was interesting to explore the charging

and discharging process. Based on the circuit analysis in Section 2.5, each coil in

this 3-coil assembly can be charged and discharged simultaneously when all PCS's

are open. I successfully achieved charge-and-discharge operation up to 30 A, with a

short (~200 s) period of persistent field in between, as shown in Figure 5-9.

5.5.2 Persistent-Mode Operation

Thereafter, I charged the 3-coil assembly to a target current of 100 A at 5 K. The

assembly was warmed up by natural convective heating of helium vapor to a target

temperature range 10-15 K. When the top temperature of the assembly reached 10 K,

a slight field decay was observed. I then circulated liquid helium to cool the assembly

and let it warm up to observe its subsequent field response. The field decayed again

at 11 K from 99 A to 98.5 A. After the second decay, the center field was persistent
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5.6 Full Magnet

The full magnet of 8 coil modules was assembled and tested in solid nitrogen. The

test rig and instrumentation were described in Chapter 4.

5.6.1 PCS in SN2

The open and close operation of the PCS's in SN2 was less prompt than the same

operation in gas or liquid helium. Figure 5-13 shows the temperature vs. time plots

of a PCS during a typical complete open-and-close cycle. PCS open time depends

on heating power; with a 1-W heating power, a PCS fully opened in ~10 minutes.

Each PCS required a heating power of 0.7 W to maintain at >40 K, compared with

1 W in gas helium and 3 W in liquid helium. It took each PCS -25 minutes to fully

close in SN2, in comparison with 3 minutes in gas helium. To open in SN2, a PCS

heated up the SN2 around it; to close it, additional thermal energy stored in the

surrounding SN2 needed to be taken away, requiring longer cooling time or stronger

cooling power. In contrast, when a PCS was cooled by helium vapor, its surrounding

was always replenished with cold helium vapor, making the PCS to close much quickly.

Schematic drawings in Figure 5-15 indicate different thermal environments for the two

cases.

Two approaches can facilitate PCS close operation: (1) place a PCS next to the

cold head; (2) provide additional cooling power to the system. In my thesis, the second

approach, though not practical in a real system, was employed with additional cooling

from liquid helium. During another test, liquid helium was continuously transferred

through the cooling coil to provide an additional cooling power. A volume meter was

connected to the outlet of the cooling coil to measure the helium vapor. From the

outlet helium volume flow rate measurement, I estimated a cooling power of 8 W.

With this additional 8 W, the PCS was closed in -10 minutes.
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Figure 5-15: Left: helium vapor surrounding a heated PCS constantly replenished

with (old helium vajpor right: SN2 surro-unding a heated PCS.

5.6.2 Field Homogeneity During Charge Operation

As discussed in Section 2.5, the currents in all coils should remain constant during

charging operation. and closing of the PCS's should not affect the current in each

coil. Axial fiel napping data could be used to infer the magnet current distribution.

Figure 5-16 shows three sets of axial field mapping results, at 10 A, of the magnet:

1) in driven mode while each PC8 was fully open; 2) i1 driven mode while each PCS

was closed: and 3) in persistent mode. A total of 25 points were niapped, axially 20-

nn apart from each other. The field data agree very well, proving that the current

did not change during the entire charging operation.

5.6.3 Winding Geometry Error

As shown in Figure 5-17, a nuasured field profile slightly deviated fronm the designed

profile. Since the micasured field in Figure 5-17 was with the niagnet in driven mode,

tie current must be the saIn( in all coils. This implies that the observed field deviation

must have been caused by deviations in the winding plaraueters, i.e., dimensions,

precise location of each turn.

Assnming I wound each coil accurately within its coil forner, I concluded that the

axial field deviation must have come fron errors in the location of each coil when I

assembled them to the maguct. The least sqnares method can be used to calculate

thc axial shifts 1, which I assci]bled each coil. The field at each of the 25 mapped
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points Bi was contributed from all 8 coils:

8

B,= E b3  (5.6)
j=1

bi is the field generated by Coil j at point i. The field deviation at each point 6Bi

can be determined by
8 8

6Bi =Z E bijZ i 6xj (5.7)
j=1 j=1

6Bi is the difference between measured and designed field values. Obij/&x = Aij

was calculated for each coil at each point. Aij, together with a column of I's, forms

a 25 x 9 matrix. Detailed values of this matrix were summarized in Appendix B.

Applying the general linear least squares method to solve for 6xj, the axial shift of

coil j is governed by the following equation

Jxj = (AT A) A TB (5.8)

To start with, the difference in field was calculated by subtracting the designed

field values from the measured values. Applying Equation 5.8 with a calculated field

gradient matrix A, we can get a group of shifts of the 8 coils as summarized in Table

5.2. Here, Coil 1 through 8 label coils from top to bottom. The field generated by

these shifted coils is much closer to the measured field, as shown in Figure 5-18.

In this regression, Coil 6 and Coil 7 have relatively large shifts, with which the

calculated field gradients at the mapping points are no longer accurate. The same

least squares method was iterated to improve the accuracy of results. To iterate,

I calculated the field gradient matrix with the adjusted coil positions and the field

differences between the measured and the calculated fields after the first regression.

After two such iterations, the calculated axial field profile agrees the measured profile

Table 5.2: Coil Shifts After 1' Regression

Coil 1 Coil 2 Coil 3 Coil 4 Coil 5 Coil 6 Coil 7 Coil 8
-1.8 mm -5.6 mm -3.5 mm 4.4 nm 6.3 mm 16.7 mm 16.1 mm 9.8 mm
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Table 5.3: Coil Shifts After 3rd Regression

Coil I Coil 2 Coil 3 Coil 4 Coil 5 Coil 6 Coil 7 Coil 8

0.6 mm -0.7 mm 0.8 mm -0.2 mm -0.2 mm 1.6 mm -1.9 mm 2.0 mm

Table 5.4: Overall Coil Shifts

Coil 1 Coil 2 Coil 3 Coil 4 Coil 5 Coil 6 Coil7 Coil8

-1.8 mm -6.1 mm -3.1 mm 4.2 mm 5.4 mm 14.1 mm 17.1 mm 11.9 mm

very well. The coil shifts in the third regression, all <2 mm, are summarized in

Table 5.3. The calculated axial field profile after three regressions is plotted with

the measured profile in Figure 5-19. The total coil shifts from original positions are

summarized in Table 5.4.

Some of the shift values are too large to be true. This is because I only considered

the axial shifts of the coils and neglected other possible variables, such as thickness

and width of each coil and location of each turn. In order to simplify the regression

operation, I chose the most significant variable, axial shift, as the only variable in

Equation 5.7. Although, in this way, the regressions do not give the exact winding

geometries, this simplification that gives an "equivalent" axial shift of each coil has

proven to be useful. After the axial coil displacements are identified, they can be

minimized by placing shims in between adjacent coils.

5.6.4 Persistent-Mode Operation

The magnet was operated in persistent mode in the temperature range 10-15 K, and

it was able to sustain a persistent center field of >0.47 T up to 15 K.

The magnet was first energized to 70 A at 13 K. It was able to sustain a persistent

field of 0.35 T for 5 days. Its center field, as shown in Figure 5-20, fluctuated around

0.3508 T during a period of 120 hours (5 days). However, the field trace does not

suggest any discernible field decay. In addition, the axial field distribution mapped

on the 1 st day matched that on the 7 day, reconfirming no decay along the entire

axis. These results demonstrate that the magnet can sustain a persistent center field

of 0.35 T at 13 K. Over this 120-hour period, the maximum and minimum measured
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fields were 0.35085 T and 0.35070 T respectively, which indicated a field decay, if

there was any, could be no larger than 3.5 ppm/hour.

The magnet was further energized to 100 A at 9 K. After an initial field decay

when temperature rose (Figure 5-22), as shown in Figure 5-23 the magnet was able to

keep a persistent center field of 0.47 T at 13 K. As the temperature further rose, the

magnet was able to maintain a slightly lower persistent field of 0.468 T from 11-14 K,

as shown in Figure 5-24.

The axial field profile, at 9 K, initially similar to a 70-A persistent-mode profile,

got distorted at higher temperatures. Figure 5-25 shows the field profiles at 9 K and

then at 13 K, and again, after 2 days, at 13 K and 14 K. Even though the field profile

got distorted during 2 days at 13 K, the field remained persistent and the distorted

profile stayed unchanged, as demonstrated in Figure 5-26.

The axial field profile became distorted, because, I believe, each coil settled to its

own persistent current level, different from those of the rest, i.e., at higher tempera-

tures, a diverse performance among the coils became more distinct. The least squares

method was employed to inversely calculate the current in each coil from the field

profile. The field at each mapped point Bi can be summed from the contributions

from the 8 coils:

Bi = Ciig I(5.9)
j=1

where Ci is the field generated at point i from Coil j at 1 A, Ij is the actual current

in Coil j. Ct is a 25 x 9 matrix, with a column filled by I's. The detailed values of

this matrix is described in Appendix C. Using a measured field profile (Figure 5-26)

and applying the least squares method, I obtained the current in each coil.

Ij= (CTC) C TB (5.10)

The results are summarized in Table 5.5.

With this current distribution, the calculated axial field profile perfectly matches

the measured profile, as shown in Figure 5-27. And this current distribution indicates

that Coil 1 is the worst, and Coils 3, 4, 7 and 8 are better performers. The same
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Table 5.5: Computed Current in Each Coil at 0.47 T

Coil 1 Coil 2 Coil 3 Coil 4 Coil 5 Coil 6 Coil 7 Coil 8
47.9 A 77.5 A 115.0 A 110.0 A 76.9 A 76.6 A 105.0 A 105.2 A

Table 5.6: Computed Current in Each Coil at 0.35 T

Coil 1 Coil 2 Coil 3 Coil 4 Coil 5 Coil 6 Coil 7 Coil 8
43.7 A 79.2 A 67.2 A 70.3 A 66.9 A 68.3 A 67.8 A 70.1 A

conclusion may be reached from voltage data analysis. Figure 5-28 shows the bridge

voltages of the 8 coils while the field was decaying as the magnet temperature rose

from 9 to 13 K. In the graph, Coils 1, 2, 5 and 6 show resistive voltages that undoubt-

edly caused the field to decay. In Coils 3, 4, 7 and 8 their bridge voltages remained

zero. Agreement between the two methods proves that both axial shifts and current

distribution analyses are valid.

Applying the same least squares method to the field profile at 70 A (Figure 5-21),

the current in each coil was calculated and summarized in Table 5.6. Coil 1 had a

calculated current of 43.7 A, the lowest among all coils. These current results match

the bridge voltage data (Figure 5-29), and agreement verifies the inverse current

analysis applied to 0.47-T field profile.

5.6.5 Protection

Each PCS serves also as the energy absorber of the magnet. Its protection function

was tested with the PCS immersed in solid nitrogen. With the magnet in persistent

mode at 100 A, all PCS heaters were manually activated, triggering a dump. The

temperature of each PCS is plotted in Figure 5-30. During the dump, each PCS

remained below 70 K.

Figure 5-31 shows the center field and 8 PCS temperature traces recorded at the

beginning phase of a manually activated dump. This exercise was to verify that a

PCS in each coil can absorb the magnet energy and thereby protect the magnet in

case of a real quench. Note that at t = 24 s, after 3 seconds of the PCS heaters

activation, the field started to decay.
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Figure 5-32 shows plots of the samne dump to t = 50 s. In 10 seconds, the field

Swayed to halt of its initial value, and in 25 seconds the field ahnost dcayd 'itirely.

5.6.6 Screening Current Field

The ig <net was wound uWith nomuonfilament (-'D.l rui) MgB2 wire. oIle imiPortanlt

{onseQuenice of which is a magietztiion much greater than that of rnuitifilanen-

tary NLTi used in MRI magnets now ii inarketplace. Magnetization manifests as a

screening-current field (SCF). degrading the spatial field honogenity of a magnet.

Because a SCF is still much smaller tha n the main magnet field thus difficult to accu-

rately detect, the remnant field, which is a residual field after the magnet is energized

and then dc-energized. was measured and used to estimate the order of magnitude of

SCF.

The axial field was iuapped after the magnet had been dunped from 100-A

persistent-imode operatiomi as shown in Figure 5-33. The renmant field was not ho-

mogeneous along the axis. Its peak value was -0.0 miiT, -200 ppm of the center field
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Chapter 6

Conclusions

Persistent-mode operation was successfully achieved with this MgB 2 magnet com-

posed 8 separate coil modules, each with its own PCS and terminated with a super-

conducting joint. The success may well lead MgB 2 as a viable rival to NbTi.

Although I have already demonstrated that flux jumping in monofilament MgB 2

wire is not a design/operation issue [28,34], the error field induced by screening current

field will be significantly greater than that of <50-pm NbTi filaments. Still, ferro-

shimming, though more powerful would be required, should be able to cope with

this challenge. Clearly a splicing technique for multiilamentary MgB 2 successfully

developed at MIT back in 2008 [25] needs to be further refined to make it more

reliable so that with multifilamentary MgB 2 wire screening current field becomes a

non-issue.

Because of the splicing technique, as well as the brittleness of MgB 2 wire, wind-

and-react procedure, well established with Nb3 Sn magnets, may be necessary for

MgB 2 magnets. The cost and work associated with reaction in this magnet were

manageable. Nevertheless, at MIT, we are also developing a splicing technique for

reacted MgB 2 monofilament wires.

The idea of modularization works well with wind-and-react procedure; it makes

the reaction easier and confines the damage to a single coil if anything bad happens.

In this magnet, because 1 coil turned out to be bad, our modular approach was proven

a useful production method.
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In the absence of liquid helium, solid nitrogen considerably enhances the ther-

mal capacity of a cold mass, providing good thermal stability to the magnet. Solid

nitrogen also maintained a uniform temperature environment around the magnet.

However, a large thermal contraction of solid nitrogen may cause damage to mechan-

ically vulnerable parts of the magnet, necessitating these parts be protected. A PCS

may open and close slower in solid nitrogen than in helium, thus it is better to be

placed outside solid nitrogen or close to a cooling source.

The completion of this MgB 2 magnet project at the MIT Francis Bitter Magnet

Lab may be considered as a major milestone in the MgB 2 MRI magnet technology.

It has proven that MgB 2 is a promising option especially for the next generation

liquid-helium-free MRI magnet system. It is expected to promote further R&D work

in this technology, and ultimately to proliferation of the MgB 2 MRI magnet in the

near future.
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Appendix A

Inductance Matrix

The values of self and mutual inductances between each pair of coils are summarized

in Inductance Matrix M [2].

[M]=

A11

A'21

A' 3 1

A1 4 1

A51

M71

LM'81

40.6

14.1

13.4

6.19

6.86

3.53

4.10

2.27

A'1 2

A' 3 2

A14 2

-152

A16 2

-' 7 2

-A'182

14.1

40.6

6.19

13.4

3.53

6.86

2.27

4.10

Al 13

A123

Nl 3 3

-A 4 3

A153

A' 6 3

A17 3

-Al83

13.4

6.19

44.5

3.21

18.7

1.98

9.49

1.35

-N'1 4

.A'124

A'134

A44

Al 54

A'164

A'l 74

A' 84

6.19

13.4

3.21

44.5

1.98

18.7

1.35

9.49

A15

-1 2 5

113 5

AM 4 5

Al 5 5

A' 6 5

A17 5

A/ 85

6.86

3.53

18.7

1.98

40.6

1.27

18.0

.898

A16

A12 6

A13 6

Al 46

A' 56

166

Al 7 6

Al 86

3.53

6.86

19.8

18.7

1.27

40.6

.898

18.0

A 2 7

137

A'147

A157

A'67

A' 7 7

Al187

4.10

2.27

9.49

1.35

18.0

.898

40.6

.655

Al 18

Al 2 8

A1 38

A148

-A 58

A1 6 8

-N 7 8

A188

2.27

4.10

1.35

9.49

.898

18.0

.655

40.6

(A.1)

mH
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Here, Mig is the self inductance of Coil i, Mlg is the mutual inductance between Coils

i and j. Coil 1 to 8 are labeled as shown in Figure 2-2.
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Appendix B

Field Gradient Matrix

The field gradient matrix A used in the inverse calculation of axial coil positions

includes one column of I's and 8 columns of Oby/&x, forming a 25 x 9 matrix. The

matrices used in the first, second and third regressions are listed in Tables B.1, B.2

and B.3, respectively.
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Table B.1: Field Gradient Matrix I

5.60E-06
6.70E-06
7.60E-06
8.OOE-06
7.30E-06
5.40E-06
2.OOE-06
-1 .70E-06
-5.10E-06
-7.30E-06
-8.OOE-06
-7.80E-06
-6.90E-06
-5.80E-06
-4.60E-06
-3.70E-06
-3.OOE-06
-2.40E-06
-1.90E-06
-1.50E-06
-1.20E-06
-9.OOE-07
-8.OOE-07
-6.OOE-07
-5.OOE-07

2.30E-06
2.90E-06
3.60E-06
4.60E-06
5.60E-06
6.70E-06
7.40E-06
7.60E-06
6.60E-06
4.40E-06
1.10E-06

-2.60E-06
-5.50E-06
-7.20E-06
-7.60E-06
-7.10E-06
-6.20E-06
-5.20E-06
-4.20E-06
-3.40E-06
-2.70E-06
-2.10E-06
-1.60E-06
-1.30E-06
-1.1OE-06

1.10E-06
1.30E-06
1.60E-06
2.10E-06
2.70E-06
3.40E-06
4.20E-06
5.20E-06
6.20E-06
7.10E-06
7.60E-06
7.20E-06
5.50E-06
2.60E-06
-1.10E-06
-4.40E-06
-6.60E-06
-7.60E-06
-7.40E-06
-6.70E-06
-5.60E-06
-4.60E-06
-3.60E-06
-2.90E-06
-2.30E-06

5.OOE-07
6.OOE-07
8.OOE-07
9.OOE-07
1.20E-06
1.50E-06
1.90E-06
2.40E-06
3.OOE-06
3.70E-06
4.60E-06
5.80E-06
6.90E-06
7.80E-06
8.OOE-06
7.30E-06
5.10E-06
1.70E-06

-2.OOE-06
-5.40E-06
-7.30E-06
-8.OOE-06
-7.60E-06
-6.70E-06
-5.60E-06
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4.70E-06
1.50E-06

-2.20E-06
-5.20E-06
-7.10E-06
-7.60E-06
-7.20E-06
-6.40E-06
-5.30E-06
-4.30E-06
-3.40E-06
-2.70E-06
-2.10E-06
-1.70E-06
-1.40E-06
-1.10E-06
-9.OOE-07
-7.OOE-07
-6.00E-07
-5.OOE-07
-4.OOE-07
-3.OOE-07
-3.OOE-07
-2.OOE-07
-2.OOE-07

7.60E-06
7.40E-06
6.10E-06
3.30E-06
-2.00E-07
-3.70E-06
-6.20E-06
-7.40E-06
-7.50E-06
-6.80E-06
-5.80E-06
-4.80E-06
-3.90E-06
-3.10E-06
-2.40E-06
-2.OOE-06
-1.60E-06
-1 .30E-06
-1.00E-06
-8.OOE-07
-7.OOE-07
-6.OOE-07
-4.OOE-07
-4.OOE-07
-4.OOE-07

4.OOE-07
4.OOE-07
4.OOE-07
6.OOE-07
7.OOE-07
8.OOE-07
1 .OOE-06
1.30E-06
1.60E-06
2.OOE-06
2.40E-06
3.10E-06
3.90E-06
4.80E-06
5.80E-06
6.80E-06
7.50E-06
7.40E-06
6.20E-06
3.70E-06
2.OOE-07

-3.30E-06
-6.1OE-06
-7.40E-06
-7.60E-06

2.OOE-07
2.OOE-07
3.OOE-07
3.OOE-07
4.OOE-07
5.OOE-07
6.OOE-07
7.OOE-07
9.OOE-07
1.10E-06
1.40E-06
1.70E-06
2.10E-06
2.70E-06
3.40E-06
4.30E-06
5.30E-06
6.40E-06
7.20E-06
7.60E-06
7.10E-06
5.20E-06
2.20E-06
-1.50E-06
-4.70E-06



Table B.2: Field Gradient Matrix II

5.50E-06
6.60E-06
7.60E-06
8.OOE-06
7.60E-06
5.90E-06
2.70E-06
-1.OOE-06
-4.50E-06
-7.OOE-06
-8.OOE-06
-7.90E-06
-7.1OE-06
-6.OOE-06
-4.90E-06
-3.90E-06
-3.10E-06
-2.50E-06
-1.90E-06
-1.60E-06
-1.30E-06
-1.OOE-06
-8.OOE-07
-7.OOE-07
-5.OOE-07

2.40E-06
3.10E-06
3.80E-06
4.80E-06
5.80E-06
6.80E-06
7.60E-06
7.50E-06
6.30E-06
3.80E-06
3.OOE-07

-3.20E-06
-5.90E-06
-7.40E-06
-7.GOE-06
7.OOE-06

-6.OOE-06
-4.90E-06
-4.OOE-06
-3.20E-06
-2.50E-06
-2.OOE-06
-1.60E-06
-1.30E-06
-1.OOE-06

1.20E-06
1.50E-06
1.90E-06
2.30E-06
2.90E-06
3.70E-06
4.50F&06
5.60E-06
6.60E-06
7.40E-06
7.60E-06
6.70E-06
4.50E-06
1.20E-06

-2.40E-06
-5.40E-06
-7.10E-06
-7.70E-06
-7.20E-06
-6.20E-06
-5.30E-06
-4.20E-06
-3.30E-06
-2.70E-06
-2.10E-06

6.00E-07
8.OOE-07
9.OQE-07
1.20E-06
1.40E-06
1.80E-06
2.30E-06
2.90E-06
3.70E-06
4.50E-06
5.60E-06
6.70E-06
7.60E-06
8.OOE-06
7.40E-06
5.40E-06
2.1OE-06
-1.70E-06
-5.OOE-06
-7.20E-06
-8.OOE-06
-7.80E-06
-6.90E-06
-5.80E-06
-4.70E-06
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5.OOE-06
1.80E-06

-1.80E-06
-5.OOE-06
-7.OOE-06
-7.60E-06
-7.30E-06
-6.40E-06
-5.40E-06
-4.40E-06
-3.50E-06
-2.80E-06
-2.20E-06
-1.80E-06
-1.40E-06
-1.20E-06
-9.OOE-07
-7.OOE-07
-6.OOE-07
-5.OOE-07
-4.OOE-07
-3.OOE-07
-3.OOE-07
-3.OOE-07
-2.OOE-07

7.50E-06
7.60E-06
6.50E-06
4.20E-06
9.OOE-07

-2.80E-06
-5.70E-06
-7.30E-06
-7.60E-06
-7.10E-06
-6.20E-06
-5.10E-06
-4.20E-06
-3.30E-06
-2.60E-06
-2.10E-06
-1.70E-06
-1.30E-06
-1.10E-06
-9.OOE-07
-7.OOE-07
-5.OOE-07
-4.OOE-07
-4.OOE-07
-4.OOE-07

4.OOE-07
4.OOE-07
5.OOE-07
7.OOE-07
8.OOE-07
1.QOE-06
1.20E-06
1.50E-06
1.90E-06
2.40E-06
3.OOE-06
3.80E-06
4.60E-06
5.80E-06
6.80E-06
7.50E-06
7.50E-06
6.50E-06
4.10E-06
8.OOE-07
-2.90E-06
-5.70E-06
-7.30E-06
-7.60E-06
-7.OOE-06

3.OOE-07
3.OOE-07
3.OOE-07
4.OOE-07
4.OOE-07
6.OOE-07
6.OOE-07
6.OOE-07
1.OOE-06
1.20E-06
1.60E-06
2.OOE-06
2.40E-06
3.10E-06
3.90E-06
4.90E-06
5.90E-06
6.90E-06
7.50E-06
7.50E-06
6.20E-06
3.70E-06
2.OOE-07
-3.40E-06
6.OOE-06



Table B.3: Field Gradient Matrix III

5.50E-06
6.50E-06
7.50E-06
8.OOE-06
7.60E-06
5.80E-06
2.80E-06

-1.OOE-06
-4.50E-06
-7.OOE-06
-8.OOE-06
-7.80E-06
-7.10E-06
-6.OOE-06
-4.90E-06
-3.90E-06
-3.10E-06
-2.40E-06
-2.OOE-06
-1.60E-06
-1.20E-06
-1.OOE-06
-8.OOE-07
-7.OOE-07
-6.OOE-07

2.40E-06
3.10E-06
3.80E-06
4.80E-06
5.80E-06
6.80E-06
7.60E-06
7.50E-06
6.30E-06
3.80E-06
3.OOE-07
-3.20E-06
-5.90E-06
-7.40E-06
-7.60E-06
-7.OOE-06
-6.OOE-06
-4.90E-06
-4.OOE-06
-3.20E-06
-2.50E-06
-2.OOE-06
-1.60E-06
-1.30E-06
-1.OOE-06

1.20E-06
1.40E-06
1.80E-06
2.30E-06
2.90E-06
3.70E-06
4.50E-06
5.50E-06
6.50E-06
7.40E-06
7.60E-06
6.80E-06
4.60E-06
1.30E-06

-2.30E-06
-5.30E-06
-7.10E-06
-7.60E-06
-7.20E-06
-6.30E-06
-5.20E-06
-4.30E-06
-3.40E-06
-2.70E-06
-2.10E-06

6.OOE-07
7.OOE-07
9.OOE-07
1.1OE-06
1.30E-06
1.70E-06
2. 1OE-06
2.80E-06
3.50E-06
4.40E-06
5.40E-06
6.50E-06
7.50E-06
8.OOE-06
7.60E-06
5.90E-06
2.90E-06
-9.OOE-07
-4.40E-06
-6.90E-06
-8.OOE-06
-7.80E-06
-7.OOE-06
-6.OOE-06
-4.90E-06
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5.OOE-06
1.90E-06
-1.80E-06
-4.90E-06
-6.90E-06
-7.70E-06
-7.30E-06
-6.50E-06
-5.40E-06
-4.40E-06
-3.50E-06
-2.80E-06
-2.20E-06
-1.70E-06
-1.40E-06
--1.10E-06
-9.OOE-07
-8.OOE-07
-6.OOE-07
-5.OOE-07
-4.OOE-07
-3.OOE-07
-3.OOE-07
-2.OOE-07
-2.OOE-07

7.50E-06
7.60E-06
6.50E-06
4.20E-06
8.OOE-07
-2.80E-06
-5.60E-06
-7.20E-06
-7.60E-06
-7.10E-06
-6.20E-06
-5.10E-06
-4.10E-06
-3.30E-06
-2.70E-06
-2.10E-06
-1.70E-06
-1.30E-06
-1.10E-06
-9.OOE-07
-7.OOE-07
-6.OOE-07
-4.OOE-07
-4.OOE-07
-3.OOE-07

4.OOE-07
4.OOE-07
6.OOE-07
7.OOE-07
8.OOE-07
1.OOE-06
1.30E-06
1.60E-06
2.OOE-06
2.40E-06
3.1OE-06
3.90E-06
4.80E-06
5.80E-06
6.80E-06
7.50E-06
7.40E-06
6.20E-06
3.70E-06
2.OOE-07

-3.30E-06
-6.10E-06
-7.40E-06
-7.60E-06
-6.90E-06

2.OOE-07
3.OOE-07
3.OOE-07
3.OOE-07
5.OOE-07
5.OOE-07
7.OOE-07
8.OOE-07
1.OOE-06
1.30E-06
1.50E-06
2.OOE-06
2.50E-06
3.10E-06
3.90E-06
4.80E-06
5.90E-06
6.90E-06
7.50E-06
7.50E-06
6.20E-06
3.70E-06
2.OOE-07

-3.30E-06
-6.OOE-06



Appendix C

Field Generation Matrix

The field generation matrix C used in the inverse calculation of coil currents includes

one column of l's and 8 columns of field constant Cs, forming a 25 x 9 matrix. The

matrix used in the regression is listed in Table C.1.
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Table C.1: Field Generation Matrix

1 0.00119 8.03E-04 5.18E-04 2.42E-04 1.31E-04 8.03E-05 5.33E-05 3.69E-05
1 0.00126 9.54E-04 6.38E-04 2.97E-04 1.57E-04 9.39E-05 6.13E-05 4.19E-05
1 0.00126 0.0011 7.79E-04 3.65E-04 1.89E-04 1.11E-04 7.10E-05 4.77E-05
1 0.00119 0.00121 9.36E-04 4.51E-04 2.29E-04 1.31E-04 8.28E-05 5.47E-05
1 0.00107 0.00127 0.00109 5.57E-04 2.80E-04 1.56E-04 9.71E-05 6.30E-05
1 9.23E-04 0.00125 0.00123 6.83E-04 3.44E-04 1.88E-04 1.15E-04 7.31E-05
1 7.72E-04 0.00117 0.00132 8.27E-04 4.25E-04 2.28E-04 1.36E-04 8.53E-05
1 6.34E-04 0.00104 0.00133 9.79E-04 5.25E-04 2.78E-04 1.63E-04 1.OOE-04
1 5.15E-04 8.87E-04 0.00128 0.00112 6.45E-04 3.41E-04 1.97E-04 1.18E-04
1 4.17E-04 7.38E-04 0.00116 0.00122 7.85E-04 4.20E-04 2.40E-04 1.41E-04
1 3.38E-04 6.04E-04 0.00101 0.00127 9.36E-04 5.19E-04 2.94E-04 1.69E-04
1 2.75E-04 4.90E-04 8.48E-04 0.00124 0.00108 6.39E-04 3.61E-04 2.05E-04
1 2.25E-04 3.97E-04 6.99E-04 0.00115 0.0012 7.80E-04 4.46E-04 2.49E-04
1 1.86E-04 3.22E-04 5.69E-04 0.00101 0.00126 9.37E-04 5.51E-04 3.05E-04
1 1.54E-04 2.62E-04 4.61E-04 8.62E-04 0.00125 0.0011 6.76E-04 3.76E-04
1 1.29E-04 2.15E-04 3.73E-04 7.15E-04 0.00118 0.00123 8.19E-04 4.64E-04
1 1.09E-04 1.78E-04 3.03E-04 5.84E-04 0.00105 0.00132 9.71E-04 5.73E-04
1 9.22E-05 1.48E-04 2.48E-04 4.74E-04 9.05E-04 0.00133 0.00111 7.02E-04
1 7.88E-05 1.24E-04 2.04E-04 3.84E-04 7.56E-04 0.00128 0.00122 8.48E-04
1 6.78E-05 1.05E-04 1.69E-04 3.11E-04 6.19E-04 0.00116 0.00127 9.99E-04
1 5.86E-05 8.88E-05 1.41E-04 2.54E-04 5.03E-04 0.00101 0.00124 0.00114
1 5.1OE-05 7.60E-05 1.19E-04 2.08E-04 4.07E-04 8.47E-04 0.00115 0.00123
1 4.47E-05 6.55E-05 1.01E-04 1.72E-04 3.30E-04 6.97E-04 0.00102 0.00127
1 3.93E-05 5.67E-05 8.60E-05 1.43E-04 2.69E-04 5.68E-04 8.70E-04 0.00123
1 3.47E-05 4.94E-05 7.38E-05 1.20E-04 2.20E-04 4.60E-04 7.23E-04 0.00113
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