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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 @),
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 I and
magnetic moment ji. They are related to each other by i = Wf, where 7 is the gyro-
magnetic ratio of a nucleus. A strong external magnetic field, éo, is applied to initiate a
macroscopic magnetism and manipulate fi. 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 = —

=
oy
S

(1.1)



The most commonly used spin system, hydrogen, is a quantum spin—% particle (m; = i%)
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 |1) and spin-
down |]), separated in energy by

AE = E, — E; = yhB, (1.2)

shown in figure 1.1.

E = 1yhB,

-

E = ~1yhB,

[Ty T T

By off By on

Figure 1.1: Zeeman splitting of a spin-3 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,

a . -

This torque, or nuclear precession as it is called, rotates at an angular frequency of wy,
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 i,

M=y, (1.4)



where Ny 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 M, and M, which are perpendicular to EO. 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
Bl_(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: 717, and T5. T represents the recovery of thermal equilibrium, established
by the static magnetic field, and is called the spin-lattice relaxation time. 75, 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 qu, 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

—

¢@):t/  M.Brhﬁ-ﬂﬂ(rj)dr (1.5)

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

o ot

Vi = 220 a/' M&vva@m (16)

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.

---------------------------------------- N

~__PSD |
V(1) 1

2coswo? Mixer S(1)

Output

[ PSD

e .______PSD__, |_‘__|

Reference signal .
2sinwo?

(a) (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 the added benefit of operating in quadrature, which over linear ex-
citation, provides up to v/2 increase in the power efficiency and magnetic resonance signal

4



sensitivity [16].

N
o
— 0=
g
\/

i

L

“legs” of bird cage

Figure 1.3: The design of the RF birdcage coil, as seen in [2]. The circular loops, de-
picted as Zr, are the end-rings of the birdcage. The straight rungs, depicted as Zp,, 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 configuration.

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.

- l—,:i

DML | B
T T

O

i
. o S I
( (c)

Figure 1.4: Shown here are the three possible configuration of the RF birdcage coil [3]: a)
low-pass, b) high pass, and c) band pass. The low-pass configuration 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.

e :

As a transmitter, the sinusoidal driving current is distributed along the legs of the birdcage
in success QW” 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, = Bj[cost(wt)i + sin(wt)] (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

I, = Iysin(wt + ¢) (1.8)

where [ 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
T = R+ jwl — j— 2.1
Wl —j—x (2.1)

where C' is a capacitor, R is a resistor, L is an inductor, and w is the angular frequency.
The complex power, P;,, delivered to the resonator by a sinusoidal voltage sources, Vi, is

1 1
P, =-|IP WL — j— 2.2
SHIP(R A+ jwL = j—=) (2.2)

The time-average energies stored in the capacitor and the inductor are
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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 Vi [4].

1

W, = Zyvy?c (2.3a)
1

W,, = Z|IL|2L (2.3b)

where [}, is the current through the inductor, W, is the stored electrical energy, and W,, 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 W, = W, and the circuit

is at resonance. The resonance frequency is

(2.4)

Wy =

1
vVLC

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

W + W,
Q= wom e (2.5)
‘PIOSS

where the loss is the power dissipated by the resonator is

1
Ploss = 5’[‘2R (26)

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 () of the resonant circuit. For a series circuit, the unloaded, or internal, quality
factor Q); of the series resonant circuit is

wok (2.7)



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

R
Ty = —— 2.8
1+ j2L(w — wy) (28)
A similar derivation for parallel resonance circuits results in an input impedance of
R

- 1 ‘|‘2jQi (W;;Jo)

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 )y, is then

1 1 1

@ = @ + @ (2.10)

where (); is the internal and (). is the external quality factor.

2.2 Superconductivity

Superconductors are characterized by two properties: perfect conductivity (p = 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, H.. 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

ng = nn(1 — (%)4) (2.11)

where % is known as the reduced temperature. At temperatures much less than T, most
carriers exists as Copper pairs, but as it approach T¢ the fraction of Copper pairs will ap-

proach zero. When exposed to a time dependent electric field, the total current density is

where o7p is the two-fluid model of conductivity, otherwise known as the complex con-
ductivity. It consists of a real component, o1, which represents normal electrons, and an
imaginary component, oo, which represents the Copper pairs. The total current density is

J = (0'1 —jO'Q)E (213)
where o; and o9 are
Npe>T
=" 2.14
o m(1 + w?7?) ( 2)
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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].

nge? wn,e>7?
09 =

2.14
wm  m(l+w?72) (2.14b)

and where 7, is the relaxation time of a normal electron, w is the frequency of the AC sig-
nal in the superconductor. In practice, (wr)? < 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,

E
Z, = Tt = R, +iX, (2.15)

It is an important feature for determining the RF properties of a material. For a purely
resistive material,

12



Ry = /| =— = powd. (2.16)
o

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

7=+ = (jwn(o+ jwe)) (2.17)
where « is the attenuation constant, and (8 is the phase of the propagating wave.

For a material with kinetic inductance, the electron mean free path, [, is larger than 4.,
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, o = o1 — jos, into equations 2.15 and 2.17, resulting in

Jwp
Zy= ] ——t 2.18
(01 — joa) (2.182)

v = Vjwulor — joo) (2.18b)

where the conduction current, o > we

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, Z;(Hgp) is dependent on the
RF magnetic field, Hgp, or alternative the current Jrp, 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

Z(H,p) = R + X, (2.19)

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

pEw*N3a

R, 5

(2.20a)
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X = whgA (2.20b)

where A and pg are a function of the RF magnetic field, Hgrp.
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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 x10* kV/m

Loss Tangent < 1074
Resistivity 10™ (25 C)
Thermal Expansion | 5.3 x107% K1 (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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Figure 3.1: Omicron UHV sputtering system used to deposit Niobium films onto the sap-
phire wafers.

acid cleaning. This removes organic and water-soluble materials from the surface of the
wafer in order to enhance the adhesion of the deposited film. The cleaning procedure is as
follows:

1. Ultrasonication for 15 minutes in 250mL beaker of Acetone
2. Ultrasonication for 15 minutes in 250mL beaker of Isopropanol (IPA)

3. Repeat steps 1 and 2
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4. Soaked in 500mL beaker of Piranha solution for 10 minutes
5. Rinse with DI water in empty 500mL beaker

6. Dry with Ny gas, held with tweazers in empty beaker

The omicron cluster tool is a multi-stage system, where the sapphire wafer can be trans-
ferred between different sputtering and characterization chambers without breaking vac-
uum. The pressure inside the omicron system reaches 3 x 107!° mBar, and the wafer is
moved using a rail line that spans the length of the system. Magnetic arms are used to
transfer the wafer into the corresponding sputtering chambers and loaded onto the wafer
mount. After cleaning, the wafer is transported in a vacuum sealed bag to the load-lock of
the system. The wafer is then heated for approximately 2 hours at 150 — 200°C to desorb
water from the surface and holder assembly before being moved to the metal oxide cham-
ber. Once there, the wafer is annealed four times using the resistive heating and quenching
procedure as follows:

1. Heated at 600°C for 30 minutes
2. Annealing at 1000°C for 3 minutes
3. Allow chamber to cool down back to 600°C and pressure to recover to 10~mBar

4. Repeat steps 1-3, four times

The deposition took place within the superconducting sputter chamber, where a base pres-
sure below 107!° mBar is maintained. This module is occupied with DC power supplies to
deposit high purity Niobium. A quartz micro balance is used to verify the deposition rate
prior to the deposition. After the clean sapphire wafer is been transferred to the this cham-
ber, the temperature of its surface is set to 770°C and the sample is rotated at a rate of 15
rpm. After the temperature reaches the set-point, an Argon gas flow of 30 sccm is intro-
duced, and the DC power supply is set to 200 watt. The system is left to stabilize for 30
min in order to get remove any oxide build on the Nb target. The deposition is then moni-
tored with the quartz micro balance, which was at a rate of 17 nm/min, and ran for a total
of 10 minutes. The wafer is then allowed to cool, and the total thickness of the grown film
is approximately 100 nm.

3.1.1 Photolithography

After the niobium film is deposited, the wafer is transferred back to the QNF for pattern-
ing. To fabricated the resonators, the sample is put through a multi-step process of optical
lithography and dry etching, shown in figure 3.2.
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Figure 3.2: Outline of the process used to fabricated the birdcage resonator a) a blank, 2
inch, 430 microns thick sapphire wafer is cleaned and placed within the sputtering cham-
ber of the omicron UHV system, b) 100 nm of Niobium is deposited on the top surface of
the sapphire wafer, c) the wafer is transported to the QNF where a 500 nm thick layer of
photoresist is spin coated onto the wafer, d) exposed for 2.7 seconds at a lamp power of
380-420W to imprint the resonator design, e) dry-etch RIE to remove undeveloped resist
areas, to reveal f) the final resonator pattern.

The design of the resonator is illustrated in figure 3.3. The photolithographic mask used to
fabricate the resonators is designed with AutoCad, and machined at Toppan Photomasks
Inc. There are two sizes of the resonator design that make up the birdcage. The leg ele-
ment is represented by the elongated conductor that extends parallel to the length of the
resonator. The ring element is represented by two conductor strips along the width of the
resonator, perpendicular to the leg. The width and length of the first resonator design is
10mm and 27mm, respectively. The length of the second resonator matches the first, how-
ever, the width is large at 10.86mm. The purpose of this variation for ease of assembly and
so the smaller resonator can fit inside and secured to the larger resonator while construc-
tion the 3D resonator. The leg elements measure 23.7mm long and 0.15mm wide, the rings
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Figure 3.3: The resonator design fabricated on a 430 micron thick sapphire wafer mea-
suring 27mm in length, and 10mm in width. This design is one of two which makeup the
birdcage resonator. The second design has a larger width at 10.86mm, illustrated below in
figure 3.3. The smaller resonator is intended to fit in between the edge of the wafer and the
beginning of the niobium conductor.

are 4.85mm long and 0.3mm wide, in both designs. The gap between the legs and the rings
are 100nm.

Before coating with photoresist, the wafer is dehydrated on a hot plate at 90°C and al-
lowed to cool for 1 minute. A positive ultraviolet (UV) photoresist, Shipley 1805, is spun
onto the wafer at 4000 rpm, for 90 seconds, for a thickness of 500 nm. The resist is then
soft baked on the hot plate at 90°C for 1 minute. Once it has cooled, the sample is trans-
ferred to the Karl Suss MA6 Photolithographic system and put into soft contact mode.
The mask is aligned to the wafer and the wafer is exposed for 2.7 sec at a UV lamp power
of 380-420W to pattern the resist.

Next, the resist is developed and etched. The wafer is placed inside a 250mL beaker of
MF319 developer, and gently agitated for 40 seconds. The wafer is rinsed with DI water
for 1 minute and blown dry with nitrogen gas. The sample is then etched using the Oxford
Plasmalab System 100ICP380 for reactive ion etching (RIE). The action of RIE is to re-
move any undeveloped resist and reveal the full features of the resonator. The recipe used
is a dry etch of niobium with Argon and SF6, where the etch rate is 0.75 nm/s, for a total
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Figure 3.4: An enhanced view of the two resonators. Resonator a) has a width 10.86 mm
and b) 10 mm. The wider of the two resonators, (a), has a 430 micron gap at the edge of
the wafer in order for resonator (b) to make a seamless connection. The gap between the
ring conductors and the center conductor, in both designs, is 100 nm.

of 4 minutes. If any excess resist remains, the resonators are stored overnight in a beaker
of acetone, which helps to breakdown the resist. On the following day, the resonators are
ultrasonicated in acetone and IPA for 10 minutes. The agitation removes any excess resist
still on the wafer. The sample is blown dry with nitrogen and stored in a vacuum bag.

3.1.2 Dicing

After the sample has been fully developed, and any excess resist has been removed, the
wafer is then diced into the resonator which make up the birdcage. The wafer is first coated
with photoresist to protect it from any broken particles during dicing. The wafer is de-
hydrated on a hotplate, set to 90°C, for 1 minute and allowed to cool for an additional
minute. The wafer is then coated with 1100 nm of Shipley 1811 photoresist and soft baked
for 1 minute at 90°C. The wafer is then transferred to the packaging lab of the QNF, and
mounted into the DISCO DAD3240 automatic dicing saw. In order to dice the wafer, a
total of 3 passes must be made with the VT07 blade, from disco, due to the thickness of
sapphire wafer. The blade uses a vitrified bond that allows for high precision dicing of sap-
phire. The diced resonators are then transferred into a clean container where the resist is
removed by a rinse with acetone and IPA. The resonators are again stored in a vacuum
bag.
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Figure 3.5: The two accessory components used in the assembly of the birdcage resonator.
a) NOAS1 is a single component, polymer-based, liquid adhesive used to secure the individ-
ual resonators together. b) the 90 brass wedge used to align the resonators together.

3.1.3 Resonator Assembly

After the wafer has been diced, the individual resonators are assembled into the birdcage
device. Two accessory components are used in the assembly: Norland Optical Adhesive 81
(NOAS81), shown in figure 3.5, and a brass 90 degree wedge, shown in figure 3.5. NOASI is
a single component, polymer-based, liquid adhesive that when exposed to ultraviolet (UV)
light, cures into a hard polymer. The brass wedge is used, under a microscope, to align
the rings of the resonators, and in combination with a dab of the adhesive, to assemble the
birdcage structure.

3.2 Experimental Setup

3.2.1 Vector Network Analyzer

A N5230A PNA-L Network Analyzer is used to perform the measurements reported in this
thesis. The resonator is excited using a two-port measurement scheme and characterized
by transmission measurements. Electrical coupling is accomplished using two feed-lines
loops positioned opposite each other and aligned to the center of the leg of the birdcage, as
shown in figure 3.6. The loops are made from the inner conductor of RG-405 flexible semi-
rigid coaxial cable. The inner conductor is made from copper clad steel, spaced with PTFE

dielectric, and has an impedance of 50 Ohms. The maximum frequency of the cable is 40
GHz.

Two, six-foot, coaxial cables are used to connect the VNA to the birdcage. The cables are
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Figure 3.6: A top down view of the empty birdcage resonator placed within a custom cop-
per packaging. The resonator measures 27 mm in height, 10.86mm in width, and 10mm in
length. The resonator package is 40mm in diameter and 40mm in height. The two feed-line
loops, positioned on opposite sides and separated by a 5mm gap to the face of the resonator,
are used to couple into the resonator. The loops are made from the inner conductor of the
feed-line loops, soldered to its outer shield. The diameter of the loops are 0.36mm and the
length is 20mm. The feed-lines are made from RG-405 semi-rigid coazial cable purchased
from Pasternack.

first attached to the VNA and then connected to the top of the low temperature probe,
which is connected to the birdcage. The entire setup is illustrated in figure 3.10. The length
of the cables is calibrated to the VNA, using a microwave calibration set. A full two-port
calibration is done to well defined standards using the short-open-load-thru (SQLT) cali-
bration algorithm. The short termination is defined by a frequency-dependent inductance,
and the open is defined by a frequency-dependent capacitance. A fixed 50 ohm load is used
to load match the cables, and the through is used for calibrating the transmission. This
procedure eliminates sources of noise, and error, that may arise due to the signal transmit-
ted along the length of the cables. The calibration is done at room temperature.
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3.2.2 Resonator Package

A copper package is designed to act as both a shield, protecting the birdcage from exter-
nal sources of noise, and to house the birdcage when submerged in the liquid helium de-
war. The package is machined from oxygen-free high thermal conductivity (OFHC) cop-
per. It is constructed from three separate pieces: a top plate, a bottom plate, and a body,
shown in figure 3.7. The top and bottom plates measure 50 millimeters in diameter, and
are machine with a lip to secure the plates to the body. The bottom plate is machine with
an additional 11 by 11 millimeter in crevice, in order to fix the resonator to the bottom.
The body of the package measures 40 mm in height and a diameter of 40 mm. Both the
top and bottom lip are used to fix the plates and enclosing the birdcage. The size of the
package is such that its resonance frequency are beyond that of the birdcage and will not
interfere with the measurements.

(b)

Figure 3.7: The copper package designed to house the birdcage resonator in the liquid
helium dewar. The body of the package, (a) measures 40 mm in height, with an inner di-
ameter of 39mm and outer diameter of 40mm. The wall thickness, as measured at the
center of the package, is Imm. The plate, shown in (b), is 42mm in diameter, including
the lip to connect to the body of the package. The inner platform is 39mm in diameter and
2mm in height.

The birdcage is not directly glued to the bottom plate of the package. A Roger laminate,
a ceramic filled PTFE composite material designed for high frequency applications and de-
signed not to interact with the resonator, is machine with a crevice to secure the birdcage
as shown in figure 3.7. The crevice measures 11 by 11mm and 1mm deep, slightly larger
than the birdcage. The birdcage is fixed to the laminate with Loctite 409, an industrial
adhesive.

Two additional holes are drilled into the side of the package to insert the feed-line. Brass
cord grips, with an outer diameter of 6mm, are placed within these holes to fix the feed-
lines in place. The cord grips are nickel plated for corrosion resistances. They use a rub-
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Figure 3.8: The full CAD model of the birdcage package, along with coaxial feed-line
cables, attached to an L-bracket. The L-bracket is used to secure the package to the low
temperature probe. The bracket measures 15c¢m in height, with a thickness of 2mm, and a
length of 46mm. The coazial feed-lines are 20 mm in length, and extend from the body of
the package to the coaxial connectors of the probe.

ber bushing and 3.175 mm O-ring, on the inside of the cord grip, are used to create a tight
seal around the feed-lines. The distance between it and the legs of the birdcage can be ma-
nipulated by tightening and loosening the grips. The cord grips and the complete package
design and feed-lines are shown in figure 3.8

3.2.3 Low Temperature Probe

The low temperature probe, shown in figure 3.9, is constructed from a 6 foot long stainless
steel rod. The probe acts to support the copper package when submerged in liquid helium.
At the base of the probe is a 15 cm copper sheet used to mount the L-bracket, which the
copper package is attached. There are a total of two feedthroughs at the top of the probe
which are used to connect the VNA to the feed-lines.

Figure 3.9: Low temperature probe
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3.2.4 Liquid Helium Dewar

Experiments are performed with a liquid helium (LHe) dewar from Precision Cryogenic.
The dewar may contain up to 100 litres of LHe. While submerged in LHe, the tempera-
ture for experiments is maintained at 4.2 Kelvin. The dewar has a 3 inch, inner diameter,
opening at the top which is used to lower the probe to its base.

3.3 Experimental Procedure

The typical experimental procedure begins by bringing the resonator into a superconduct-
ing state. The resonator is submerged into liquid helium, using the low temperature probe,
where it reaches a temperature of approximately 4 Kelvin. The coupling, and subsequent
excitation, by feed-line loop is used to operate the resonator. Transmission measurements,
So1, are then used to characterize the quality factor of the resonator.

Three different experimental configurations are used to characterize the birdcage resonator.
Initially, the separation between the feed-line loops and the resonator legs is adjusted to
measure the maximum quality factor of the empty birdcage. The power and magnetic field
dependence are also measured. The birdcage is then perturbed using an aluminum ball
bearing and aluminum sheet to investigate the magnetic field produced by the birdcage.
The experimental results are presented in the following section.
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Figure 3.10: The complete experimental setup used to characterize the Birdcage res-
onator. The two-port VNA is connected to the birdcage resonator via coaxial cables at-
tached to the low temperature probe at the top of the Helium Dewar.
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Chapter 4

Experiments and Results

4.1 Circuit Analysis of Birdcage Resonator

4.1.1 Lumped Element Eigenanalysis

The birdcage resonator can be modeled as a linear network of identical cells. Each cell is
composed of two leg and ring elements. Each cells is effectively a resonator. The network
is a periodic arrangement of these cells, which may be modeled as a series of inductive
and capacitive elements, and the mutual inductance between the elements is ignored. We
evaluate the network using mesh analysis to derive a set of linear equations describing the
modes of operation of the resonator [6, 21, 17].

The ladder network representing the band-pass resonator, with N-legs, is shown in figure
4.1. The analysis is done by applying Kirchhoft’s voltage law to each of the N total cells

ZR ZR ZR
Z In—1 Z /D Z /InD Z
L L L L
JN—'I JN
ZR ZR ZR

Figure 4.1: The ladder network representing the birdcage resonator. Fach cell is composed
of two leg elements Zy,, and two ring elements Zg. The network is symmetric [6].
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and is solved as a generalized eigenvalue problem. The impedance of the leg and rings are
labeled as Z; and Zg respectively,

Zr = jwlp +

e (4.1a)

Zpr = jwlLg+

4.1

where L and C}, are the inductance and capacitance of the legs, Lr and Cg are the induc-
tance and capacitance of the end-rings. The voltage of the n® mesh is written as

Zi(Tnsr + Inr) — 20(Zr + Z1) = 0 (4.2)

where n is the current mesh, between 0 and N-1, and I, is the current of the nt”* mesh. Ex-
panding to the entire network, equation 4.2 can be written in matrix form as

2(Z1, + Zg) 7 0 ... 7 /
Z 271+ Zr) Zi ... 0
Lo AT . | =0 @3)
: : : /
7 27, + Zg)| LY

The mesh and leg currents are related by J,, = I,,+1—1,, where J, is the current in the leg
of the n'" mesh. The periodicity of the network means I, = In_,, and the matrix is circu-
lant [6, 17]. Taking the determinant of 4.3 a solution to the matrix can found analytically,
where the eigenvalues are the resonant frequencies and eigenvectors are the mesh currents
of the network.

The j* eigenvector and eigenvalue are found analytically to be

- o o
vj = [exp(‘%)oexp(%)l . exp(‘%)N_l] (4.4a)
2 2n(N — 1
Nj=—=2(Zrp+Z1)+ ZL(exp(‘%) + ZLexp(]ﬂ(T)) (4.4D)
The j resonant frequency are found by setting \; = 0
Cr' +C 'L — cos(3E) (4.5)
! LR+LL[1—605(27T”)

corresponding to the current distribution in the leg elements. The eigenvectors are found
to be
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W; = 2isin(%)exp(%)vj (4.6)

forj=0,1,...,N — 1.

4.1.1.1 Perturbation

While the analytical description provides a tool for predicting the resonant frequencies

the solution is limited to the assumption of perfect assembly of the birdcage. Perfect as-
sembly is defined here as the precise alignment of each resonator face in the construction.
As each face is glued by hand, misalignment of the end-rings between each face is possi-
ble leading to a gap in between adjacent resonator faces, and with it capacitance values
which vary from the desired value. Therefore, the eigenanalysis is repeated with the addi-
tion of a perturbation parameter, introduced into the ring capacitance. The perturbation
removes the circulant property of the matrix, and a solution is found numerically [17]. The
ring impedance of a misaligned face can be written as

Zs = jwL + (4.7)

(JwC)(1 = 9)

where ¢ is the perturbation parameter, 0 < ¢ < 1. In the case of the fabricated four-leg
birdcage resonator, the matrix can be rewritten as

97, + Zn + Zs 7 0 7
7 2721, + Zg) Zr 0 (48)
0 7 221 + Zr) Z '
ZL 0 ZL Q(ZL + ZR)

and is solved numerically using mathematica. The change in the resonant frequency of the
transverse mode, with respect to 9, is shown in figure 4.2. Introducing a perturbation has
the effect of increasing the resonance frequency of the transverse mode. The gap may in-
crease the capacitance of the ring, and therefore the resonant frequencies of the transverse
mode.

This analysis may be further expanded by replacing the ring impedance in any mesh with
the perturbation impedance in equation 4.7.
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Figure 4.2: Perturbation of the resonant frequency of the transverse mode. The perturba-
tion parameter o is varied from 0 to 1.
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4.2 Experimental Results

4.2.1 Empty Birdcage Resonator

In this experiment, the empty birdcage, shown in figure 4.3, is characterized. The separa-
tion between the feed-line loops and the resonator legs, as it relates to the quality factor,
is measured. These values are used to find the optimal gap at which the loops are fixed for
the rest of the experiments. The power and magnetic field dependence of the birdcage are
also measured.

Figure 4.3: A side view of the empty birdcage resonator, secured within the copper pack-
age, as modeled in HFSS. The birdcage is fixed to the rogers laminate at the base of the
package and centered inside the package. The gap between the feed-line loops and resonator
legs is initially fized at 4Jmm. The cord grips, not shown here, can be adjusted to increase
or decrease the gap.

4.2.1.1 Simulated Field Distribution

The distribution of the magnetic field, created in the empty birdcage resonator, is simu-
lated using Ansys HFSS and shown in figure 4.4. The quality factor is () = 5768, and the
resonant frequency fo = 3.02 GHz. The arrows indicate the magnitude and direction of the
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field within the resonator. The two-port excitation of the resonator creates a linearly polar-
ized magnetic field in the direction perpendicular to the feed-line loops.

H Field [A/n] It
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Figure 4.4: The magnetic field distribution within the empty resonator, as simulated in
HFSS. The resonator generates a magnetic field in the direction perpendicular to the feed-
line loops. The sample, in the center, is simulated as lossless. The input power is Py, = 1
W, and sso1mae = -0.94dB. The Q) of the simulated resonator is 5768 and fo = 3.019425

4.2.1.2 Quality Factor

The quality factor, @), of the empty resonator is measured with respect to the separation
between the feed-line loops and its legs. Initially, they are brought close to one another,
approximately 4mm apart, where the resonator is strongly coupled to the feed-lines and
the Q measured is 3450. The separation is then increased to a maximum separation of
7mm, whereby coupling is reduced and the QQ measured is 4150. The magnitude of Soq,

32



measured quality factor, resonance frequency, and loss for various separations are shown in
figure 4.5 and table 4.1, respectively.
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Figure 4.5: The transmission, Sa1, measurement of the transverse mode of the empty
birdcage resonator. The separation distance is measured from the outside face of the res-
onator to the feed-line loop. The separation is varied, beginning at 4mm, up to a maximum
of Tmm. The quality factor of the resonator is measured using the 3dB method. Higher
separation distances is observed to increase the measured Q).

From the transmission measurements, we observe a modest increase in () from 3450 to
4150. An increase in the separation causes the external quality factor, @., to increase.
Based on the relationship between the total and coupling quality factors, the measured @)
becomes higher by reduced coupling to the resonator. This gives a closer measurement to
the internal quality factor, );. In comparison to the simulated @) of 5768, our experimental
results show that there is room for improvement. The radius of the copper package can be
increased, and the feed-line loop pulled further back, to increase the measured (). In addi-
tion, coupling between the feed-lines is observed, between 3.210 and 3.215 GHz, at the tail
of the resonance peak.

Separation (mm) | @ | fo (GHz) | Loss (dB)
4 3450 | 3.2172 -18.0871
) 3700 | 3.21782 | -18.3857
6 4000 | 3.21948 | -18.7993
7 4150 | 3.21944 -20.6542

Table 4.1: Measured value of ), resonant frequency fo, and microwave loss at variable
separation of the feed-line loops to the resonator.
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4.2.1.3 Power Dependence

We examine the power dependence of the resonant frequency, and quality factor by varying
the input microwave power from -30dB to -10dB. At higher microwave power, however, the
resonance curve can no longer be approximated as Lorenztian and the measurement of @)

may not be accurate. The transmission measurement, and measured value of (), are shown
in figure 4.6 and table 4.2.
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Figure 4.6: Transmission measurement of the transverse mode taken at difference input
microwave powers, from -30dB to -10dB. The power dependent measurement is used to
observe the non-linearity of the resonator. At powers greater than -10dB, the shape of the
resonant curve is no longer Lorenztian.

Beginning with increased microwave power, from -30 to -15dB, both the resonance curve
broadens and the frequency shift to lower values. The shift in resonant frequency is a re-

sult of increased kinetic inductance of the resonator and accompanied by a change in qual-

ity factor of the resonator. The relative change in frequency is defined as Afy/ fo = [fo(Poin)—
fo(P)]/ fo(Prmin), and the change in Q as AQ = Q(P) — Q(Pin). The dependence of () and
Afo/ fo on the input microwave power P, is show in figure 4.7. A relative shift of 0.000425
between -30 dB and -10dB with a decrease in QQ from 3987.67 to 2821.95, is observed. A
coupling between the feed-lines is still observable at the tail of the resonance peak, at all
power levels. An additional peak, closer the resonance peak, is also observed, and the re-

sult of which maybe from material imperfections or film degradation of the resonator.
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P, (dB) Q fo (GHz) | Loss (dB)
-30 3987.67 | 3.21948 | -18.7993
-25 3816.41 | 3.21926 | -19.1517
-20 3815.34 | 3.21919 | -19.1573
-15 3621.41 | 3.21908 | -19.4627
-10 2821.95 | 3.21879 | -21.7944

Table 4.2: Measured values of Q, resonant frequency fo, and loss at varied input mi-
crowave power Pj,.
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Figure 4.7: Plot of Q) vs % of the empty birdcage resonator. The results show the de-
crease in quality factor with an increase in relative shift of the frequency at higher mi-
crowave power.
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4.2.1.4 Magnetic Field Dependence

The magnetic field dependence of the quality factor is examined here. The resonator is
placed within a low temperature dewar, from Cryomagnetic Inc., where an external field

is applied parallel to the resonator’s z-axis. We note here, however, that the orientation of
the resonator to the field is not perfect, and a misalignment may exist. The field strength
is then increased from 0 to 0.9 Tesla. The feed-line separation is 3.5mm, and the measured
quality factor is shown in figure 4.8.

2000 ~——e—
—O\
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£ 1000¢
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Ot | | | |
0.0 0.2 0.4 0.6 0.8

Applied Magnetic Field (Tesla)

Figure 4.8: The dependence of the quality factor, Qmeasured; 0N the applied magnetic field
strength, B.

When no magnetic field is applied, the measured () at 4 Kelvin is 2000. At a field of 0.1 T,
a drop in @) to 1800 is observed. This drop increases further as the applied field moves to a
maximum of 0.9 T where a @ of 200 is measured. The magnetic field dependent loss may
be understood by two mechanisms: the creation and motion of vortices, or the generation
of quasiparticles, within the superconducting film [14].

The microwave loss due to the motion of vorticies exists at higher magnetic field, as the
superconducting film lives in a mixed state. The applied magnetic field can penetrate the
film, interact with the current flowing in the vortices causing them to experience a torque.
However, this loss may only be present due to the misalignment of the resonator to the
parallel magnetic field. The induced motion of the vorticies requires work to be done, and
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therefore introduces resistive loss in the resonator [22, 23, 24].

4.2.2 Aluminum Ball Bearing

In this experiment, an aluminum ball bearing, from McMaster Carr, is fixed within the
birdcage. The object is to examine the existence of a magnetic field within the birdcage.
The aluminum ball bearing measures 3mm in diameter and is made from weldable 2017
non-magnetic aluminum. A dielectric support is used to secure the ball bearing within the
resonator. It is made from a rod of gl0 fiberglass and measures 4mm in diameter. A 3 mm
diameter semicircle, machined at the top of the rod, and 1.5mm deep is used to secure hold
the ball bearing in the center of the resonator. Locite 409 is used to fix the ball bearing to
the g10 rod.

Figure 4.9: Placement of the aluminum ball bearing in the center of the birdcage res-
onator. The aluminum ball bearing is 3mm in diameter. The center of the ball is aligned to
the center of the package and the feed-line loops.

4.2.2.1 Quality Factor

The experimental results, and measured () values, are shown in figure 4.10 and table 4.3.
Initially, the empty birdcage is measured again, followed by the g10 rod, and finally the
g10 rod with the ball bearing.

The resonant frequency of the empty resonator is fo = 3.219 GHz. When the g10 rod is
added, the resonant frequency is shifted slightly left to fo = 3.21282. A small drop in Q,
from 4000 to 3900, is also observed due to the gl0 dielectric material. The combination
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Figure 4.10: Magnitude of Sy of the transverse mode of the empty resonator, the res-
onator with the dielectric support only, and the resonator with the dielectric support and
aluminum ball bearing. The separation of the feed-line loops, to the resonator, is main-
tained at 6mm. A coupling between the feed-lines is still present as a peak adjacent to the
resonance peak, at a lower frequency.

of the g10 and the ball bearing, on the other hand, shifts the resonance frequency right to
fo= 3.228 GHz. The quality factor is further decreased from 4000 to 3750, due to the eddy
current produced in the ball bearing. As in the case of the empty birdcage, the coupling
between the feed-lines is still present as a peak at a lower frequency, adjacent to the reso-
nance peak. However, in the case of the gl0 rod within the resonator, it produces a much
larger interaction than in the other experiments.

Configuration | Q | fo (GHz) | Loss (dB)
Empty Resonator 4000 | 3.21948 | -18.7993
G10 Support 3900 | 3.21282 | -19.8485

Ball Bearing and G10 Support | 3750 | 3.22862 | -20.9308

Table 4.3: Measured values of QQ, resonant frequency, and loss of the empty resonator,
with the addition of the g10 rod, and the combination of the g10 rod and ball bearing.

4.2.2.2 Simulated Current Distribution

A simulation of the current distribution along the surface of the aluminum ball bearing is
shown in figure 4.11. As the magnetic flux interacts with the ball bearing it produces an
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eddy current along its surface, perpendicular to the field. The surface current generates
resistive loss in the birdcage, reducing the measured quality factor. The simulation is per-
formed with an input power of 1 W, the measured @ is 5698, a slight drop from the empty
resonator, and the resonance frequency is fo = 3.0221GHz. The power dissipated by the
ball bearing is P, = 0.032W.
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Figure 4.11: Simulation of the surface current distribution of the birdcage resonator, with
the addition of a aluminum ball bearing. The simulation is done using HFSS. The @ of
the resonator is 5698, a drop of 100 from the Q) of the empty resonator, and the resonance
frequency is fo = 3.0221GHz, a shift of 0.0027 Ghz. The simulated input power, with the
ball bearing, is Py, = 1 W, loss is Poss = 0.032W, So1maz = -1.13dB.
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4.2.3 Aluminum Sheet

In this experiment, an aluminum sheet is placed within the center of birdcage. The object
is to examine the orientation of the magnetic field within the birdcage. The sheet mea-
sures 15mm in length, 5 mm in width, and 0.3mm thick. A G10 rod is used to hold the
sheet in place, and secured to the top of the copper package. The sheet are positioned in
both possible orientations, with respect to the feed-lines, and their effects on the transverse
magnetic field within the birdcage is observed. The first orientation is with the sheet edge
aligned parallel to the feed-line loops, and in the second it is aligned perpendicular to the
feed-lines. The two orientations are show in figure 4.12.
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Figure 4.12: Placement of the aluminum sheet in two orientations within the resonator,
where a) shows the parallel orientation and b) shows the perpendicular orientation. The
aluminum sheet is 15mm in length, S5mm in width and 0.3mm in thickness. The center of
the sheet is aligned to the center of the package and the feed-line loops.

4.2.3.1 Quality Factor

The experimental results, and measured values of (), are shown in figure 4.13 and table
4.4. With the aluminum sheet in the parallel orientation, as compared with the empty
resonator, a drop in the measured @) to 3564 is observed. The resonant frequency is also
shifted higher to fy = 3.23022 GHz. When the sheet is in the perpendicular orientation,
both the measured ) and the resonant frequency, stay relatively the same to that of the
empty resonator. The much larger surface area of the perpendicular sheet introduces less
loss to the resonator than that of the parallel sheet. This result may be explained by the
inverse relationship between the resistivity and the surface area of the conductor.
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Figure 4.13: Magnitude of So1 on the transverse mode of the empty resonator, the paral-
lel, and the perpendicular orientation of an aluminum sheet inserted within the resonator.
The feed-line separation is maintained at 6mm. The feed-line coupling is still present, as
a peak to the right of the resonance peak of the empty resonator. However, with the pres-
ence of the aluminum sheet in different orientations, the coupling may be masked by the
conductor.

Configuration | Q | fo (GHz) | Loss (dB)
Empty Resonator 3934.06 | 3.19642 | -17.7959
Sheet - Parallel 3564.35 | 3.23022 -21.642
Sheet - Perpendicular | 3931.6 | 3.19442 | -17.7959

Table 4.4: Measured values of Q, resonant frequency fo, and loss of the resonator with the
addition of an aluminum sheet in multiple orientations.

4.2.3.2 Simulated Current Distribution

In the parallel orientation, the surface current is distributed along the edge of the sheet.

It is at a maximum at the edges, with a magnitude of 927.8 A /m, and decays towards the
center. The quality factor is simulated to be ) = 4377, and the resonance frequency is fy
= 3.065 GHz. This is a large relative drop in ), when compared to the () empty resonator
of 5768. It is similar to that observed in the parallel experiment, where the smaller exposed
conductive surface area may increase the resistivity of the resonator.
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Figure 4.14: Simulation of the current distribution in the aluminum sheet set in the par-
allel orientation. The input power, Py,, is set to 1W, the simulated loss is Pss = 0.124
W, and the So1pmar = -3.41dB. The simulated Q) is 4377, a large drop in QQ compared to the
empty resonator, and fo = 3.06545, a shift of 0.046025GHz.
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In the perpendicular orientation, the surface current is distributed along the width of the
sheet. It is maximized at the center, with a magnitude of 271.77 A/m, and decays towards
the edge of the sheet. The quality factor is simulated to be @ = 5036, and the resonant
frequency is fo = 3.0216GHz. The lower impact on both the quality factor and the reso-
nant frequency, when compared with the empty resonator, may be explained by the larger
surface area exposed to the electric field within the cavity. This result is similar to that
observed in the perpendicular experiment.
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Figure 4.15: Simulation of the surface current distribution with the aluminum sheet in
the perpendicular orientation. The input power, P, is set to 1W, the simulated loss is
Pioss = 0.094W, and the Soypmar = -1.524dB. The simulated Q) is 5036, a drop in QQ of 732,
and fo = 3.021675, a shift of 0.00225GHz.
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Chapter 5

Conclusion

5.1 Conclusion

The analysis, fabrication, and characterization of superconductor microwave resonators as
the building blocks of a birdcage coil for NMR has been presented.

The circuit analysis, presented in section 4.1, was based on a lumped-element eigenanal-
ysis of the ladder network modeling the resonators. It was used to derive the operating
frequency of the transverse mode of an idealized birdcage resonator. A perturbation pa-
rameter was latter added in order to describe the effects that potential misalignment in
the construction of the coil. The misalignment was modeled as a gap between the ring ele-
ment of two adjacent resonator faces. Increasing the perturbation lead to an increase of 0.4
GHz in the transverse mode.s Simulations of the field distribution and surface currents in
the coil, in various experimental conditions presented in section 4.2, were also conducted.
These simulations describe the dynamics of the circularly polarized field, as well as power
loss in the coil.

The fabrication, and latter assembly, of the birdcage coil was conducting in the Omicron
UHV and Quantum Nanofabrication laboratory. The superconducting resonators, which
make up the birdcage coil, were fabricated from superconducting niobium films and sap-
phire substrates. The quality factor of the birdcage coil was characterized in a low temper-
ature environment.

The characterization of the birdcage resonator, presented in section 4.2, shows a modest
improvement in Q, up to 4000, compared to room temperature system which may have a Q
of only a few hundred [25]. This improvement is based on the use of superconducting nio-
bium films. In section 4.2.1, the feed-line separation, power dependence, and magnetic field
dependence of the empty resonator was measured. We learned that by increasing the sepa-
ration between the external circuitry from the surface of the resonator, from 4mm to 6mm,
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we were able to improve the measured () of the resonator from 3450 to 4000. The diameter
of the copper packaging, used to house the resonator in low temperature experiments, can
be further expanded to increase the measured Q, by reducing the effects of the coupling Q
of the external circuit. The power dependent measurement of the resonator showed an in-
crease of the kinetic inductance and a resonant frequency shift to lower frequencies. This

is a result of a change in the current distribution at higher input microwave powers. From
the magnetic field dependence measurement, the superconducting state of the resonator de-
grades as we increased the applied magnetic fields. This is reflected in the drop in @ from
2000 at 0 T field to 200 at 0.8 T, as the resonator becomes more lossy.

In section 4.2.2, an aluminum ball bearing was added within the resonator, supported by a
machined gl0 rod. In simulations, the magnetic field created within the empty resonator is
perturbed by the ball bearing. This suggests the induced surface current in the ball bear-
ing acts as a new source of loss in the resonator, decreasing the (). From the results, a
small loss of @, from 5780 to 5698, and a resonant frequency shift, from 3.0200 to 3.0221
GHZ, was observed. In the experimental measurement, we were able to confirm the exis-
tence of this magnetic field by measuring the drop in () of the resonator, as compared with
the empty resonator. We measured a decrease in (Q from 4000 to 3750 and an increase in
resonance frequency from 3.219 to 3.229 GHz.

In section 4.2.3, an aluminum sheet was added within the resonator, suspended by a g10
support rod. The orientation of the aluminum sheet, with respect to the feed-line loops,
was modified in order to detect the direction of the magnetic field produced by the bird-
cage resonator. When the aluminum sheet is oriented perpendicular to the feed-line loops,
we measured a small drop in Q, from 3934 to 3931, and a loss of -17.79dB. When the sheet
is oriented parallel to the loops, a larger drop in Q, to 3564 and loss of -21.64dB is mea-
sured. This experimentally confirms that the magnetic field is oriented perpendicular to
the feed-line loops, as the small conductive surface area in the direction of the electric field
interferes greatest with the measured () and loss of the resonator. This orientation gen-
erates both larger surface currents, on the sheet, as well as a higher power loss in the res-
onator.

In conclusion, in the analysis and characterization of the birdcage resonator, we learned
about the important impact assembly of 2D planar resonator into a 3D birdcage has on
the frequency modes, that modest values of ) are attainable and can be further improved
by reducing the coupling ). The aluminum ball bearing demonstrated that the birdcage
resonator was able to create a magnetic field within the resonator, and we were able to
confirm the relative orientation with respect to the feed-line excitation. However, only a
modest value of @), as well as the loss due external magnetic field, and applied power levels
leaves room for improvement in the design of the superconducting birdcage resonator.
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