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Abstract

In this thesis we presents the fabrication and characterization of a superconducting Bird-
cage style radiofrequency (RF) coil, a commonly used coil design in nuclear magnetic res-
onance (NMR) spectrometers. The Birdcage was fabricated from a series of superconduct-
ing Niobium thin film resonators, deposited onto sapphire wafer by sputtering deposition.
The resonators were assembled into the 3 dimensional birdcage coil, and housed in a cus-
tom machined RF package. The fabrication, assembly tools, and procedures are presented.
A numerical model, based on lumped-element eigenanalysis, was used to describe the res-
onance structure of the coil. We show that misalignment in the assembly can lead to an
increase in the resonant frequency of the transverse mode when compared to the analyt-
ical description. A set of low temperature measurements were performed to characterize
the quality factor, magnetic field, and power dependence. A modest improvement in the Q,
over non-superconducting Birdcage coil, is shown. Simulations, in HF'SS, of the field and
current distribution, as well as changes in the quality factor from experimental measure-
ments of the coil are presented. The coil was perturbed with an aluminum ball bearing and
aluminum sheet in order to demonstrate the existence circularly polarized magnetic field
within the Birdcage coil.
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Chapter 1

Introduction

In chemistry, nuclear magnetic resonance (NMR) has been widely used for the past five
decades to investigate the structure and composition of atoms and molecules. The contin-
uous development of its hardware has made NMR an essential tool in spectroscopy. The
ability to perform non-invasive measurements has also enriched the filed of medicine, where
Magnetic Resonance Imaging (MRI) has become essential in medical examination. How-
ever, the low sensitivity of current systems is a limitation in NMR [7].

The development of superconducting microwave resonators as radiofrequency coils for NMR
has taken significant steps forward. The use of superconducting materials such as YBCO

[8] or Niobium [9, 10, 11, 12, 13, 14], and operating at cryogenic temperatures can effec-
tively optimize the coils beyond their room temperature equivalents. Decreasing the noise
in the transducer of the magnetic resonance system, or the sample under investigation, can
improve signal-to-noise (SNR).

1.1 Nuclear Magnetic Resonance

To observe NMR, nuclei under investigation must have a non-zero angular moment T and
magnetic moment ~. They are related to each other by ~ = T, where is the gyro-
magnetic ratio of a nucleus. A strong external magnetic field, By, is applied to initiate a
macroscopic magnetism and manipulate ~. The external field induces a splitting of the nu-
clei energy levels, which is measured by NMR. This splitting is known as the Zeeman split-
ting, and is proportional to the magnetic moment of the nucleus and the strength of the
applied magnetic field

AE = ~ B (1.1)



The most commonly used spin system, hydrogen, is a quantum spin—% particle (m; = %)

In the absence of an external magnetic field, the nuclear spin has two degenerate energy
eigenstates. These two states are the low and high energy states, or spin-up j"i and spin-
down j#i1, separated in energy by

AE =E;, E-= hBo (1.2)

shown in figure 1.1.

-

E = ~1yhB,

[Ty T T

By off By on

Figure 1.1: Zeeman splitting of a spin-% particle [1].

Conversely, in the presence of an external magnetic field, the energy eigenstates split into
two levels. The magnetic moment will experience a torque as the change in its angular mo-
mentum,

dar
—=~ B 1.3
o : (13)
This torque, or nuclear precession as it is called, rotates at an angular frequency of 1o,
known as the Larmor frequency.

When considering a physical sample, the NMR signal will measure the combined effect of
the magnetic field on all of the atoms present in the sample. The behavior, then, of the
entire spin system can be described by a net magnetization vector, M, which represents
the vector sum of all the magnetic moments ~,

M= - (1.4)



where Ng is the total number of spins in the system. The net magnetization is broken up
into its component along the static magnetic field, or longitudinal magnetization M, and
the transverse magnetization’s My and My, which are perpendicular to By. At equilibrium,
the transverses magnetization are zero, and only a small net longitudinal magnetization
exits.

1.1.1 Signal Generation and Detection

In a physical sample, the static magnetic field alone is not enough to generate an NMR
signal as the individual spins are not in phase. The application of an short-lived RF pulse
B1(t), oscillating at the Larmor frequency of the spins, is used to tip the magnetization M
into the transverse plane. The spin system is then no longer in thermal equilibrium and,
only when the RF pulse is removed, will it return to it. This restoration is reflected by two
time constants: Ty, and T,. T; represents the recovery of thermal equilibrium, established
by the static magnetic field, and is called the spin-lattice relaxation time. T, represents the
loss of the phase coherence established by the RF pulse, and is called the spin-spin relax-
ation time. During this decay process the magnetization M will precess about By, known
as the free precession. The NMR coil is designed to measure this precessing transverse
magnetization as an induced voltage across the resonant coil. The time-varying magnetic
flux through the resonant coil generates a voltage equal to the rate of change of magnetic
flux in the coil. By placing the coil in close proximity to the precessing magnetization, it
can be used to detect an electromotive force (EMF).

The magnetic flux through the coil is given by

z
(1) = B.(r) M(r;t)dr (1.5)

spin ensemble

The voltage induced in the coil can be found using Faraday’s law

VA
e _ e B.(r) M(r;t)dr
V(t)_ @t B @t spin ensemble jBrj (1‘6>

where V (t) is the raw NMR signal, and this equation allows us to quantify the magnetic
resonance signal [1].

However, the induced voltage is a high-frequency signal precessing at the Larmor frequency
and must be demodulated to a lower frequency. The signal demodulation is done using

the quadrature detection scheme where two orthogonal phase-sensitive detectors (PSD)

are used to remove the high-frequency component. A single PSD accomplishes the signal



frequency conversion by first comparing it to a reference sinusoidal signal and then low-
pass filtering the signal to remove the high-frequency component. The detection scheme is
shown in figure 1.2.

........................................ - psp |
Lo | ]

2coswo? Mixer S(1)

Output V(1)

[ PSD

e .______PSD__, |_‘__|

Reference signal .
2sinwot

@) (b)

Figure 1.2: The layout of the phase sensitive detector, shown in (a), used for signal de-
modulation of a high-frequency signal precessing at the Larmor frequency. Two orthogonal
PSDs, shown in (b), is used for quadrature detection. [1]

1.1.2 Radiofrequency Coils

The radio frequency (RF) coil is the transducer through which the nuclear spins are ex-
cited, manipulated, and measured. The design of the RF coil has a large influence on the
SNR, and hence the overall performance, of the NMR spectroscopy. Ideally, the coil chosen
is capable of providing both a highly uniform B; field with a high SNR in order to achieve
a high-sensitivity spectrum.

Two types of RF coil are commonly used in NMR: the volume, or surface coils. The vol-
ume coil has the ability to maintain excellent field homogeneity and operate in quadrature,
in comparison to the surface coil. Operating in quadrature allows a volume coil to generate
a circularly polarized field, as supposed to a linear polarized field of simple coils. The most
popular type of volume coil is the birdcage coil. The birdcage coil is the focus of this thesis
and is discussed in more detail in the following section.

1.1.2.1 Birdcage Volume Coil

The RF birdcage coil was first proposed in the early 1980s [15], and is capable of producing
highly homogeneous magnetic fields over its volume. The design has been under continuous
developed, fine tuned to increase sensitivity and field homogeneity to provide high SNR.
The birdcage coil has thg,added benefit of operating in quadrature, which over linear ex-
citation, provides up to = 2 increase in the power efficiency and magnetic resonance signal

4



sensitivity [16].

X
— U

2

g

“legs” of bird cage

Figure 1.3: The design of the RF birdcage coil, as seen in [2]. The circular loops, de-
picted as Zg, are the end-rings of the birdcage. The straight rungs, depicted as Z, , are the
legs of the birdcage. When impedance elements are placed both within the rings and the legs
of the coil, the birdcage is in its band-pass con guration.

The design of the birdcage coils is typically is a cylindrical geometry where two circular
loops at either end of the coil, referred to as rings, are held together by a series of straight
rungs, or legs. An example birdcage coil is show in figure 1.3. For application in magnetic
resonance, the placement of the capacitors in the coil geometry results in three important
configurations: low-pass, high-pass, and the band-pass coil. The low-pass coil is a result of
placing capacitors along the legs, shown in figure 1.4a. The high-pass coil has capacitors
distributed along the end-rings, and the band-pass coil has them both in the legs and the
end-rings, shown in figure 1.4b and figure 1.4c respectively.

i o
d ﬁ 3/ LL !
©

Figure 1.4: Shown here are the three possible con guration of the RF birdcage coil [3]: a)
low-pass, b) high pass, and c) band pass. The low-pass con guration has capacitors along
the legs of the coil. The high-pass has capacitors along the end-rings, and the band-pass has
them distributed along the legs and the end-rings of the coil.

As a transmitter, the sinusoidal driving current is distributed along the legs of the birdcage
in success ZW phase shifts, where N is the number of legs. This distribution is necessary

5



to produce a uniform circularly polarized magnetic field within the birdcage volume. The
vector sum of the induced magnetic field is a perpendicular to the static magnetic field of
the form

B; = Bjcost(1t)x + sin(1t)y] (1.7)

The phases difference created by the distribution of capacitors along the coil, along with
the sample centered within the birdcage, are excited by a driving current oscillating at the
Larmor frequency of the sample. The current at the n™ run can be written as

In = lgsin(1t+ ) (1.8)

where lg is the driving current.

As the receiving chain, the birdcage coil is designed to operate in quadrature. It can si-
multaneously detect a transverse field along two orthogonal directions. The signal can be
recombined with the appropriate electronic circuit, external to the resonator, to generate a
resonant spectrum.

The birdcage coil can be modeled using lumped circuit analysis, and the basic modes of
operation and corresponding resonance frequencies can be calculated using mesh analysis
[6, 17, 18]. This analysis is done in chapter 2. However, it is valid only at low frequencies.
In order to predict the performance at higher frequencies, full-wave simulation software
such as ANSYS’s HFSS can be used to develop a full electromagnetic profile of the res-
onator and solve the necessary time-dependent Maxwell equations.

1.2 Outline

The aim of this thesis is to experimentally study a superconducting birdcage resonator as a
RF probe in NMR spectroscopy. The use of superconducting materials is based on improv-
ing the SNR ratio which may limit the performance of high-sensitivity NMR. The develop-
ment of the RF coil performance is critical in achieving this. Optimization with respect to
the coil geometry, uniformity of the magnetic field over the sample, and the quality factor
is needed. These parameters are dependent on the design requirements of the coil and the
sample under investigation.

The birdcage resonator is introduced and a brief introduction to NMR theory required for
interpreting the results of this thesis. In chapter 2, the theory of microwave resonators and
superconductivity are briefly introduced. In chapter 3 the experimental setup is discussed.



In chapter 4, the results of a series of experiments to characterize the resonator are given.
Finally, in chapter 5, conclusions are presented, and a discussion of future work is given.



Chapter 2

Background

2.1 Lumped-Element Model of Resonator

The simplest electrical model of the microwave resonator is that of the lumped-element
resonators presented in circuit theory. We can model it as either a series or a parallel RLC
circuit, when excited at frequencies near its resonance.

2.1.1 Lumped Element Circuit

The basic model is that of the resonant circuit, shown in figure 2.1, with resistive, induc-
tive, and capacitive elements either in series or parallel [4]. The input impedance of the
series circuit is

1

(2.1)

where C is a capacitor, R is a resistor, L is an inductor, and ! is the angular frequency.
The complex power, Pjn, delivered to the resonator by a sinusoidal voltage sources, Vs, is

1. . . 1
Pin:§JIJ (R+jIL JE) (2.2)

The time-average energies stored in the capacitor and the inductor are



R L ——
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vV ’—> ' ) —— r ’—> - € L
| © |
Z Ziu

Figure 2.1: The lumped-element series model of a microwave resonator. A resistor, R, an
inductor, L, and a capacitor, C, are placed in series with a voltage source Vs [4].

W, = ijVjZC (2.3a)
1.
Wi, = ZJILJZL (2.3b)

where I is the current through the inductor, W, is the stored electrical energy, and Wy, is
the stored magnetic energy. The total energy W = W, +W,. When the input impedance is
written in terms of 2.3a and 2.3b, we note it becomes real when We = Wy, and the circuit
is at resonance. The resonance frequency is

1
1y = p— 2.4
0 pE (2.4)

In addition, when discussing resonant circuit, the quality factor Q is an important charac-
teristic. The quality factor, Q, is broadly defined as

Q=1-—m""e (2.5)

where the loss is the power dissipated by the resonator is

1...
I:)Ioss = §J|12R (2.6)

Thus, the quality factor describes the energy loss of a resonant circuit. Sources of loss such
as conductor loss, dielectric loss, or radiation loss of the material or external circuit will
reduce the Q of the resonant circuit. For a series circuit, the unloaded, or internal, quality
factor Qj of the series resonant circuit is

S0t (2.7)



At frequencies near resonance, we can approximate the input impedance as

R
Zin = . 2.8
M RjoL(r 1) (28)
A similar derivation for parallel resonance circuits results in an input impedance of
R
Zin = 2.9
n 1 + 2]_ Qi (! !0) ( )

LY

2.1.2 Quality Factor

As discussed above, the measured quality factor of a resonator is a combination of the in-
ternal sources of loss such a dielectric loss, and external loss, which depends on the cou-
pling to external circuitry. The overall quality factor, or loaded quality factor Q, is then

1 1 1

— = — 4 — 2.10
QL Qi Qe ( )
where Qj is the internal and Qe is the external quality factor.
2.2 Superconductivity
Superconductors are characterized by two properties: perfect conductivity ( = 0), and

perfect diamagnetism. Although, perfect conductors differ from superconductors based on
the interaction of the conductor with a magnetic field. In superconductors, this interaction
is explained by the Meissener effect. If placed in a magnetic field, a perfect conductor will
develop a surface current which opposes, and cancels, the external field to a thin layer near
the surface. The difference is that in superconductors, the magnetic field is expelled from
the interior of the material. The infiltration of an external field, which decays exponen-
tially into the material, is defined as the London penetration depth,

Superconductivity can be understood by examining the microscopic process of electron
transport within a material. While electrons in normal metals travel independently of each
other; in a superconductor, electrons are grouped into Copper pairs. The distance at which
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the electrons are correlated is defined as the coherence length . The motion of these paired
electrons is without resistive loss, and is one of the main qualities of a superconductor.

There exists two types of superconductors: Type-I, and Type-II superconductors. Type-I
superconductor are where the coherence length is greater than the penetration depth. The
complete expulsion of magnetic flux endures for magnetic field less than the critical mag-
netic field, H¢, and a characteristic of the material. Above the critical field, superconduc-
tivity is destroyed. Type-II superconductors are where the coherence length is equal to or
less than the penetration depth. Materials of this nature exclude magnetic fields up to a
lower critical field, H¢;. After which magnetic fields are able to penetrate, but it remains
in a superconducting state until its upper critical field, He. A type-II material in between
the lower and upper critical fields, is said to exist in a mixed state.

2.2.1 Complex Conductivity

At finite temperatures, the density of superconducting electrons is proportional to the den-
sity of normal electrons and approximately

T
Ns = Np(1 (T—)4) (2.11)
c
where TT—C is known as the reduced temperature. At temperatures much less than T¢, most

carriers exists as Copper pairs, but as it approach Tc the fraction of Copper pairs will ap-
proach zero. When exposed to a time dependent electric field, the total current density is

where tg is the two-fluid model of conductivity, otherwise known as the complex con-
ductivity. It consists of a real component, 1, which represents normal electrons, and an
imaginary component, », which represents the Copper pairs. The total current density is

J=(1 ] )E (2.13)
where 1 and 5 are
n,e?
=T 2.14
! m(l+ 12 2) ( 2)
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> G,

Figure 2.2: The equivalent circuit representation of complex conductivity where the total
current is split between an inductor and resistor. The inductor represents the imaginary
component of the complex conductivity and the superconducting channel. The resistor rep-
resents the real component of the complex conductivity and the normal channel [5].

ne? 2
1412 2)

Ns€? !
2 = +
m(

i (2.14Db)

and where n is the relaxation time of a normal electron, ! is the frequency of the AC sig-
nal in the superconductor. In practice, (1 ) 1.

The concept of complex conductivity is also described by a simple equivalent circuit shown
in figure 2.2. The total current density, J, is considered to be split between the supercon-
ducting channel, modeled as a reactive inductance, and a normal channel, modeled as a
resistor. For a DC current, the inductor acts as a short and allowed the current to move
through it without resistance. For an AC signal, at low frequencies, more current flows
through the inductor due to a lower reactance of the circuit. At higher frequencies, the in-
ductor begins to act more like an open circuit, and the current begins to flow through the
resistor. This analogy accounts for the critical current density property of superconducting
film, and the destruction of superconductivity at high frequency AC signals.

2.2.2 Surface Impedance

The surface impedance is defined as the ratio of the electric field to surface current,

ZS = - = RS + iXS (2.15)

It is an important feature for determining the RF properties of a material. For a purely
resistive material,
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Re= -2 = oI, (2.16)

where . is the classical skin depth which quantifies the depth of penetration of a magnetic
field into a metal, and is the DC conductivity. The propagation constant, , is

= +3J = 4r( +it) (2.17)
where is the attenuation constant, and is the phase of the propagating wave.

For a material with kinetic inductance, the electron mean free path, I, is larger than .,
and Ohm’s law is no longer valid. This results in the theory of anomalous skin effect [19].
The propagation constant and the surface impedance can be found by introducing the

complex conductivity, = 1 J 2, into equations 2.15 and 2.17, resulting in
S
Z L (2.18a)
= —— 18a
° (1 J2)
P- -
= JV (1 ]2 (2.18b)
where the conduction current, 1

2.2.3 Nonlinear Response

Nonlinear properties of superconductors represent an important limitation of the perfor-
mance and application of superconducting devices at microwave frequencies. Based on the
phenomenological theory, the nonlinear surface impedance, Zs(Hgg) is dependent on the
RF magnetic field, Hrg, or alternative the current Jgg, of the material. This is known

as the power dependence because it is observable, in a superconductor, as a response to

a change in power. The surface impedance in equation can be rewritten as

Zs(Hrs) = Rs + J X (2.19)

where the dependence of Hgg is introduced to the surface resistance, Rs, and reactance,
Xs. AN expression for Rg and Xg can be derived from the two-fluid models as

292 3
o1

Re= —2— (2.20a)
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Xs=1 ¢ (2.20b)

where and g are a function of the RF magnetic field, Hrg.
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Chapter 3

Resonator Fabrication and
Experimental Methods

3.1 Birdcage Resonator Fabrication

The substrate on which the birdcage is fabricated is a double-side polished, 430 micron
thick, 2 inch C-cut sapphire wafer. The wafers are sourced from CrysTec Inc. C-cut wafers
are chosen in order to reduce the lattice mismatch of the deposited Niobium, which can
have detrimental effects on the superconducting properties of the grown films [20]. The
wafers, according to the CrysTec datasheet, have a dielectric constant of 11.25. The high
dielectric constant makes sapphire a good candidate as a low loss substrate. Table 3.1 out-
lines the properties and their corresponding values of the wafer.

Property Name Value
Dielectric Constant 11.25
Dielectric Strength 4.8 10* kV/m

Loss Tangent <10 4
Resistivity 10 (25 C)
Thermal Expansion | 5.3 10 ® K 1 (25 C)

Table 3.1: The properties, and associated values, of the CrysTec sapphire wafer used for
fabrication.

The deposition of niobium onto sapphire is an established procedure in our lab. A series
of resonators, which form the cells of the birdcage, are fabricated on the top-side of the
wafers. The films are deposited using the Omicron ultra-high vacuum (UHV) sputter-
ing chamber, show in figure 3.1. The wafer is patterned and diced in the Quantum Nano-
Fabrication Laboratory (QNF) at the University of Waterloo.

Prior to the niobium film deposition, each wafer underwent a combination of solvent and
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