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Abstract

The goal of this project is to design a superconducting coil that can be used in a mass
spectrometer, addressing the challenges associated with resistive coils including high power
consumption, large size, and field instabilities. The objectives of this project are to select a
superconducting material, design and model the coil and surrounding iron, perform magnetic

field and force simulations, and establish a preliminary cryogenic design.

After evaluating several materials, Rare Earth Barium Copper Oxide (REBCO) was selected.
This is due to its availability and its strong critical parameters. Next, the coil was designed
at an operating current of 100 A and a temperature of 65 K. After the coil cross-section
was determined, the iron was designed. The iron is designed to absorb the excess magnetic
field resulting from the coils. The simulations performed validated the design, confirming a
uniform magnetic field of just under 1.5 T and a lack of saturation in the iron. Additionally,
force simulations revealed a vertical force of 37 kN acting on each coil. The final phase
of this project was establishing a preliminary cryogenic design. This included the required

configuration for the vacuum chambers, thermal shields, and cryocoolers.

Looking forward, the areas for future work include developing the cryogenic system, con-

ducting a full thermal and structural analysis, and designing the current lead.
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Chapter 1
Introduction

Mass spectrometers are instruments used to measure the mass-to-charge ratios of ions and
identify the compounds within a sample. Mass spectrometers function by using a magnetic

field that deflects and separates ions based on their mass-to-charge ratio.

D-Pace, a company that specializes in products related to particle acceleration, produces
mass spectrometers. Currently, to produce the magnetic field used to deflect the ions, D-
Pace uses resistive electromagnets. As an alternative to conventional resistive magnets,
D-Pace has proposed the usage of superconducting magnets. These magnets are capable
of producing stronger magnetic fields while reducing power consumption. However, since
superconducting properties only arise below certain temperatures, a cryogenic cooling system

will need to accompany any superconducting magnets.

This project will focus on the design of a superconducting magnet for usage in D-Pace’s mass
spectrometer. This includes an analysis of different superconducting materials, coil and iron

design, magnetic field and force simulations, and a preliminary cryogenic design.

1.1 Mass Spectrometry Background

The following section outlines the critical background information for understanding the
motivation and application of this project. This includes background information on the
function of mass spectrometers and the primary challenges associated with the usage of

resistive magnets in mass spectrometers.
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1.1.1 Function

Mass spectrometry is a tool used to measure the mass-to-charge ratio of ions. This is
primarily used to determine the composition of a sample. Mass spectrometry typically

consists of four main steps [1]:
e Ionization:

The particles in the sample are targeted by a high-energy electron beam. This causes

collisions that remove electrons from the particles. This results in positive ions.
e Acceleration:

The ions are then accelerated by an electric field until they have the desired kinetic

energy. This is done with a high electric potential after the ion source.
e Deflection:

Upon entering the magnetic field, the ions are deflected according to their mass-to-
charge ratio. Therefore, the heavier ions are deflected less and the lighter ions are

deflected more.
e Detection:

The final stage of mass spectrometry is ion detection. This occurs when the ion stream
makes it to the detector. The detector collects the ions, converting their kinetic energy

into a signal.

The processes of ionization, acceleration, deflection, and detection are shown in Figure 1.1.
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Figure 1.1: Mass spectrometer [1]
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After ionization, acceleration, deflection, and detection have been completed, the ions are
separated and the composition of the sample can be determined based on their mass-to-

charge ratios.

1.1.2 Resistive Magnet Challenges

There are certain challenges associated with resistive magnets that could be mitigated

through the usage of superconducting magnets.
e High power consumption:

The conventional resistive magnets currently used in mass spectrometers dissipate en-
ergy due to resistance in the coil. This leads to increased power consumption. This
resistance also leads to heat generation and in some cases, cooling systems are required

to prevent component damage.
e Increased size:

Resistive magnet mass spectrometers typically have a magnetic field density of 1 T.
To maintain the same B - L.s; (with B being magnetic field density and L.;; being
effective length) value, a 1 T coil requires a larger effective length. In this case, a 1.5
T coil is used, thus a smaller effective length is required. This limits the size of the

assembly:.
e Field instability:

As resistive magnets require the constant use of a power supply, the magnetic field
produced by these magnets is impacted by current fluctuations. Fluctuations in current

cause field instabilities [2].

1.2 Project Objectives

This project is focused on the design and analysis of superconducting magnets to be used
in mass spectrometers as an alternative to the resistive magnets currently being used. The

key objectives include:
e Superconducting material selection:

This project aims to select a superconducting material to use in this application. Low-

temperature and high-temperature superconductors will be considered.
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e Model coils and iron:

Coil and iron calculations will be performed to determine the required geometry for

each component. These components will then be modeled in Solidworks.
e Simulate magnetic field and force:

Through the use of Ansys simulations, the magnetic field density will be determined
over the span of the assembly. Additionally, the magnetic force acting on the coils will

be evaluated.
e Preliminary cryogenic design:

To bring the magnet to a superconducting state, it needs to be brought to cryogenic
temperatures. This project aims to establish a preliminary design for the cryogenic

system, including the placement of a vacuum chamber, thermal shield, and cryocooler.

1.3 Superconductivity Background

The following section discusses the properties of superconducting materials and some of the

applications where they are used.

1.3.1 Superconductivity Properties

Due to the unique properties discussed in this section, superconductors offer several signifi-

cant advantages for numerous potential applications.

One of the main distinguishing properties of superconductors is their ability to conduct
current without any losses to resistance. This leads to the occurrence of high magnetic fields
without any steady-state power consumption. For there to be no electrical resistance, the
electrons in the material form Cooper pairs [3]. These pairs move through the lattice of the
material without collisions or lattice vibrations (the main sources of resistance in materials).
The lack of resistance enables the superconductor to carry high currents without creating
excessive heat. The high current density results in stronger magnetic fields. Thus, having
no electrical resistance is especially beneficial for high-field applications like nuclear fusion.
Additionally, as there is no resistance, a persistent current is created. Superconductors are
capable of maintaining current indefinitely without a power source. This creates stable,

long-lasting magnetic fields.

Superconductors are characterized by a few critical parameters that define the conditions
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under which the material is superconducting. Beyond these critical parameters, the material
becomes resistive. The critical parameters are temperature, magnetic field, and current
density (7., B., and J., respectively). These properties are related to each other in a three-
dimensional space. Thus, superconducting materials are characterized by a critical surface.
An example of a critical surface is shown in Figure 1.2. Below the surface of this plot, the

material is superconducting but above the surface, the material is resistive [4].

current density
[A/em2]

107

critical J-B-T
surface

temperature magnetic field

K] [T]

Figure 1.2: Critical surfaces example [5]

Another aspect of superconductors that dictates the properties they display is pinning cen-
ters. Pinning centers are imperfections within the material that pin magnetic vortices [6].
Vortex movement creates resistance. Thus, by introducing pinning centers (both naturally
occurring and artificial), higher current densities are required to move the vortices. There-

fore, with more pinning centers, the critical current density increases.

1.3.2 Applications of Superconducting Magnets

As a result of the favorable properties of superconducting materials, they are used in various

applications, including magnetic resonance imaging (MRI) and nuclear fusion reactors.
e Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI), a type of non-invasive medical imaging, is one
of the largest commercial applications of superconducting magnets. To date, almost
50,000 MRI machines are installed worldwide, with roughly 35,000 of them utilizing

superconducting magnets [7]. These machines produce magnetic fields of primarily 1.5
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T or 3 T [7]. The material typically used for superconducting MRI machines is NbTi.
The MRI industry uses roughly 4000 tons of NbTi conductor per year [7]. The usage of
this material necessitates the use of helium to cool the magnet to its superconducting

state. Thus, the MRI industry is also one of the largest helium consumers.

A cross-sectional view of an MRI machine is shown in Figure 1.3.

Helium fill and cold head

Casing

Outer vacuum Quter cold shield

shield
Helium vessel

Inner
cold shield

Figure 1.3: MRI machine cross section [§]

e Nuclear fusion reactors

In order to achieve plasma confinement, tokamaks and stellarators (two types of nu-
clear fusion reactors) utilize magnetic fields. In order to reach the high magnetic fields
required, many projects, both public and private, are using superconducting magnets.
For nuclear fusion reactors to reach what is known as the Lawson criterion, the plasma
temperature, density, and confinement time are to be maximized. Thus, superconduct-

ing magnets are used to maximize the plasma confinement time.

ITER, the most ambitious nuclear fusion project to date, is a tokamak being built in
southern France. This project is a collaboration between numerous countries. The
toroidal field system requires a maximum magnetic field of 11.8 T while the poloidal
field system requires a maximum magnetic field of 6 T [9]. Thus, a combination of

Nb3Sn and NbTi wires are used to produce the desired magnetic field [9].

An image of ITER’s toroidal field system is shown in Figure 1.4.
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Figure 1.4: ITER toroidal field coils [9]

1.4 Summary

This chapter included background information on mass spectrometry, the objectives of the
project, background information on superconductivity, and the applications of superconduct-
ing magnets. Mass spectrometers function in a four-step process of ionization, acceleration,
deflection, and detection. Magnets are used to deflect the ions according to their mass-
to-charge ratios. Currently, resistive magnets are primarily used for this application. Some
challenges associated with resistive magnets are increased power consumption, size, and field
instability. This project aims to explore the possibility of using superconducting magnets
to replace resistive magnets. The scope of this project includes the selection of a supercon-
ducting material, modelling and simulating the coils to analyze the magnetic field and force
produced, and designing a preliminary cryogenic system. The main distinguishing advan-
tage of superconductors is their ability to conduct current without any losses to resistance.
This creates the opportunity to produce high magnetic fields without any steady-state power
consumption. As a result of this, superconductors are used for a number of applications,

including MRI machines and nuclear fusion reactors.
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Theory

This project is heavily reliant on topics that have been established theoretically. This chapter

covers the necessary theoretical background of magnetostatics and coil design.

2.1 Magnetostatics

When current does not vary with time, it is a magnetostatic system. Magnetostatic systems

are governed by Maxwell’s equations:

V-B=0 (2.1)

—

VxH=J (2.2)

where B is the magnetic flux density, H is the magnetic field intensity, and J is the current

density. B and H are related by the magnetic permeability p:

B=uH (2.3)

For most dielectrics and metals (aside from ferromagnetic materials), u = o = 1.2566 x 107°

The magnetic force F,, that acts on a charged test particle moving with velocity u through a
point with magnetic flux density B is determined using the formula below. The force exerted

is perpendicular to the direction of both B and u (by cross-product definition).
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—

F, =qix B (2.4)

Since the current flowing through a wire is made of charged particles, when a current-
carrying wire experiences a magnetic field, the wire experiences a force equal to the sum of
the magnetic forces acting on the particles within it. Thus, the magnetic force exerted on a

charge-carrying wire is:

F,=IIxB (2.5)

where [ is the vector from the current start point to the current endpoint. Thus, for a closed
loop, =0 and thus F,=0.

Currents induce magnetic fields that form closed loops around the wire. The magnetic field

produced is defined by the Biot-Savart law:

/L[)I ds X 1
B=—
47 r?

where r is the distance between the current element and the point of interest.

2.2 Coil Turns

Specific to this situation, the maximum required magnetic field in the gap between poles is

defined in the following way:

(33356)p
pd

Biar = (2.7)
where p is the particle momentum, p is the radius of curvature of the central trajectory, and

q is the particle charge.

The particle momentum as it travels through the mass spectrometer channel can be calcu-
lated using the following formula:

1 M} 1/2 (2.8)

:T[— P
p 02+ T

where p is the momentum, 7" is the particle kinetic energy, and M is the particle mass.
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And, with the effective length, L.ss, and the bend angle, 6, the radius of curvature of the

central trajectory, p, is determined:

Le

With the value of B,,.,, the number of trial ampere-turns per pole, NI, is calculated with

an estimated 6% leakage flux and a pole gap, d.

0.5)(1.06)(Bynas ) (d)
Ho

NI:(

(2.10)

2.3 Summary

The theory related to magnetostatics and coil design was outlined in this chapter. Magne-
tostatics, the study of time-independent magnetic fields, is governed by Maxwell’s equations
(equations 2.1 and 2.2). The resulting magnetic forces on charged particles as well as on
charge-carrying wires were then determined. Additionally, the Biot-Savart law was pre-
sented. This provides the magnitude of the magnetic field in a particular region. Next, the
theory surrounding the maximum magnetic field in the pole gap and the number of trial am-
pere turns were outlined. These are the necessary equations for determining the momentum

of charged particles and the geometry of the coils and notches.
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Literature Review

This literature review includes an overview of superconducting materials, including their
manufacturing and fabrication methods as well as their critical parameters. Additionally,
the process of coil design is explored, including an overview of superconducting materials

and several studies that have utilized superconducting magnets for comparable applications.

3.1 Superconducting Material Properties

Since the discovery of superconductivity in 1911 by Heike Onnes, significant research has been
conducted into superconducting materials. These materials are currently in different stages
of development, with some being fully commercialized while others have not yet developed

past laboratory research.
A plot of superconducting materials and their critical parameters is shown in Figure 3.1.

The following section discusses three superconducting materials: NbTi, REBCO, and BSCCO.

3.1.1 Niobium-Titanium (NbT1)

Niobium titanium (NbTi), a low-temperature superconducting material, is currently one of
the most widely used superconducting materials. This is due to its ductility (thus easier
manufacturing) and relatively cheap raw materials. NbTi wires are manufactured by casting
an alloy into ingots, melting the ingots into rods which are inserted into copper tubes. These
are heated and extruded repeatedly until it is drawn to their final size [11]. A cross-section

of this wire is shown in Figure 3.2.

11
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Figure 3.1: B-T plot [10]

NbTi is typically utilized in intermediate magnetic fields[11]. NbTi has a maximum critical

temperature of 9.5 K with a critical current density of 4 x 10> A/cm? [10].

copper

/ NhTi

Figure 3.2: NbTi wire cross section [11]

3.1.2 Rare Earth Barium Copper Oxide (REBCO)

Rare Earth Barium Copper Oxide (REBCO) is a high-temperature superconductor that can
be used in a wide number of applications. REBCO tape is manufactured through a series
of thin film deposition processes. The layers are shown in Figure 3.3. REBCO utilizes high-
strength alloy substrates, including Hastelloy C-276 or stainless steel [12]. The REBCO layer

itself is fabricated using either chemical deposition techniques or physical vapor deposition
techniques|[12].
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Figure 3.3: REBCO tape layers [13]

REBCO can be used for high or low-field applications. At the maximum critical temperature,
T. of 92 K, a low magnetic field can be obtained (less than 3 T) [10]. REBCO also has a
critical current density of 107 A/cm?, one of the highest critical current densities of all

superconductors at 4.2 K.

3.1.3 Bismuth Strontium Calcium Copper Oxide (BSCCO)

Bismuth Strontium Calcium Copper Oxide (BSCCO) is another high-temperature supercon-
ducting material. BSCCO comes in a number of different compositions. The most common
types of BSCCO are BSCCO-2212 and BSCCO-2223. As shown in Figure 3.1, BSCCO-2223
has a higher critical temperature for low magnetic field applications and it also has a higher
current density [10]. BSCCO-2223 has a maximum critical temperature of 108 K [10].

BSCCO-2223 tapes are typically manufactured using a powder-in-tube process. The raw
materials are milled, sintered and then used to fill tubes. The tubes are extruded and then
a bundle of tubes is formed. These are again extruded. After cycling through several times,
heat treatment occurs in an oxygen rich environment in order for oxidation to take place

[11]. Due to chemical compatibility and oxygen permeability, silver is used in the tubes [10].

A cross-section of BSCCO tape is shown in Figure 3.4.

Figure 3.4: BSCCO tape cross section [14]
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3.2 Coil Design

Three cases of coil design will be explored in this section.
Cryogen free 1.5 T YBCO magnet for MRI [15]

A cryogen-free 1.5 T magnet made of YBCO (high-temperature superconductor) was de-
signed to be used in MRI machines. The motivation behind this project was the rising cost

of liquid helium which would typically be used to cool low-temperature superconductors.

This design utilizes 16 pancakes made from a total of 4.8 km of YBCO conductor (produced
by AMSC). The magnet operates at 20 K and 130 A. The performance of the conductor
was measured at different temperatures and field angles due to the anisotropy of YBCO.
The forces on the coils were calculated using OPERA. The structure uses G-10 axial struts
and stainless steel tension elements to provide structural support and minimize thermal
conductivity. Figure 3.5 shows the temperature distribution through the assembly. A Cry-
omech PT-810 pulse tube cryocooler is used for cooling. Cooling to the required 20 K took

approximately 40 hours.

300 Roam temperature (300 K)
Radial strut
1200
3
f—
+100
Acxial strut Platform
19 Cryocooler (19 K)

Figure 3.5: Temperature distribution through magnet coil and suspension elements [15]

Design of a superconducting 32 T magnet with REBCO high field coils [16]

The design and fabrication of a 32 T superconducting magnet with REBCO inner coils was
undertaken at the National High Magnetic Field Laboratory (NHMFL). This project aimed

to demonstrate technical advancement while balancing cost and risk (thus, a 32 T field).

The magnet includes a 15 T low-temperature superconducting background coil and a 17 T
REBCO inner coil. One of the main aspects of design explored was the winding insulation.

Insulation thin enough for the high current density windings was not provided by the supplier.
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The insulation selected combines insulated stainless steel with sol-gel ceramics. This provides

effective thermal conductivity while reducing thickness.

Another design aspect was the quench protection. To address the issue of quenching, dis-
tributed heaters were incorporated. Independent power supplies and quench detectors would

be activated during a quenching event.

The coils were eventually fabricated and tested successfully. A cross-section of the 32 T

magnet is shown in Figure 3.6.

745mm

@32mm
@574mm

Figure 3.6: Cross section [16]

A compact 3 T all HTS cryogen-free MRI system [17]

This project is on the design and fabrication of a compact 3 T high-temperature supercon-
ductor for a cryogen-free MRI system. This MRI machine is primarily designed for small
animal imaging. This project uses BSCCO (as opposed to REBCO). This magnet was cooled
to 16 K using a two-stage Gifford-McMahon cryocooler and then operated at a current of
200 A. The magnet uses 18 double pancake coils made from BSCCO tape and contained in
epoxy resin. The magnet design includes a two-layer steel yoke that is used for magnetic

shielding. Additionally, quench protection was introduced.

After design and fabrication, it was found that the magnet achieves the desired 3 T field
strength.
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An image of this assembly is shown in Figure 3.7.

Figure 3.7: Cross section of magnetic assembly. Label A shows feature for axial suspension
of coil pack. Label B shows the entry point for the cryocooler. [17]

3.3 Summary

The literature review conducted includes two main areas of interest: the properties of su-
perconducting materials, and cases of coil design. The properties of three different materials
were studied. These materials include niobium titanium (NbTi), rare earth barium copper
oxide (REBCO), and bismuth strontium calcium copper oxide (BSCCO). NbTi is a low-
temperature superconductor that is relatively simple to manufacture due to the ductility of
the material. REBCO is a high-temperature superconductor that has become more preva-
lent in recent years. It is manufactured through a series of thin film deposition processes.
BSCCO is also a high-temperature superconductor. It is manufactured using a powder-in-
tube process. The matrix in the tubes is silver due to its chemical compatibility and oxygen
permeability. The coil design cases explored include a cryogen-free 1.5 T REBCO magnet
for an MRI machine, a high field apparatus using REBCO coils, and a 3 T BSCCO MRI
system. These studies outlined the thermal, structural, and magnetic field setups for each

of the cases.



Chapter 4

Methods

This chapter outlines the methods utilized in the design of the superconducting coils. The
scope of design and analysis included in this project includes designing the coil in terms of
material and geometry, designing the outer iron that absorbs the stray magnetic field, per-
forming magnetic field simulations to verify field uniformity and iron saturation, performing
force simulations to determine the required structural components to support the coils, and

designing a preliminary cryogenic system.

4.1 Material Selection

The superconducting coil material is selected using a weighted decision matrix. In this
method, a list of factors is weighted and then each of the materials is scored using these

weights. This is a quantitative method to assess materials.
The weighted decision matrix takes the following factors into account:

e Critical temperature: higher critical temperatures allow for reduced cooling require-

ments and simpler, less power-intensive cryogenic systems.

e Critical current: higher critical currents allow for more current to flow through the

superconducting material and thus a smaller cross-sectional coil area.

e Availability: with superconducting materials emerging in recent years, it is important

to evaluate the level of commercialization and overall material availability.

e Cost: as this is for a commercial application, the cost of the material is an important

consideration. The cost is a function of the cost of raw materials and the ease of

17
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fabrication.

The weights of each of these factors is shown in Figure 4.1.

Decision Matrix Weighting

o

| 4

m Availability = Critical Temperature  m Critical Current = Cost

Figure 4.1: Decision matrix weighting

4.2 Initial Specifications

There are several specifications that the design is to adhere to. These quantitative specifi-

cations are used in the design of the coil and iron. The specifications are outlined in Table

4.1.

Table 4.1: Initial specifications

Specifications
Magnetic field in gap 1.518 T
Bend angle 125 deg
Effective length 675 mm
Pole face angle 48.9289°
Pole gap 100 mm
Bend direction Right
Drift distance entrance 400 mm
Drift distance exit 400 mm
Ton mass Up to 176 AMU
Ion charge state +1
Maximum kinetic energy 60 keV
Particle momentum 140.26 MeV /c
Central trajectory radius of curvature 309.4 mm

Number of trial ampere-turns per pole

64 023 Amp Turns
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4.3 Coil and Iron Design

The following calculations are required to determine the coil geometry and the notch ge-
ometry. Additionally, this section includes power consumption calculations for a resistive

magnet.
Coil Geometry

Using the calculated values for mass and momentum (Equation 2.8), along with the radius
of curvature of the central trajectory (Equation 2.9), the maximum magnetic field in the
pole gap, Bz, is determined (Equation 2.7). Then, using this value, the number of trial

ampere-turns per pole, NI is found.

Using a maximum current for the specified material, the number of turns per coil can be

determined: NT
Nturns =

4.1

[ma:t ( )
Consider a strip wound coil utilizing superconducting tape and Mylar insulation. There is
a certain number of pancakes per coil with a top, middle-upper, middle-lower, and bottom
aluminum cooling plates each with a fiberglass pancake wrap (Half-Lapped technique, min-
imum 2 layers) and a fiberglass overwrap on all sides (Half-Lapped technique, minimum 8

layers).

Therefore, the current density in the magnet is:

I
Tnaw = —22 4.2

where t and h are the thickness of the selected tape.

At this point, the coil width can be determined.
Coil width= (Conducting tape) + (Mylar) 4+ (Pancake wrap) + (Coil over-wrap) (4.3)
Next, the coil height can be determined.
Coil height= (Mylar) + (Cooling plate) + (Pancake wrap) + (Coil over-wrap)  (4.4)

Notch Geometry

A good field region is defined on either side of the central trajectory in the horizontal and
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vertical bend planes. A D-Pace rule of thumb is that a pole width that is a factor of 5 times

as large as the good field region will achieve the desired level of uniformity.

As a result of this rule of thumb, the pole width w is equal to:

w = (5)(f) (4.5)

where f is the defined field width.

In the resistive coil case, the coil notch in the yoke is chosen to be the coil width plus 5 mm
buffer space on either side of the coil to ensure there is enough space for the epoxy-potted
coil to fit in the magnet. The notch height for the coil (up to the top of the pole chamfer of

10 mm) is coil height plus 3 mm to include space for neoprene underneath the coil.

Using the previously defined coil width and height, the notch width and height are deter-
mined:
Coil notch width = weei + (2)(5 mm) (4.6)

Coil notch height = h..; + 3 mm (4.7)

Next, the yoke area is determined. To do this, the pole area needs to be determined.

The radius of curvature p was defined above. Additionally, the pole width was determined
to be 5f.

The partial pole (P1) width is half of the pole width. The outer radius of P1 is therefore
p+5f/2. The partial pole (P2) width is the same as the partial pole (P1) width. The outer
radius of P2 is the central trajectory. The inner radius of P2 is therefore p — 5 /2. The pole

areas can then be found after modelling the poles in Solidworks.

With this information, the yoke cross-sectional areas are found. It is desired to have a larger
field in the poles than in the yokes. Therefore, the yoke areas are to be larger than the pole
areas by a factor of 1.5/1.2.

(1.2) Ayore = (1.5) Apote (4.8)

Power Consumption

To determine the coil power for the resistive magnet (copper coil), electrical calculations
can be performed. Coil power will be an important metric when considering the switch to a

superconducting coil.

From the previously determined coil geometry, the median turn length Ly, is found.
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Therefore, the total conductor length per coil is equal to:

Total conductor length per coil = (Nyyrns ) (Ltwrn) (4.9)

Next, at a temperature of 20°C, the resistance can be determined.

Total Conductor Length
Conductor Cross-Sectional Area

RQOO = PCu (410)

Using this value and the assumption that the maximum AT is 40°, the resistance Rj,; is
calculated.
Rpot = Rope[1 + (AT)(Temperature Coefficient of Copper) (4.11)

With this value, along with the current I,,,,., the voltage drop per coil is found.

Veoit = (Imax)(Rhot) (412)

Therefore, the power requirement for the entire magnet (2 coils) is:

P = (2)(Voit) (Imaz) (4.13)

4.4 Magnetic Field and Force Simulations

Ansys Maxwell is used to conduct magnetic field and force simulations for both of the coil
geometries. The main purposes of these simulations are to analyze the field uniformity
through the region where the particles travel, to assess the surrounding iron to determine if
the material gets saturated with the magnetic field, and to evaluate the forces that are to

be structurally supported.

4.4.1 Ansys Maxwell Method

Ansys Maxwell utilizes the finite element method (FEM) to numerically solve Maxwell’s
equations (equations 2.1 and 2.2) and the magnetic force equation (equation 2.5). The
assembly geometry is divided into small, finite elements (the mesh). Within each element,
the field and force are determined. Based on the magnetic field in each element, a contour

plot is produced. For the force simulations, force values exerted on a body are produced.
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4.4.2 Simulation Set-Up

The following sections outline the boundaries, excitations, meshes, and material properties

that are to be conducted in each of the cases for simulations using Ansys Maxwell.
Boundaries

The two boundaries set in this simulation are both insulating. This boundary is applied
to each of the coils in the assembly. This boundary specifies the normal component of the
magnetic field to be zero at the boundary. This is done to ensure that there is no current

flow crossing the boundary.

B, =0 (4.14)

Excitations

There are current excitations through both coils in the assembly. These excitations were
defined by making cross-sectional planes through the coils and applying a current excitation.

The current excitation is defined by two variables: current and turns.

The allowable current depends on the temperature of the superconducting coil. Using the
critical current parameters, the operating current values were obtained. Due to the possibility
of temperature fluctuations during operation, current values 10 A lower than the critical

values were used as operating currents.

]operating =1. - 10A (415)

With an estimated leakage flux, maximum magnetic flux density, and pole gap, the number
of ampere-turns required can be determined according to Equation 2.10. Using this value,

the number of turns per coil Ny, is determined:

NI
Niwrns = ——— (416)

I operating

Using the option for stranded (as opposed to solid) current excitation, along with the values

for Ioperating and Nyuns, the current excitation is defined through cross-sections in each coil:

NI = Niyrns - Ioperating (417)
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Mesh

Due to the overall simple geometry of the components in this assembly, an auto-generated
mesh from Ansys was used. The mesh is shown in Figure 4.2 below. As shown in this Figure,
the mesh is relatively coarse. This is due to the limit on the number of elements that can

be used in the student version of Ansys.

0 1e+03 2e+03 (mm)

Figure 4.2: Assembly mesh

Material Properties

The materials that are to be used for this project are superconducting tape for the coils and
C1006 Iron for the remainder of the components. As these materials are not available in

Ansys’s materials library, the material properties had to be defined.

For superconducting materials, the relative permeability should be zero. However, since
Ansys does not take zero values for this field, a number approaching zero was used (1 x
1077). Additionally, for superconducting materials, since there is no resistance while in a
superconducting state, the bulk conductivity of the tape is infinite. Since Ansys does not
take infinite values, 1 x 10° S/m was used. The remainder of the properties were set to

default values. A summary of the relevant magnetism properties used is shown in Table 4.2.

C1006 Iron, iron with very low carbon content, is very similar to low carbon steels including

1006 Steel and 1008 Steel. The main differences come from minor alloying elements and
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Table 4.2: Superconducting material magnetic properties

Property Value | Units
Relative Permeability | 1e-07 -
Bulk Conductivity | 1le+09 | S/m

impurities that slightly alter properties. However, for the purposes of this simulation, these
materials can be used interchangeably. The relevant magnetic properties for this simulation

are shown in Table 4.3 and in Figure 4.3.

Table 4.3: 1006 Steel magnetic properties

Property Value Units
Relative Permeability | B-H Curve (Fig. 4.3) -
Bulk Conductivity 2e+06 S/m
steel 1006 -t
3.75
2.50
s
8
=
1.25
0.00 ‘ — ‘
0.00E+00 2.50E+05 5.00E+05 7.50E+05 1.00E+06 1.20E+06
H (A_per_meter)

Figure 4.3: 1006 steel B-H curve

4.5 Cryogenic System

The final part of this project is to design a preliminary cryogenic system to contain and
cool the superconducting coils. This design is to be created using a Solidworks model. This

design includes the following key components:

e Supports: supports around the coils are used as the primary structural members.

These are to be designed to minimize thermal conductivity while maintaining structural

stability.
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e Vacuum chamber: the vacuum chamber is designed to enclose the superconducting
magnet. Additionally, it needs to be large enough to contain the thermal shield and

insulation that surround the magnet.

e Cryocooler connection: the cryocooler connection point and cold head position are
designed to feed into the vacuum chamber without compromising the performance of

the iron.

4.6 Summary

This chapter outlines the methods used throughout this project. First, a series of values are
obtained in order to determine the coil geometry. Then, using these values, the geometry of
the iron and the overall power consumption are determined. In the next section, the methods
used to set up the magnetic field and force simulations in Ansys Maxwell are discussed.
This includes setting up boundary conditions, current excitations, a mesh, and the material
properties. Finally, the method for approaching the preliminary cryogenic system design is

discussed. This includes describing the critical components that are required.



Chapter 5

Results

The results of material selection, coil design, magnetic field simulations, magnetic force
simulations, and preliminary cryogenic design are presented in this chapter. The material
selection process is conducted using a weighted decision matrix. The coil design results
include the geometric configurations of the coils for different cases. The magnetic field
simulation results include contour plots for each of the coil configurations. The magnetic
force simulation results consist of force values experienced by the coils in each direction. The

preliminary cryogenic design results show initial drawings of the system.

For each of these sections, any detailed calculations performed are presented in the cor-
responding appendix section. Additionally, preliminary drawings are shown in Appendix
D.

5.1 Material Selection

The superconducting coil material was selected using a weighted decision matrix. The weight-

ing factors include material availability, critical temperature, critical current, and cost.

The materials compared were NbTi, REBCO, and BSCCO. Using the weighting factors,
each of the materials was scored. The final weighted decision matrix is shown in Table 5.1.
As shown in this Table, the scores for NbTi, REBCO, and BSCCO are 3.75, 4.3, and 3.25,

respectively.

Therefore, REBCO is the selected material.

26
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Table 5.1: Weighted decision matrix

. NbTi REBCO BSCCO
Factor Weight factor Score | Value | Score | Value | Score | Value
Material availability 30 % ) 1.5 4 1.2 2 0.6
Critical temperature 25 % 1 0.25 5 1.25 5 1.25
Critical current 25 % 4 1 5 1.25 4 1
Cost, 20 % 5 1 3 0.6 2 0.4
Total 3.75 4.3 3.25

5.2 Coil Design

Using the series of calculations presented in Chapter 4, the cross-sectional area for two coil
configurations can be determined. The coil calculations utilize the Fujikura REBCO tape
parameters. A plot showing the critical current at a given temperature and magnetic field

is shown in Figure 5.1.

546A@4.2k,5T 360A@4.2,10T

10°

77.3K
65K
50K
40K
30K
20K
10K
— 42K

10

0.0 5.0 10.0 15.0 20.0

Figure 5.1: Fujikura REBCO tape parameters [18]

Two different coil cross-sections were determined with varying numbers of pancakes. The

resulting cross-sectional dimensions for the two cases are shown in Table 5.2.

Table 5.2: Coil cross-section dimensions

Case | Temperature [K] | Pancakes [-] | Current [A] | Turns per coil [-] | Coil width [mm] | Coil height [mm)]
1 65 3 100 641 50 46
2 65 4 100 641 39 56

A MATLAB function can be used to perform the calculations in a repeatable, error-free
manner. The MATLAB code is shown in Appendix A.1.
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Full sample calculations for determining the coil geometry for a resistive copper coil are

shown in Appendix A.2.

An isometric view of the 3 pancake coil is shown in Figure 5.2.

Figure 5.2: Isometric view of 3 pancake coil

5.3 Iron Design

The design of the iron (including the notch geometry) is based on the initial design of a
resistive coil with a width and height of 117 mm and 297 mm, respectively. Using these
values, along with the pole width, and pole face angle leads to the pole and iron geometry,

as shown in Figures 5.3 and 5.4.

Figure 5.3: Pole geometry

Appendix B includes full calculations for the iron and pole design.
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(a) Isometric view (b) Sectioned view

Figure 5.4: Iron geometry

5.4 Resistive Coil Power Consumption

The total power consumption of the resistive coil can be determined using the resistive
coil geometry. With the total conductor length within a coil, the total resistance through
each coil is found. This value, along with the current, leads to the voltage drop per coil.

Ultimately, this results in a total power consumption of 17.3 kW.

Appendix C includes full calculations for the power consumption of a resistive magnet.

5.5 Magnetic Field Simulations

With the parameters outlined in Chapter 4.4, the magnetic field simulations for the two coil
geometry cases were conducted and contour plots were obtained. Figure 5.5 and 5.6 show

the contour plots for each of the coil geometries.
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B [tesla]
Max: 2.383
y 2.40
- 2.16

\— 1.92
1.68

X 1.44
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k- . 0.24
0.00
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Figure 5.5: Case 1 - magnetic field contour plot (65 K, 100 A, 3 pancakes)
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Figure 5.6: Case 2 - magnetic field contour plot (65 K, 100 A, 4 pancakes)

5.6 Magnetic Force Simulations

In Ansys Maxwell, the virtual force acting on each coil was also determined. The values in
the top and bottom coils for each case are shown in Table 5.3. The force directions as well

as the definitions of “Top” and “Bottom” are shown in Figure 5.7



CHAPTER 5. RESULTS 31

Figure 5.7: Force directions

Table 5.3: Magnetic force values

Case | Coil | F(x) [N] | F(y) [N] | F(z) [N] | |F| [IN]
1 Top 732 36 333 33 36 341
Bottom 719 -36 258 > 36 265

9 Top 292 37 383 -111 37 384
Bottom 612 -36 380 1 36 385

5.7 Preliminary Cryogenic Design

This preliminary design of the cryogenic system includes the layout of the vacuum chamber,
thermal shield, cryocooler, and structural supports. This is a preliminary concept based on

minimal analysis. A cross-sectional view of this concept is shown in Figure 5.8.

5.8 Summary

This chapter goes through the results of each of the phases of this project. First, the results
from the weighted decision matrix were presented, indicating that the selected material is
REBCO. Next, the resulting coil and iron designs were revealed. The next phase of the
project was performing simulations for the magnetic flux density and magnetic force on the
coils. The magnetic flux density contour plots were presented, as well as the force data for

the coils. Finally, the resulting cryogenic design was shown.
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Figure 5.8: Preliminary cryogenic layout (cross-sectional view)



Chapter 6
Discussion

This chapter explores and analyzes the results presented in the previous chapter. This
includes deeper insight into the superconducting material selection, the decision rationale
behind the coil and iron design, conclusions drawn from the simulations, and design features

of the cryogenic system.

6.1 Superconducting Material Selection

This section goes through the the rationale behind the selection criteria that was used for
evaluating the superconducting materials. Additionally, further information on the selected

material is presented.

6.1.1 Selection Criteria

Three superconducting materials were considered for this project: NbTi, REBCO, and
BSCCO. When selecting materials for consideration, the level of commercialization and
the critical temperature were important factors. NbT1i is one of the most widely used super-
conducting materials available. REBCO and BSCCO are both promising high-temperature
superconductors. The high critical temperatures of these materials allow for the usage of

single-stage (lower power consumption) cryocoolers.

When narrowing down to select one final material, the weighted decision matrix in Table 5.1
was used. The weighted factors are material availability, critical temperature, critical current,
and cost. These were assigned weight factors of 30%, 25%, 25%, and 20%, respectively. A

pie chart of these weights is shown in Figure 4.1.

33
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NbTi, being one of the most widely used superconducting materials, performed well in the
material availability category. However, at 9.5 K, the most significant issue with NbTi is
its critical temperature. Being a low-temperature superconductor, the critical temperature
of this material is lower than desired. At 4.2 K, the critical current density of this material
is 4 x 10° A/em?. This value is lower than the critical current densities of REBCO and
BSCCO but is still relatively high. The final area considered was cost. NbTi scored well in

this category as it is readily available and is simple to manufacture.

The next material considered is REBCO. This superconducting material is produced in tape
form by several companies including SuperPower, Fujikura, Sumitomo, and Bruker (among
others). As this technology continues to develop, the production is increasing. As this is
a high-temperature superconductor, the maximum critical temperature is 92 K. This value,
along with the critical current density on the order of 107 A/cm? leads REBCO to score
highly in both the critical temperature and critical current categories. As REBCO has a
complex manufacturing process and has only been developed relatively recently, REBCO
tape is more expensive than some other options. However, the raw material cost for REBCO

tape is low.

The final material that was evaluated was BSCCO. The main issue with this material is
its availability. With the emergence of REBCO, BSCCO has become less prevalent. At
present, one of the only producers of BSCCO-2223 is Sumitomo. With a maximum critical
temperature of 108 K and a critical current density of 106 A/cm?, the critical parameters
for this material offer promise. The cost of this material, which directly results in the lack
of availability, is high. As it is required to have a silver or silver alloy matrix, along with the
complex manufacturing process, materials and manufacturing of BSCCO tape is expensive.
The expense of this material, as well as the comparable properties to REBCO is leading to

a reduction in BSCCO usage.

6.1.2 Selected Material

After using the weighted decision matrix shown in Table 5.1, REBCO is the selected material
for this project. REBCO tapes consist of a series of layers deposited using thin film deposition
processes. The manufacturers that make REBCO tape use relatively similar layer thicknesses
and materials. Thus, the Fujikura REBCO tape properties are selected to be used for the
remainder of this project. It should be noted that quotes have not been obtained and a
different manufacturer could perform better for these project requirements. The layers of

this tape are shown in Figure 6.1 and the critical current plot at different temperatures is
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shown in Figure 6.2.

RE- BASED HIGH- TEMPERATURE SUPERCONDUCTOR
CHARACTERISTIC FEATURE

- Superior in-field critical current and excellent
mechanical properties applicable for magnet
applications

- Original key manufacturing techniques of IBAD
& PLD process enabling high superconducting
performance

THICKNESS
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WIDTH :
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Substrate Buffer

Buffer
[HaSte"oy‘] . .
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Figure 6.1: Fujikura tape layers [18]
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Figure 6.2: Critical current vs. magnetic field [18§]

As shown in Figure 6.2, the desired magnetic field is 1.518 T. At 65 K, the critical current
is 110 A. Due to possible temperature instabilities, the operating currents are less than
the critical currents. Therefore, the operating currents were selected to be 100 A for a

temperature of 65 K.
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6.2 Coil and Iron Design

Coils were designed for two different cases: at 65 K with 3 pancakes and at 65 K with
4 pancakes. For both of these cases, the coil cross-sectional dimensions were determined,
as shown in Table 5.2. These coils are made of REBCO tape. The temperature of 65 K
was selected due to the tape’s ability to conduct higher levels of current while maintaining
a high critical temperature. With this temperature, the critical current value is 110 A.
However, due to the possibility of temperature fluctuations during operation, a current of
100 A was used. This ensures that even in the case of a temperature fluctuation, the coil
will remain in a superconducting state. The decision to use either 3 or 4 pancakes will be
determined as this project progresses, once the power and winding implications have been
explored. Following the methodology in Chapter 4, this led to 641 turns per coil and coil
cross-sectional dimensions of 50 x 46 mm and 39 x 56 mm, for 3 and 4 pancakes, respectively.

The overall shape of the coil was designed around the shape of the pole.

The iron was initially designed for the case of a resistive copper magnet. Using this case, the
notch width and height for the iron were found by adding buffer space around the resistive
coil geometry. The size of the notches for the resistive coils is significantly larger than the
cross-sectional area of the superconducting coil. However, due to the vacuum chamber and
thermal shield that surround the superconducting coil, the notch size for the superconducting
magnet was not altered from the resistive case. The next aspect of the iron design was the
pole (the two faces on either side of the pole gap, shown in Figure 5.3). The width of
this component is defined by the desired region of field uniformity. The inner and outer
curvature of this part is coradial with the central ion trajectory. After developing this part,

the cross-sectional area was used to determine the areas of the yoke.

The iron, made of C1006 iron, is a high magnetic permeability component. As a result of
this, the iron is able to absorb the excess magnetic field produced by the coils. The iron is
designed such that within the pole gap, there is a uniform field of 1.5 T while the surrounding

iron absorbs the remainder of the magnetic field.

6.3 Simulation

Magnetic field and force simulations were performed using Ansys Maxwell. The results of

these simulations are discussed in this section.
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6.3.1 Magnetic Field Simulation

The magnetic field simulation results are shown in Figures 5.5 and 5.6 for the 3 pancake
and 4 pancake cases, respectively. The resulting contour plots for both cases are relatively
similar. The maximum magnetic flux density is slightly different (2.4 T vs. 2.3 T), however,

this maximum value is in a small, localized area.

In both plots, it can be seen that within the pole gap, the magnetic flux density is 1.33 T,
slightly under the desired value of 1.5 T. Despite this value being lower than the desired
magnetic flux density, within the pole gap, the field is uniform, varying by a maximum of
roughly 0.005 T. This slight underperformance in magnetic flux density could be addressed by
increasing the number of ampere-turns in the coil or increasing the current (also decreasing
the temperature). Additionally, in both cases, it can be seen that there is no magnetic
saturation in the iron. The slope of the B-H curve, shown in the Ansys material properties
in Chapter 4, indicates the magnetic permeability of the material. Once the material reaches
maximum magnetization, the slope of the curve flattens, meaning the material reaches the
point of saturation. In this state, increasing the magnetic field strength (H) does not increase
the magnetization of the material (B). Beyond the saturation point, the material essentially
acts as free space and the magnetic field lines extend past the iron. In the simulations
performed, since the iron does not become saturated, there are no stray field lines extending
beyond the assembly. This indicates that the iron is sufficiently large to absorb the required

magnetic field.

6.3.2 Magnetic Force Simulation

After performing magnetic field simulations, the magnetic force simulations were completed.
The purpose of the force simulations is to provide insight into the structural requirements
for supporting the coils. In both cases, the forces are relatively similar, with magnitudes of
roughly 37 kN acting on each coil. The main component of this magnitude is in the vertical

direction. However, there are minor forces acting in the x and z directions as well.

As a result of the relatively large force acting in the y direction, vertical supports will
be required to support the coils. The supports used will be further explained when the

preliminary cryogenic design is outlined.
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6.4 Preliminary Cryogenic Design

This design shows a preliminary version of the cryogenic system that is to be used to cool the
coils to superconducting temperatures. For thermal insulation purposes, a vacuum chamber
surrounds the coil. The vacuum environment reduces any conductive or convective heat
transfer that results from ambient conditions. The vacuum chamber is to have flanges for
electrical feed-throughs and a vacuum connection. Within the vacuum chamber is a thermal
shield layer. This layer is internally connected to the vacuum chamber. The cryocooler
stage is thermally connected to this layer. Within the thermal shield is the coil. The coil
is suspended from the strongback part of the thermal shield layer. The coil is wrapped in a

layer of insulation.

Structural supports are required to constrain each of the layers surrounding the coil. These
structural supports are to be designed to minimize conductive heat transfer between compo-
nents. As a result of the magnetic force simulations, it was determined that the majority of
the magnetic force is in the vertical direction. Therefore, these thermally isolating supports

should be primarily constraining vertical movement.

In Figure 5.8, the cryocoolers are positioned within the pole gap. This configuration was
selected as it didn’t take away any material from the iron. Removing iron material would
increase the magnetic flux density in other regions. However, based on preliminary dimen-
sions, the ability to fit a cryocooler within the pole gap depends on the cryocooler selected.
In the event that the cryocooler does not fit within the pole gap, the notch width could
be increased and the cryocoolers could be added in a horizontal configuration, as shown in

Figure 6.3.

Cryocoolers &

Figure 6.3: Alternative cryocooler configuration
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6.5 Summary

This chapter discusses the results of this project. First, a deeper look into the material
selection criteria is conducted. The primary selection criteria for each material was material
availability, critical temperature, critical current, and cost. The reasoning behind the weight
factors and the strengths and weaknesses of each material are also discussed. Next, the iron
and coil design process is discussed, including design decisions. The next section discusses the
results of the magnetic field and force simulations. The field simulations revealed a uniform
magnetic field of 1.33 T within the pole gap. Additionally, it was shown that no magnetic
saturation occurs within the iron. The force simulations showed a force of approximately 37
kN acting on each coil (in opposing directions). Finally, the preliminary cryogenic design
was discussed, including the requirement for certain components, and the positioning of the

cryocoolers.



Chapter 7
Conclusion and Future Work

This project has met the objectives of material selection, design and simulation by following
the explained methodologies. However, there are still areas to be pursued and researched in
the future.

7.1 Conclusion

The goal of this project was to design a superconducting coil to be used in a mass spectrom-
eter. This coil would be used to replace the resistive copper coil that is currently used to
deflect the ions in D-Pace’s mass spectrometer. This project is motivated by the challenges
associated with resistive coils, including their power consumption, size, and field instabili-
ties. Superconductors are capable of conducting current without losses to resistance. This
allows for less power consumption, higher magnetic fields (smaller assemblies), and constant
current (no field instability). The objectives of this project were to select a superconducting
material to be used for the coils, to design and model the coil and surrounding iron, to
simulate the magnetic field and the magnetic force, and to establish a preliminary design of

the cryogenic system.

After evaluating NbTi, REBCO, and BSCCO, REBCO was the material selected to be used
for the superconducting coils. The production of REBCO is increasing as research into
this material increases. However, the material is currently produced by several companies
including SuperPower, Fujikura, Sumitomo, and Bruker. Additionally, the cost of the raw
materials is relatively low. Finally, the critical parameters of REBCO are very promising as
it has a maximum critical temperature of 92 K and a critical current density of 107, one of

the highest current densities available.
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Next, the coil was designed to operate at 100 A and 65 K. Using these values, two cross-
sections were determined, one using 3 pancakes, the other 4 pancakes. The decision to
use either 3 or 4 pancakes will be determined at a later date when the power and winding
implications have been explored. After determining the coil cross-section, the iron was
designed. With the desired area of field uniformity, the pole geometry was determined. The
coil shape is based on this. The rest of the iron was designed based on taking a ratio between
the pole area and the yoke area in order to adequately distribute the field between the pole
and iron. The 1.5 T magnetic field resulting from the coils produces a uniform field within
the pole gap of the mass spectrometer. The iron is designed to absorb the excess magnetic

field resulting from the coils without becoming saturated.

After completing the design of the coil and iron, the designs were validated using Ansys
simulations. The magnetic field simulation results show contour plots with the magnetic
flux density at varying points in the assembly. The simulations showed a uniform magnetic
field of 1.33 T within the pole gap. Additionally, it revealed that the iron adequately absorbs
the excess magnetic field lines without becoming saturated. The magnetic force simulations
revealed forces of approximately 37 kN acting vertically on each of the coils in opposite

directions.

The final objective to complete in this project was to establish a preliminary cryogenic
design. In order to bring the coils to a superconducting state, they need to be cooled to
cryogenic temperatures. In order to thermally isolate the coil from convective and conductive
heat transfer sources, it is put within a vacuum chamber. Additionally, within the vacuum
chamber, a thermal shield and insulation surround the coil. To extract the heat, a cryocooler
is used. Due to the size of this component, the positioning will be determined once a

cryocooler has been selected.

7.2 Future Work

As this project of replacing the copper resistive magnet with a superconducting magnet con-
tinues to be developed, there are a number of areas for future work. The main areas include
furthering the cryogenic design, designing the structural support system for supporting the

vacuum chamber, thermal shield, and coil, and the design of the current lead system.

In order to further the cryogenic design, a full thermal analysis needs to be completed.
This will include identifying the heat transfer loads coming from the external environment.

Additionally, materials for different components need to be selected in order to quantify the
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heat transfer resulting from these components. After completing this analysis, a cryocooler
can be selected based on the heat that needs to be extracted from the system. Based on the
cryocooler selected, the power consumption required for this system can be compared in a

quantifiable manner to the power consumption resulting from the resistive coil system.

A full structural analysis and design also needs to be undertaken for this system. The
loading presented from Ansys magnetic force simulations is a starting point for this process
however, additional forces, including gravity and thermal forces, need to be considered for
future analysis. Once the forces acting on the system are adequately quantified, the support
structures can be designed. Through this design process, the thermal impact of the supports
needs to be considered to avoid conductive heat transfer through the supports. Materials

with low thermal conductivity should be used.

Another aspect of this project to be considered in the future is the current lead design. This
system should be designed to deliver current to the coils while minimizing the production of
heat.

7.3 Summary

This chapter concludes the project, starting with the outcomes of the work completed and
finishing with the work that is still to be completed moving forward. The objectives of this
project were met, including the selection of a material, the design and modeling of the coil
and iron, the simulation of the magnetic flux density and magnetic force, and finally, the
preliminary design of the cryogenic system. Moving forward, there is still a significant amount
of work to be completed. A detailed cryogenic design needs to be completed, requiring a
full thermal analysis in order to properly spec a cryocooler. Additionally, a full structural
analysis and design need to take place. Lastly, a current lead design needs to be completed

to reduce the amount of heat being brought into the system as the current is being delivered.
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Appendix A

Coil Geometry

A.1 MATLAB Coil Dimensions Function

The following MATLAB function is used to determine the number of turns per coil, the coil
width, and the coil height by inputting the desired temperature and number of pancakes.

function [coil_w, coil_h, n] = coil_dims(pancakes, temp)
hparticle momentum p [MeV/c]
p=140.26;

hcentral trajectory radius rho [mm]
rho=309.3972;

hmagnetic flux density B [T]
B=1.518;

htrial ampere turns NI [Amp-turns]
NI=64023;

%critical current Ic [A]
if temp==50

Ic=230;
elseif temp==65

Ic=100;

end

Al
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hturns per coil
n = NI/Ic;

n=ceil(n);

htape dimensions [mm]
thickness = 0.13;
height = 4;

hcurrent density J [A/mm~2]
J = Ic/(thicknessx*height);

snumber of turns per pancake

tp=ceil (n/pancakes) ;

%coil width [mm]
coil_w=ceil ((tp*thickness)+((tp+1) *0.076) +(2%0.52) +(2*2) ) ;

%hcoil height [mm]
coil_h=ceil (pancakes*height+(pancakes+1) *6.35+8%0.52+2%2) ;

end

A.2 Coil Geometry Calculations

The following calculations determine the geometry of a resistive copper coil with 4 pancakes.

Using a maximum current of 190.5 A, the number of turns per coil can be determined:

64023 Amp Turns per Pole
furns 190.5 A

= 336 Turns per coil

With an operating current of 190.5 A, the current density in the magnet is:

190.5 A
Jrmaz = 205 = 2.42 A/II]IH2
(63.1mm)(1.246 mm)

At this point, the coil width is determined to be 117 mm.
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Coil width= (Copper tape) + (Mylar) + (Pancake wrap) + (Coil over-wrap)

Coil width = 84(1.246 mm) + 85(0.076 mm) + 2(0.52 mm) + 2(2mm) = 116.16 mm
Next, the coil height is determined to be 297 mm.
Coil height= (Mylar) + (Cooling plate) + (Pancake wrap) + (Coil over-wrap)
Coil height = 4(64.1 mm) + 5(6.35 mm) + 8(0.52 mm) + 2(2 mm) = 296.31 mm

The coil cross section is shown in Figure A.1 below. This includes a structure of 4 pancakes,

each of 84 turns with copper tape.

117

|-

Figure A.1: Coil cross section (dimensions in millimeters)
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Iron Geometry

As a result of the rule of thumb that the pole width is a factor of 5 times as large as the
good field region of £44 mm for the desired level of uniformity for a 100 mm gap, the pole

width w is equal to:

w = (5)(44) = 440 mm

The coil notch in the yoke is chosen to be coil width plus 5 mm buffer space on either side
of the coil. The notch height for the coil (up to the top of the pole chamfer of 10 mm) is coil

height plus 3 mm to include space for neoprene underneath the coil.

Using the previously defined coil width and height of 117 mm and 297 mm, the notch width

and height are determined:

Coil notch width = 117mm + (2)(5mm) = 127 mm
Coil notch height = 297 mm + 3mm = 300 mm
Next, the pole and yoke areas are determined. As defined above, the radius of curvature of

the central trajectory is 309.3972 mm. Additionally, the pole width was determined to be
440 mm.

The partial pole (P1) width is therefore half of this, 220 mm. The outer radius of P1 is
therefore 309.3972 mm + 220 mm = 529.3972 mm.

The partial pole (P2) width is also 220 mm. The outer radius of P2 is the central trajectory.

B1
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The inner radius of P2 is therefore 309.3972 mm - 220 mm = 89.3972 mm.

Using Solidworks, the area of P1 was determined to be 153 242.5049 mm? and the area of
P2 was determined to be 150 586.5385 mm?.

With this information, the yoke areas are found. It is desired to have a larger field in the
poles than in the yokes. Therefore, the yoke areas are to be larger than the pole areas by a
factor of 1.5/1.2.

Yoke 1:
(1.2)Ayy = (1.5)Apy
1.5 1.5 9 9
Ay = E(Apl) = 5(153 242.5049 mm~) = 191 553.131 mm
Yoke 2:

(1.2) Ay = (1.5)Apy

1.5 1.5
Aps) = ——= (150 586.5385 mm?) = 188 233.173 mm?

Ayy = -2
vz 1.2( 1.2

The plan view showing the cross-sectional areas of the poles and yokes is shown in Figure
B.1 below.

P1

153 243

P2
mm?

150 587
mm?

Y2

188 233
mm?

Figure B.1: Pole and yoke areas

The dimensioned cross-sectional view of the resistive coil assembly (including the coil, poles
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and yokes) is shown in Figure B.2 below.
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Figure B.2: Plan view cross section
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Appendix C

Resistive Coil Power

The following calculations go through an example of calculating the power consumption of

a resistive coil.

From the Solidworks model of the resistive coil, the median turn length is equal to 2883.01

mm.
Therefore, the total conductor length per coil is equal to:
Total conductor length per coil = (336 turns)(288.3 cm/turn) = 96 868.97 cm

Next, at a temperature of 20°C, the resistance can be determined.

Total Conductor Length
Conductor Cross-Sectional Area

R200 = PCu

(96 868.97 cm)
(6.31 cm)(0.1246 cm)

Rogo = (1.673 x 1079 Q cm) = 0.206 Q per coil

Using this value and the assumption that the maximum AT is 40°, the resistance Ry, is

calculated.

Rpot = Rope[1 + (AT)(Temperature Coeflicient of Copper)]

Rpor = (0.206 Q)[1 + (40°)(0.00393Q/°C)] = 0.239 Q)

C1
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With this value, along with the current (190.5 A), the voltage drop per coil is found.

Vioit = (Imas ) (Rhot) = (190.5 A)(0.239Q) = 45.44V

Therefore, the voltage for the entire magnet (2 coils) is:

Viagnet = (2)(45.44V) = 90.88 V

Finally, the power requirement is determined:

P = ViagnetImaz = (90.88V)(190.5A) = 17312.57W



Appendix D

Preliminary Drawings

Appendix D includes preliminary drawings of the designs. The drawings included are:
e [ron and coil assembly
e REBCO coil - 3 pancakes, 65 K

e REBCO coil - 4 pancakes, 65 K

D1
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