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ABSTRACT

Computational Modeling of Magnetic Field Interaction with Superconductors
Under High-Field and High-Dissipation Conditions:
A TDGL Approach Applied to Nb and NbzSn

Aiden Victor Harbick
Department of Physics and Astronomy, BYU
Doctor of Philosophy

Superconducting radiofrequency (SRF) cavities are essential components in modern particle
accelerators, enabling the efficient acceleration of charged particles for various applications in
physics, medicine, materials science, and beyond. The performance of these cavities is significantly
influenced by the properties of superconducting materials, such as niobium (Nb) and triniobium-tin
(NbsSn), and the defects and surface features present within the material. This dissertation presents
a computational study focused on understanding the behavior of SRF cavities, using a sample-
specific time-dependent Ginzburg-Landau (TDGL) framework to simulate their performance under
realistic material conditions. The research integrates experimental data and density functional theory
(DFT) calculations to model the impact of various defects, including hydrides, Sn-deficient islands,
grain boundaries, and surface roughness. The calculations reveal how these defects contribute
to performance degradation, particularly in terms of dissipation and quality factor (Q). We also
investigate the impact of surface layers and roughness on the behavior of Nb3Sn, finding that surface
features play a significant role in influencing cavity performance. In addition, the dissertation
explores the generalized TDGL (GTDGL) model, which offers an extension to traditional TDGL
theory and enables improved predictions of frequency-dependent phenomena. This work contributes
to the development of more accurate computational tools for analyzing SRF cavity performance,
providing insights that can guide future efforts in material optimization and accelerator technology.

Keywords: computational, superconductivity, SRF cavities, niobium, Nb3Sn, time-dependent
Ginzburg-Landau, TDGL, mesoscopic behavior, material defects, Sn-deficient islands, grain bound-
aries, surface roughness, quality factor, high-field Q-slope, superheating field, finite element
modeling, SRF performance, vortex nucleation, accelerator technology
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Chapter 1

Introduction

The development of particle accelerators has been a cornerstone in advancing our understanding
of fundamental physics and enabling numerous technological breakthroughs. From the earliest
cyclotrons to the cutting-edge linear accelerators (linacs) of today, these devices have enabled
scientists to probe the subatomic world, leading to revolutionary discoveries in particle physics [1],
medicine [2, 3], and materials science [4]. Central to the functionality of many modern particle
accelerators are superconducting radio-frequency (SRF) cavities, which allow for efficient particle
acceleration by minimizing energy loss through their surface resistance, or lack thereof. These
cavities, made from high-performance superconducting materials, are critical components in both
traditional accelerator systems, such as the Large Hadron Collider (LHC) at CERN, and more
modern X-ray Free Electron Lasers (XFELSs), such as the LCLS-II at SLAC, which have become
indispensable tools for advancing modern materials research. Despite their importance, the perfor-
mance of SRF cavities is often hindered by issues such as surface defects and material limitations. In

this dissertation, we explore the computational modeling of superconducting materials, particularly
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Nb3Sn, to better understand the factors influencing SRF cavity performance. Our work builds on
established theories of superconductivity, notably the time-dependent Ginzburg-Landau (TDGL)
framework, and aims to provide new insights into how material properties can be optimized to

enhance the efficiency and reliability of SRF cavities.

1.1 Brief Overview of Superconductivity

To follow the discussions in this dissertation, it’s helpful to have a basic understanding of some key
aspects of superconductivity. To make this work more accessible to a wider audience, this section
provides a brief overview of the important discoveries and theories in the field. This should provide
enough context for readers who may not be as familiar with superconductivity and allow them to
better engage with the material that follows.

Superconductivity is characterized by two key phenomena that emerge when a material is cooled
below its critical temperature, 7;: resistance-free supercurrent flow (first discovered by Kamerlingh
Onnes in 1911 [5]), and perfect diamagnetism, known as the Meissner effect, discovered by Walther
Meissner and Robert Ochsenfeld in 1933 [6]. In the context of SRF research—central to this
dissertation—the first of these phenomena is a key advantage, while the second can, in certain cases,
be a limitation. The ability of superconductors to support resistance-free current is what allows SRF
cavities to operate with remarkable efficiency. A key figure of merit for these cavities, which we will
explore in detail later, is the cavity quality factor, Q, defined as the ratio of the energy stored in the
cavity to the energy dissipated in the cavity walls during each RF period. For comparison, a typical
copper (normal-conducting) RF cavity might have Q ~ 10°, whereas a niobium SRF cavity—the
current industry standard—typically has Q ~ 10! [7]. The Meissner effect, on the other hand,
imposes a limitation in that superconductivity requires the material to maintain its diamagnetic state.

If an external magnetic field becomes strong enough to overcome the Meissner effect, the material
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could transition to a normal conducting state. As the accelerating fields in SRF cavities increase,
the magnetic field that must be screened by the Meissner effect also becomes larger, and if this field
surpasses a critical threshold, superconductivity may be lost. Therefore, understanding the critical

fields of the SRF material is crucial to assessing the performance of a cavity.

Ndrmal Meta

Mixed State

Superconducitor

Type-1 ; Type-II
1/v2

K

Figure 1.1 A phase diagram for different superconductors at zero temperature (below
their 7,). The x-axis represents materials with varying values of k, the Ginzburg-Landau
parameter. The phase boundaries separate superconducting (Meissner), mixed, and normal
conducting states. The k =1/ /2 value divides Type I and Type II superconductors.

Figure 1.1 shows the phase diagram of superconductors at zero temperature, where different
values on the x-axis represent materials with varying Ginzburg-Landau parameters, k. This parame-
ter is the ratio of a material’s penetration depth to its coherence length, which we will discuss in
more detail later. For now, K serves as a parameter that characterizes different superconducting
materials. The value k =1/ /2 marks the boundary between two types of superconductors. Super-
conductors with k < 1/+/2 are classified as Type I, while those with & > 1/+/2 are Type II. Type I
superconductors have a single critical field H, (the thermodynamic critical field) that separates the
superconducting (Meissner) state from the normal conducting state. Type II superconductors, on
the other hand, exhibit two critical fields: H.; and H.,, known as the lower and upper critical fields,

respectively. Below H,, the material remains in the Meissner state. Between H,; and H,, lies a new
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Magnetic Field Lines

|)

Superconductor

Electric Current )

©
\

Figure 1.2 A diagram of vortices in a type II superconductor. This figure is borrowed
with permission from Alden Pack’s masters thesis [8].
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mixed state (also referred to as the Abrikosov state), where magnetic flux vortices can penetrate the
material. These vortices are regions of magnetic flux where the field lines pass through the material,
and supercurrents flow around them in a circular motion. Figure 1.2 illustrates these vortices.
The center of the vortices will be locally normal conducting, while the surrounding material can
remain superconducting due to the screening of the field by the supercurrents. Above H.,, the
material transitions to the normal conducting state. This dissertation will primarily focus on Type
II superconductors, as niobium (Nb) and all potential materials for SRF cavity replacements are
Type II superconductors. The mixed state, while an interesting phenomenon, presents challenges
for SRF cavities since vortex motion leads to energy dissipation [9], causing localized heating and a
decrease in the cavity’s quality factor. Consequently, it is essential to study methods that keep the

material in the vortex-free Meissner state for optimal SRF performance.

Ngrmal Metal,” Mixed State

=
= s
Superconducitor
Type-1 ' Type-11
1/v2

K

Figure 1.3 An updated phase diagram for different superconductors at zero temperature
(below their T;), incorporating the metastable Meissner state. The x-axis represents
materials with different values of k. The phases are separated into superconducting
(Meissner), mixed, metastable, and normal conducting states. The metastable Meissner
state is stable above H,, but can transition to the mixed state above the superheating field,
Hg,.
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While keeping SRF cavity materials in the Meissner state is crucial for performance, the limiting
field for SRF cavities is not H,, as the Meissner state can remain metastable above this field. Figure
1.3 shows an updated phase diagram that includes the metastable state. The Meissner state is locally
stable above H,| because there is an energy barrier that prevents the formation of vortices. However,
this state becomes unstable when the external magnetic field exceeds a certain threshold, known
as the "superheating" field, Hy, [10]. The metastable Meissner state is not merely a theoretical
concept; many high-power SRF cavities operate within this regime [11]. The superheating field,
Hyy,, serves as the fundamental upper limit for SRF cavity performance. Even in the absence of
defects, a pristine SRF cavity will nucleate vortices once the applied magnetic field reaches this
critical value.

We now continue our discussion of superconductivity by outlining some important theoretical
models. Broadly, superconductivity theories can be divided into two categories: phenomenological
theories, which aim to model the observed behaviors of superconductors without delving into
the microscopic details, and “microscopic"” theories, which attempt to derive models based on
first-principles calculations of the underlying physics. The earliest phenomenological theory of
superconductivity was the London model [12], developed by Heinz and Fritz London in 1935.
This theory incorporated the qualitative features observed by Meissner and Ochsenfeld [6], using
Maxwell’s equations to model the decay of the magnetic field beneath the surface of a supercon-
ductor. Around the same time, Gorter and Casimir [13] proposed one of the first microscopic
theories of superconductivity, now known as the “two-fluid model." This model describes the
superconducting state as a superposition of two non-interacting “fluids" of electrons: the normal
electrons, which behave like those in any other metal, and the superconducting electrons, which
flow with no resistance. Although the two-fluid model lacks a detailed microscopic explanation
for the behavior of superconducting electrons, it is often considered one of the first attempts at a

microscopic theory.
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The most influential phenomenological model is likely the Ginzburg-Landau (GL) theory [14],
first published in 1950. Using Lev Landau’s theory of second-order phase transitions, GL theory
defines an expansion of the superconductor’s free energy with respect to the superconducting
order parameter, ¥, and the magnetic vector potential, A. This leads to the famous Ginzburg-
Landau equations. In this framework, the complex order parameter ¥ describes the density of
superconducting electrons, with |y/|? corresponding to the density of these electrons. The GL theory
remains the most widely used phenomenological model and has served as the foundation for many
subsequent theories, some of which are central to this dissertation.

However, the most significant development in superconductivity theory is probably the BCS
theory [15]. Developed by John Bardeen, Leon Cooper, and John Schrieffer in 1957, BCS theory
is the first fully microscopic theory of superconductivity, for which the authors were awarded
the 1972 Nobel Prize in Physics. BCS theory describes the formation of Cooper pairs—electron
pairs that interact via an effective attractive interaction, allowing them to condense into the ground
state, forming a Bose-Einstein condensate. This theory successfully explains many key features of
superconductivity, such as zero resistance, the Meissner effect, the existence of a band gap at the
Fermi level, and the characteristic heat capacity spike at the superconducting transition. BCS theory
also led to a deeper understanding of the GL theory when Lev Gor’Kov derived GL theory from
BCS in 1959 [16]. Following Gor’Kov’s work, an early calculation by Schmid [17] in 1966 and
the subsequent development of the time-dependent Ginzburg-Landau (TDGL) theory by Gor’Kov
and Eliashberg [18] further advanced the field. TDGL theory, which is the focus of much of this
dissertation, will be discussed in more detail in a later section.

The theoretical study of superconductivity is rich and complex, with BCS theory representing just
the beginning of a revolution in the field. Many theories beyond BCS and TDGL have furthered our
understanding, such as the work by Eliashberg [19], Larkin and Ovchinnikov [20], Eilenberger [21],

and Usadel [22]. However, the primary focus of this work is on the TDGL framework, along with
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certain aspects of BCS theory, and we will therefore restrict our discussion to these theories for
now. With this theoretical context in mind, we will now turn to a more detailed discussion of the
Ginzburg-Landau and time-dependent Ginzburg-Landau theories, as they form the foundation for

much of the analysis in this dissertation.

1.2 Ginzburg-Landau Theory

In this section, we will explore Ginzburg-Landau (GL) theory and, later, time-dependent Ginzburg-
Landau (TDGL) theory in more detail, as these theories form the foundation for much of the
work presented in this dissertation. The content here is primarily informed by two key textbooks:
Introduction to Superconductivity by Michael Tinkham [23] and Theory of Nonequilibrium Super-
conductivity by Nikolai Kopnin [24]. While we will present the information relevant to this work,
readers are encouraged to consult these excellent resources for a more comprehensive treatment of
the subject.

GL theory begins with an expression for the free energy of the superconductor, expanded in

(ZV - e—A) y
l C

where f,o is the free energy in the normal state at zero field, o and f are phenomenological

powers of |w|?, in Gaussian units:

2 h2

— 1.1
T (1.1

_ 2 B L

parameters (which will be discussed in more detail later), m* = 2m and e* = 2e represent the mass
and charge of a Cooper pair, 7 is the reduced Planck constant, ¢ is the speed of light, and 4 is
the external magnetic field. The primary variables are y, the superconducting order parameter,
where |y/|? gives the density of superconducting electrons, and A, the magnetic vector potential.

The parameters & and 3 determine the shape of the free energy. Notably, B must be positive; if
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it were negative, the minimum of the free energy would occur at |y|> — oo, which is unphysical.

The parameter o governs the location of the minima of f. For @ > 0, the free energy has a single

minimum at y = 0, while for @ < 0, two minima exist at |y| = + %, which we define as

P=-%
2.

From these parameters, we can define two important length scales: the penetration depth, A,

| Weo

and the coherence length, &:

22 = , (1.2)

(1.3)

The penetration depth, A, defines the characteristic length scale for variations in A, or the decay
length of the magnetic field inside the superconductor. The coherence length, &, defines the length
scale for variations in ¥ and can be thought of as the approximate size of a Cooper pair, although
Ginzburg and Landau themselves did not have this specific interpretation when developing their
theory. In the mixed state, A corresponds to the size of the region where supercurrent screens the
magnetic field from a vortex, while & gives the size of the normal core of the vortex. The ratio of
these two length scales is known as the Ginzburg-Landau parameter, Kk = %, which is a key quantity
used to characterize superconducting materials. As we saw in the previous section, k distinguishes
Type I and Type II superconductors, and the critical fields are xk-dependent.

Taking the variation of Equation 1.1 with respect to ¥ and A yields the famous Ginzburg-Landau

equations:

1 (h_ e \?

c e*h e*?

4nVXVXA_2m*i(W Vy—yVy*)+

lw[?’A =0. (1.5)

m*c
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It is common to nondimensionalize these equations, and a detailed derivation of this process can be

found in Section A.2 of the appendix. The result of this nondimensionalization is:

. 2
—1
<?V—A> Y-y +|ylPy =0, (1.6)
V><V><A+§<(w*vw—wqf*)+yw|2A:o, 1.7)

where distances are measured in units of A, y is in units of Y., and A is in units of \/§ch (with
the magnetic field H expressed in units of v/2H,.).

To transition to the time-dependent Ginzburg-Landau (TDGL) equations, they can technically
be derived following the work of Gor’Kov and Eliashberg [18]. However, a full derivation is beyond
the scope of our discussion, so we will present the equations in a more heuristic manner. The TDGL

equations can be obtained by setting the variations with respect to the GL free energy equal to time

derivatives:
Iy of
(% vontv) - 2L
A Sf
O, (8 + ¢) SA’ (1.9

where I is the relaxation rate of y, o, is the normal conductivity, and ¢ is the scalar potential. The
terms involving ¢ are included to preserve the gauge invariance of the theory. From these, we obtain

the TDGL equations (also dimensionless; see Section A.3 of the appendix for more details):

oy . —I ? 2

5, TRV VA vy Y[y =0, (1.10)
oA 5
MG TRAL +V><V><A+—(l,uVy/ wVy) + |yPA =0, (1.11)

where u = —"f is the ratio of characteristic timescales, similar to k. Here, Ty = %' is the characteristic
timescale for changes in the order parameter, and 7; = *2| IT is the characteristic timescale for

changes in A (and by extension the current, hence the j notation). In these equations, distances are

_hk

ety and A is in units

in units of A, time is in units of Ty, Y is in units of Y., ¢ is in units of Py =
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of v/2AH,... These equations are augmented by the following boundary conditions:

(i;vwm,f) =0, (1.12)
(VxA)xn=H,xn, (1.13)

JdA
(E+V¢)-n20, (1.14)

where 7 is the unit vector normal to the boundary and H,, is the applied field. Unless explicitly
mentioned otherwise, whenever we solve the TDGL equations, we typically use a finite element
method, employing the weak formulation proposed by Gao [25]. We also utilize the open-source
finite element package FEniCS [26] for these calculations.

When solving the TDGL equations, it is important to consider their limitations. TDGL is only
quantitatively valid at temperatures near the critical temperature, 7¢, and for gapless superconductors.
The latter condition can be addressed using a generalized TDGL formulation, derived by Kramers
and Watts-Tobin [27,28], which will be covered in Chapter 7. However, compared to TDGL, the
solutions to the GL equations have a broader range of validity, especially in the dirty limit. This

limit can be approximated by setting the effective mass to:

12hT;
=€ 1.15
" v (0)vel’ (1.15)

where v(0) is the Fermi level density of states, vy is the Fermi velocity, and / is the electron
mean free path. Under the dirty limit, the steady-state solutions of TDGL correspond to the GL
solutions, which have a wider range of validity. Despite the more restrictive quantitative validity of
TDGL, it remains a popular tool for studying superconducting phenomena because, while it may
lack quantitative precision, the qualitative insights it provides are invaluable for understanding the
interactions of mesoscopic material features that would otherwise be computationally prohibitive to

simulate with more sophisticated theories of superconductivity.
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1.3 SRF Cavities and Nb3zSn

Superconducting radiofrequency (SRF) cavities are key components in particle accelerators, re-
sponsible for the acceleration of charged particles. A diagram of a series of SRF cavities is shown
in Figure 1.4. A beam of electrons (or other charged particles) enters through the center of the
cavities, where the current flowing axially induces standing electromagnetic waves that accelerate
the particles. One consequence of the standing wave pattern is that it also bunches the particles.
Particles falling behind receive an extra boost, while particles ahead are slightly pushed back, until
the particles are grouped into bunches that are optimally accelerated by the maximum field at the
center of each cavity.

To date, niobium (Nb) has been the primary material used for SRF cavities. It is a pure
elemental superconductor with the highest critical temperature (7. = 9.2 K) among the elemental
superconductors. Nb SRF cavities have been optimized through decades of research and are
approaching their fundamental limits. Nb has a superheating field of yoHy, ~ 220 mT, with most
high-performance Nb SRF cavities reaching peak fields of around 200 mT. While Nb’s relatively
high T, is advantageous compared to other elemental superconductors, Nb cavities must still be
operated at approximately 2 K, which incurs significant cryogenic costs. These limitations have
led researchers to explore alternative superconducting materials that could potentially surpass Nb’s
performance.

Table 1.1 lists several candidate materials that have been considered as potential replacements for
Nb in SRF cavities. While MgB, [29,30] and NbN [31] have seen some consideration, Nb3Sn has
been the subject of the most extensive study. Nb3Sn is an A15 superconductor [32], named after its
crystal structure, and has several promising characteristics. First, it has a superheating field (toH,j, =
425 mT) more than twice as large as that of Nb, theoretically enabling it to reach accelerating
gradients more than twice as large. Additionally, Nb3Sn has a higher critical temperature of 7. = 18

K, nearly twice that of Nb, allowing it to be operated at 4.2 K, significantly reducing cooling costs.
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Electron beam enters here.

Electromagnetic standing wave pulses to accelerate beam.

Figure 1.4 A diagram of a line of SRF cavities. An electron beam enters through the
center of the cavities, and is accelerated by the standing electric field waves at the center
of each cavity. As the electrons pass through the cavities, their energy (and hence speed)
increases. This figure is borrowed with permission from Alden Pack’s masters thesis [8].

Finally, as we discussed earlier, the efficiency of SRF cavity operation is measured by the quality
factor, Q, which is the ratio of the energy stored in the cavity to the energy dissipated in the cavity
walls each RF period. Due to the Meissner effect, Q—and thus cavity performance—depends
almost entirely on the properties of the thin surface layer of the superconducting material inside the
cavity walls. This means that Nb3Sn cavities can be fabricated by coating the inner surface of an
existing Nb cavity with a thin layer of Nb3Sn, making it a promising alternative to pure Nb.

Most Nb3Sn cavities are fabricated using the Sn vapor diffusion process [34], in which the
cavity is placed in a furnace with a Sn crucible, and the Sn is vaporized and allowed to diffuse into
the cavity walls, forming Nb3Sn. Recently, efforts have been made to develop an electroplating

method for Nb3Sn, which may offer advantages over traditional vapor diffusion methods [35,36].
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Material | A(T =0) [nm] | (T =0) [nm] | uoH,, [mT] | T, [K]
Nb 50 22 219 9.2
NbzSn 111 4.2 425 18
MgB, 185 4.9 170 37
NbN 375 2.9 214 16

Table 1.1 Table of material parameters for superconductors used in SRF cavities. A is the
London penetration depth, & is the coherence length, Hg, is the superheating field, and T
is the critical temperature. These values were taken from Reference 33.

While Nb3Sn holds significant promise, it also has its drawbacks. For one, its coherence length
& = 4.2 nm is much smaller than Nb’s, which is around 22 nm. This is problematic because to
achieve good performance from the surface layer, material defects need to be controlled down to
at least the scale of the coherence length, meaning Nb3Sn surfaces require much more precise
control over their surface features than Nb. Additionally, Nb-Sn systems are highly sensitive to
stoichiometry. Even small deviations from the ideal 1:3 ratio in Nb3Sn can lead to significant
degradation in superconducting properties. There are even compositions where the performance is
worse than Nb [37,38]. Furthermore, Nb3Sn is more brittle than Nb, which increases the likelihood
of performance-damaging defects, as well as damage during handling.

Despite these challenges, the potential of Nb3Sn to outperform Nb has led to significant ongoing
research into improving its performance. Although current Nb3Sn cavities generally underperform
their Nb counterparts, with the best-performing Nb3Sn cavities currently sustaining fields only

around 96 mT [39], the promise of ideal Nb3Sn continues to drive much of the research in this field.
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1.4 Research Goals and Dissertation Outline

Now that the context for our research has been established, we can turn to the specific research
goals that this dissertation aims to address. When discussing the motivation behind our research, it
is essential to consider the broader context in which it is conducted. All the projects presented in
this dissertation have, to varying degrees, been funded by and carried out in collaboration with the
NSF Center for Bright Beams (CBB). CBB is a National Science Foundation-funded science and
technology center with the goal of increasing the brightness of beams used in particle accelerators by
a factor of 100, while simultaneously reducing operational costs [40]. CBB’s efforts are organized
into three main themes: Beam Production, which focuses on the development of photocathodes for
electron beam production via the photoelectric effect; Beam Acceleration, which is dedicated to
advancing SRF cavity technologies; and Beam Dynamics and Control, which addresses maintaining
beam quality as it travels through the complex systems of modern particle accelerators. Our research
falls within the Beam Acceleration theme, where we collaborate with five other groups from across
the United States.

Several key research questions and goals guided our work. As members of CBB, we have access
to a wide range of experts in SRF-related research, including accelerator physicists, condensed
matter theorists, and surface chemists. This interdisciplinary collaboration provided us with the
opportunity to develop a TDGL framework that integrates knowledge from various fields, such
as accelerator physics, condensed matter theory, and surface chemistry. By using experimental
materials characterizations and density functional theory (DFT) calculations from condensed matter
experts, we could inform the choice of TDGL parameters to simulate sample-specific features.
These features may be challenging or impossible to probe experimentally without the use of a

mesoscopic-scale computational model.
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While Nb3Sn is one of the central focuses of CBB, our involvement in this collaboration led us to
investigate the impact of hydrogen on the surface of Nb SRF cavities. Large hydrogen precipitates,
or "hydrides," are already known to cause low-field Q degradation in these cavities, and treatments
have been developed to remove these defects. However, recent research has suggested that smaller
hydrides may also contribute to Q degradation at high fields, a phenomenon known as high-field
Q-slope (HFQS). Motivated by this, we aimed to use our newly developed sample-specific TDGL
framework to better understand the mechanisms behind hydride-induced dissipation in Nb SRF
cavities.

As discussed in the previous section, Nb3Sn is one of the most promising next-generation SRF
materials. In collaboration with CBB, we sought to investigate the impact of a wide variety of
defects that appear on Nb3Sn surfaces, including excess Sn islands, Sn-deficient regions, surface
roughness, grain boundaries, and overall layer structures. Our goal was to understand how these
defects affect the performance of Nb3Sn and contribute to the development of improved growth and
treatment procedures that could enhance cavity performance.

Lastly, we aimed to apply a generalized TDGL (GTDGL) model, a theory that has been
considered by our group for some time but never fully implemented. Since GTDGL is well-suited
for studying non-stationary problems, we used it to investigate the frequency dependence of vortex
nucleation in SRF cavities. This allowed us to explore potential benefits—or drawbacks—associated
with modifying the frequency of SRF cavity operation.

The remainder of this dissertation is organized as follows. Chapter 2 focuses on the development
and application of a sample-specific time-dependent Ginzburg-Landau (TDGL) framework, which
forms the core of much of this work. This chapter includes a paper on the topic, which is currently
under peer review at Physical Review B. In Chapter 3, we delve into the impact of hydrides, on
Nb SRF cavities. This chapter contains another paper on the topic, which has been submitted to

Superconductor Science and Technology. Chapter 4 discusses the role of stoichiometric defects,
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as well as some surface roughness, in Nb3zSn surfaces, and consists of a paper published in
Physical Review Research on the topic. Chapter 5 explores additional Nb3Sn defects and features
that were studied but did not make it into published work. This includes calculations on grain
boundaries and simulations of the Nb3Sn surface layer. Chapter 6 extends the investigation with
multi-domain COMSOL simulations from Chapter 4, exploring important characteristic length
scales associated with rough surface features on SRF surfaces. In Chapter 7, we introduce the
generalized TDGL (GTDGL) model, compare it with traditional TDGL, and use it to estimate
the frequency dependence of the superheating field. Finally, Chapter 8 concludes the dissertation,
summarizing our key findings, suggesting potential extensions to this work, and offering concluding

remarks on the research presented.



Chapter 2

Sample Specific TDGL

The following chapter is based on a paper we wrote on our framework for sample specific simulation
of superconducting materials. The framework uses the results of Density Functional Theory and
experimental characterizations to translate the propeprties of realistic sample materials into TDGL
parameters which can then be used to model the interactions of such a material with applied magnetic
fields. Our framework serves as a mesoscopic link between microscopic material properties and
macroscopic cavity performance metrics. This paper also introduces our methods for calculating
dissipation and cavity quality factor based on the outputs of TDGL simulations. We use these
methods to investigate the impact of Sn-deficient islands in Nb3Sn. The methods of this paper
serve as the basis for the remaining methods in the rest of this dissertation. The contents of the
following has been submitted for publication to Physical Review B, and at the time of writing
is currently under the second round of peer-review after revisions, a copy is available on arXiv:

https://arxiv.org/abs/2410.20078, but we present the full contents here.
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2.1 Introduction

Superconducting Radio-Frequency (SRF) cavities are a crucial component of particle accelerators,
as they utilize AC electromagnetic fields to accelerate beams of charged particles. Nb has been
the industry standard for SRF applications for decades due to its high critical temperature (~9K)
relative to the other elemental superconductors. Within the past decade, the need for SRF cavities
with capabilities beyond the limits of Nb cavity performance has led to the study of a variety of
alternative SRF materials. Among these materials, Nb3Sn has emerged as a promising candidate;
Nb3Sn boasts both a higher critical temperature (~18K) and higher critical fields [41,42]. One
particular advantage of SRF cavities (as compared to traditional normal conducting RF cavities)
is their high quality factors (Q) [7]. A major benefit of Nb3Sn SRF cavities compared to their
Nb counterparts is that they can maintain similar Qs (on the order of 10!%) at higher temperatures
(4.2K vs. 2K) [42], significantly reducing cryogenic costs. NbZr is another promising alternative
SRF material which has seen recent attention [43,44], with most existing NbZr samples exhibiting
critical temperatures between 10 and 13K (the theoretical maximum is 17.7K), but this material has
not yet been tested at cavity scale. The simulations in this paper focus on Nb3Sn, but the methods
we will present can be generalized to any material of interest.

The oscillating electric fields used for acceleration in SRF cavities induce magnetic fields
parallel to the cavity surface, so for large accelerating gradients, the critical magnetic fields of the
cavity material are the fundamental limits on cavity performance. Type-II superconductors such
as Nb and Nb3;Sn have two critical fields, H.; and H.,. For fields below H,.{, the Meissner state is
stable and magnetic flux is expelled from the cavity. Between H.; and H,,, there is a mixed state
in which superconducting vortices trap lines of magnetic flux, forming normal cores inside the
otherwise superconducting state. Under an AC field, as is the case for SRF cavities, the vortices
quickly move in and out of the cavity over the course of an AC cycle. This vortex motion leads

to large amounts of dissipation [9]. For fields above H,,, the mixed state becomes unstable and in
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this state SRF cavities will quench (i.e. go normal conducting). It is important to note that this is
not the only mechanism for SRF cavity quench, the dissipation caused by moving vortices in the
mixed state can cause heating in the cavity, which can also lead to quenching through a change in
cavity temperature. As such, for SRF applications, it is important that the cavity remain within the
Meissner state during operation.

While the Meissner state is no longer thermodynamically stable above H,j, it can remain
metastable up until the so-called superheating field, Hy, [10]. It is well known that many high-
power SRF cavities operate in this metastable Meissner state [11]. As such, Hy, is the theoretical
limiting field for operation of SRF cavities, since the dissipative vortices which are detrimental to
SRF performance become unavoidable for fields above Hy;,. Hy, has been studied for decades by
condensed matter theorists. These studies have most commonly been within a Ginzburg-Landau
(GL) framework [45-48], but the superheating field has also been studied extensively utilizing the
Eilenberger equations [49-51].

Hgj, provides the maximum possible field (and therefore the maximum accelerating gradient)
for SRF cavity operation, but local features of a material such as impurities or surface geometries
can act as nucleation sites for vortices. This means that in practice, realistic material samples
will be limited by what we will call the vortex penetration field, H,,,;, which is the lowest field at
which the material nucleates vortices. This quantity can vary greatly between different samples and
depends on a large variety of different effects, so estimation of H,,,; for realistic sample materials
remains a rich area of research. For the case of Nb3Sn in particular, theoretical Hy, calculations
suggest that Nb3Sn cavities could reach accelerating gradients as high as around 100 MV/m, yet
the highest accelerating field achieved so far by a Nb3Sn SRF cavity is around 24 MV/m [39],
with most other cavities reaching their quench field well below this. Additionally, many existing
cavities exhibit a phenomenon in which Q significantly degrades as the cavity approaches its quench

field, a phenomenon dubbed “Q-slope" [52], also sometimes called high field Q-slope (HFQS)
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when it occurs primarily at higher fields near the quench field. These performance degradations are
the result of material defects introduced during the Nb3Sn growth process, so understanding how
different defects seen within samples affect things like H,,,; or dissipation more generally is critical
to developing better growth techniques.

The need to accurately model specific features such as material impurities within superconduct-
ing materials motivates us to develop a framework which will allow us to directly model the spatial
variations of superconducting properties due to the material compositions observed in realistic
sample materials. To do this, we use time-dependent Ginzburg-Landau (TDGL) theory. TDGL
has already proven itself to be a powerful tool for mesoscopic-scale simulations relevant to SRF
applications [53-56]. Besides SRF simulations, TDGL has broad application such as in single
photon detectors [57,58], superconducting quantum interference devices (SQUIDs) [59,60], weak
links [61-65], or superconducting nanowires [66—68]. The methods we present in this paper are
investigated with full 3D simulations. While prior work has studied vortex dynamics in 3D [69-75],
the majority of TDGL research, especially in the context of SRF cavities, has been limited to 2D.

Whenever working with TDGL, it is important to acknowledge its limitations. TDGL is a
mesoscopic-scale model which abstracts the microscopic details of superconductivity into quantities
which can be used to describe things like vortex dynamics. Much of this abstraction is the direct
result of restricting the quantitative validity to gapless superconductivity at temperatures near 7.
This means that outside of this fairly restrictive regime, the quantitative predictions of TDGL are not
accurate in general. Despite this, there are three main reasons that TDGL is still has considerable
value in a variety of studies, such as those referenced above. Firstly, it is well known that the
solutions to the Ginzburg-Landau equations have a much wider range of quantitative applicability
when under the dirty limit, and so properties of the TDGL equations which can be derived from
steady-state dirty limit solutions, such as H;, are still valuable quantitative outputs of the theory.

Secondly, theories of superconductivity with larger ranges of quantitative accuracy (such as the
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Eilenberger equations [49-51] or other quasi-classical approaches) scale extremely poorly in terms
of computational complexity when it comes to numerical simulations, whereas TDGL is at least
feasible for larger mesoscopic-scale simulations. And finally, TDGL offers qualitative and semi-
quantitative predictions that provide useful insight into phenomena which may be difficult or
impossible to measure experimentally. For example, it can be used to compare how variations in the
size and depth of stoichiometric defects relative to the superconductor’s surface affect SRF-relevant
metrics such as vortex nucleation and energy dissipation—enabling prioritization of which defect
characteristics are most critical to address when perfect control is not possible. In what follows, we
apply this approach to a specific class of such defects relevant to Nb3Sn-coated SRF cavities.

To model sample-specific materials and investigate mechanisms behind Q-slope and other
quenching phenomena in Nb3Sn SRF cavities, we draw on both experimental and theoretical
studies that characterize the microscopic properties of Nb3Sn. There has been a large body of work
experimentally characterizing SRF grade vapor-diffused Nb3Sn samples. The primary suspect for
SRF performance degradation comes from defects or other imperfections in the Nb3Sn surface
significantly lowering the barrier to flux penetration [76]. In particular, defects which have been
studied are abnormally thin or patchy grains [77-79], Sn-segregated grain boundaries [54, 80, 81],
and Sn-deficient regions [77,78,82,83]. In addition to experimental characterizations, there have
also been a variety of ab initio calculations for Nb3Sn using density functional theory. In addition to
calculations of general properties of Nb3Sn [84], such as the electron and phonon density of states
and Eliashberg spectral function, these quantities have also been estimated with respect to varying
intrinsic strain [85] as well as normal resistivity [86]. Variations in the superconducting 7 as well as
electron density of states have also been calculated with respect to varying tin concentration [37,87],
which applies to both Sn-segregation at grain boundaries and Sn-deficient regions. These Sn-
deficient regions, which we will call Sn-deficient islands, are the primary material defect we will

study in order to validate our methods.
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Experimental characterizations can give data about the material compositions and physical
structure of superconducting materials, and ab initio calculations provide detailed descriptions
of the electronic/phononic structure and the resulting superconducting properties, both of these a
microscopic scale. TDGL plays the role of modeling mesoscopic scale phenomena (such as vortex
dynamics) which are difficult or even impossible to measure directly via experiment, and are too
large to easily model with microscopic scale theories such as DFT. There have been a number of
studies which have used TDGL to model material inhomogenieties [53,54,88-92], but these studies
did not use the explicit dependencies of the TDGL parameters on microscopic material properties to
inform their choice of parameters. The limitation to the approach used in these references is that it
requires either looking through a large portion of the TDGL parameter space in order to find values
which lead to expected predictions, or more commonly, picking somewhat arbitrary values, which
limits confidence in the results.

In this paper, we outline a new framework in TDGL theory which allows us to directly calculate
the values of the TDGL parameters based on local properties of the superconductor. This framework
enables modeling of realistic features of superconductor samples and supports estimation of critical
fields and energy dissipation under dynamic electromagnetic conditions. Under our framework,
TDGL serves as a bridge between experimental material characterizations and ab initio calculations
of material-specific parameters, allowing us to further connect these microscopic characterizations
with macroscopic SRF performance metrics in a sample-specific way. Because SRF cavity develop-
ment is inherently multidisciplinary—bringing together accelerator physicists, materials scientists,
and condensed matter theorists—a framework that integrates insights across these domains is
particularly valuable. The method presented here enables such integration, offering a pathway
to sample-specific predictions grounded in both microscopic characterization and macroscopic

application.
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This paper is organized as follows. In Section 3.2, we present the TDGL equations and show how
to calculate TDGL parameters from material properties. We then describe how spatial variations
in these parameters are estimated by combining results from DFT calculations with experimental
material characterizations. The section concludes with a discussion of how dissipation can be
computed from TDGL solutions and how SRF cavity quality factors can be derived from this
dissipation. In Section 2.3, we apply our framework to estimate the critical fields associated with
Sn-deficient islands of varying size, position, and stoichiometric composition. We then examine
dissipation in the context of Nb SRF cavities and analyze a representative simulation in detail to
probe the limits of TDGL. Finally, we demonstrate how combining critical field and dissipation
results enables us to estimate high-field Q-slope behavior for Nb3;Sn SRF cavities. Section 2.4
concludes the paper with a discussion of the justification for using TDGL despite its known

limitations and the implications of our findings for future SRF cavity research.

2.2 Methods

2.2.1 The Time-Dependent Ginzburg-Landau Equations

Ginzburg-Landau (GL) theory is one of the oldest theories of superconductivity, and it remains
relevant today owing to its relative simplicity and direct physical insights into the electrodynamic
response of superconductors under static applied fields and currents [93]. The time-dependent
Ginzburg-Landau (TDGL) equations were originally proposed by Schmid [17] in 1966 and Gor’kov
and Eliashberg [18] derived them rigorously from BCS theory later in 1968. The TDGL equations
(in Gaussian units) are given by:
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These equations are solved for the complex superconducting order parameter, Y, and the magnetic
vector potential, A. The magnitude squared of y is proportional to the density of superconducting
electrons. The parameters a and 8 are phenomenological, and were originally introduced as
coefficients of the series expansion of the Ginzburg-Landau free energy. Additionally, ¢ is the scalar
potential; 0, is the normal electron conductivity; I" is the phenomenological relaxation rate of y.
Furthermore, e; = 2e and my = 2m, represent the total charge and total effective mass of a Cooper

pair, respectively. The TDGL equations are subject to boundary conditions

(ihvw+ e—SAw> n=0 (2.3)
C
(VxA)xn=H, xn (2.4)
1 0A
(v¢+;§> ‘=0, (2.5)

where n is the outward normal vector to the boundary surface and H, is the applied magnetic
field. Eq. 2.3 ensures no current flows out of the superconducting domain, and noting that
E=-V¢— %%—?, Egs. 2.4 and 2.5 are electromagnetic interface conditions with an applied
magnetic field.

The parameters o, B, and I" were originally introduced into the theory as phenomenological,
temperature-dependent constants [94]. It is worth noting that o¢ < O corresponds to the supercon-
ducting state whereas o > 0 corresponds to the normal state; 3 is strictly positive regardless of
the system’s state. The TDGL equations can also be derived from microscopic theory using the
time-dependent Gor’Kov equations [18]. A useful consequence of this derivation is that it allows

the TDGL parameters to be directly related to experimentally observable properties of the material
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nucleation of vortices. An example of the vortex nucleation pattern is shown in Figure 6.6. We see
that the vortices form as lines across the bump, then are able to move downward once they have
formed. In the SRF picture, the field at which these vortices first nucleate, H,,,; would represent the
ability for a defect to initiate dissipation which leads to high-field O-slope (HFQS). So this limit

can give us the characteristic height for the ability of surface defects to induce HFQS.

Figure 6.6 A plot of |y|? for a wide bump. The arrows indicate the direction of the
magnetic field. Vortices begin to nucleate in lines across the bump (left) and then once
they form are able to move downward (right).

Similar to the tall bump limit, we can extract this length scale with an expansion of H,,,; in the

bump height, A,

Hyori ho 1 A%
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where H, is the thermodynamic critical field, k¥ = % is the Ginzburg-Landau parameter, A and

& are the penetration depth and coherence lengths, and A(k), B(k), and C(k) are the expansion
coefficients, which in general could be functions of k. We again know that if 2 = 0, this is a
completely flat layer, so again we have that A(x) = Hy,/v/2H.. And we will simulate the wide
bump limit for several values of k and extract both the dependence of H,,,; on A, and the x

dependence of the expansion coefficients.
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Figure 6.7 Plots of H,/ V/2H, versus bump height /. Each set of points is fit to a line,
showing that the linear term of Equation 6.3 is the dominant term for this effect. The
slopes are essentially identical, meaning that B is a constant with respect to K.



6.3 Conclusions 121

Figure 6.7 shows our results for our wide bump limit calculations. We see that at each value of
K the dominant term of Equation 6.3 is clearly the linear term again. However, unlike the tall bump

limit case, here all of the slopes are given by B ~ —0.1. This means that the expansion becomes

Hpuik Hyy, w
= —0.1—. 6.4
V2H. 2H, A ©H

This implies that the relevant length scale for this effect is the penetration depth, A. This means that

variations of the height of defects will have a meaningful impact on the onset of HFQS only over

scale of A or larger.

6.3 Conclusions

In this chapter we have explored two funadmental limits for the size of surface defects. In the
tall bump limit we determined that the impact to the bulk nucleation field Hy,; 1s determined by
the characteristic length of the coherence length, . This means that controlling the quench fields
for SRF cavities requires control over the size of surface variations on the scale of &, which is a
challenging task for Nb3Sn, which has & = 4nm. In the wide bump limit, we determined that the
characteristic length scale for the vortex penetration field H,,,; is determined by the penetration
depth, A. This means that controlling the onset of HFQS requires only control over surface variations
on the scale of a penetration depth. For Nb3Sn, A &~ 100nm, which is a much more attainable lengh
scale for control of the surface roughness. This provides a possible explanation for the behavior of
some Nb3Sn cavities which do not have HFQS but still quench well below the superheating field of
NbsSn, it is possible that this is the result of the surface roughness being controlled to within the
scale of a penetration depth, but not a coherence length. Meaning there isn’t an onset of HFQS to
speak of, but once vortices penetrate there is no pinning to the surface defects, so there is runaway

dissipation which leads to cavity quenching.
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While the simulations in this chapter were run in full 3D, the length scales we captured here
really only encapsulate two dimensions, we assumed a symmetry in the third direction for each of
these limits to help us isolate a singular length scale. Future work using a similar approach to what
we have done here could look at simulating full 3D defects, similar to those that we simulated in
Chapter 4, except without any variations in the material stoichiometry. Additionally, these step bump
defects (by design) have sharp corners. Adding some curvature to these corners would introduce
additional length scales to the problem which would allow for more detailed analysis of the impacts
of the actual shapes of rough surface features. Future work could also include simulating full
sinusoidal surfaces of different characteristic frequencies/amplitudes. This would allow for a direct
comparisons with experimental characterizations of SRF surfaces that decompose the surface into
fourier components.

Overall, our results here present a compelling, albeit somewhat preliminary, picture for how
simulations of 3D surfaces could explore questions of the important length scales associated with
rough surface features. We think our conclusions as they stand already provide valuable insights for
experimentalits developing new procedures for smoothing the surfaces of NbzSn cavities, and we

hope that future work can extend our approach to more detailed/realistic simulated defects.



Chapter 7

Generalized TDGL and the Frequency

Dependence of H;,

Throughout the previous chapters in this dissertation, we have primarily focused on calculations
involving time-dependent Ginzburg-Landau theory. As we have emphasized a number of time,
TDGL is primarily useful as a qualitative tool which allows for mesoscopic scale simulations with
reasonable computational costs. This emphasis is largely the result of the restrictions to the quanti-
tative validity of TDGL to temperatures near 7, under the assumption of gapless superconductivity.
The latter condition, however, can be remedied with the use of generalized TDGL, which will be

the focus of this chapter

7.1 Generalized TDGL

The generalized time-dependent Ginzburg-Landau (GTDGL) equations were first introduced by
Kramers and Watts-Tobin in the 90s [27,28]. In this paper, Kramer and Watts-Tobin derive GTDGL
by starting with a set of equations from Larkin and Ovchinnikov [144], which come from a version

of the Gor’Kov equations under the Keldysh formalism [16, 145]. Using these equations, along
123
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with a corresponding set of kinetic equations augmented with a “mutilated collision operater"
with collsion time g [146], Kramer and Watts-Tobin eventually arrive at the generalized TDGL

equations. We present the non-dimensionalized versions here

2 . 2
L (5o T Yyt (Lvea) -y =oma @)

VI PP 2 d
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where u = T{I, /7; is similar to what it was for TDGL, except that ”L'(V is now the characteristic
relaxation time of the phase of y and x is the ratio of penetration depth and coherence length,
the same as for TDGL. The new parameter ¥ = 27gAg, where Tg was introduced earlier as part
of the derivation of GTDGL and is the inelastic electron-phonon scattering time, and Ay is the
zero-field energy gap. Under GTDGL, v is the main parameter which differentiates it from TDGL,
and it serves as a new relaxation time for the magnitude of y (as evidenced by its presence as the
coefficient on the new time derivative term in Equation 7.1); When y = 0, the equations reduce to
the traditional TDGL equations.

Whereas TDGL assumes gapless superconductivity, GTDGL does not because y o< Ay # 0;
however, both equations do still assume that 7 ~ 7.. Because of the addition of 7g into the
formulation, some of the simplifying assumptions in Reference 27 result in the additional condition
that the inelastic diffusion length Lz = (D1g)'/? << &, where D =v €/3 is the diffusion coefficient
(vr and £ are the Fermi velocity and electron mean free path, respectively).

It is worthwhile to discuss the differences between GTDGL and TDGL. Firstly, they clearly
will have different time dynamics, as TDGL only has a single timescale for the order parameter,
whereas GTDGL has a separate timescale for the magnitude and phase. While they have different

time dynamics, we can show that any steady-state solution of TDGL also satisfies GTDGL. To do
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so we start with both y equations:

y . i 2 ,
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Now let yp # 0 be a steady-state solution of TDGL, then we have that ¢ = 0, and the right hand

side of both of the above equations evaluate to zero:

% =0 (TDGL)
1 J _ 7rolwl\, _
m (E + E o1 ) Y= 0. (GTDGL)

If % = 0, then we also have that &\aL?F = 0, and thus both equations are solved by yp. Since both
theories have the same A equation, any solution to TDGL will trivally also solve GTDGL.

We can also show that for any steady-state solution of TDGL vy, the same solution used in
GTDGL will also have the same stability properties. Let v — yp + Sy, if we assume that Sy is
small, we can linearize the ¥ equation of TDGL in terms of § y, which will allow us to define a

matrix equation

JdRe(d

| |Re(8w) .
oIm(8 '
oy Im(8y)

where M is a matrix which defines the system of equations that result from the above substituion. The
real part of the eigenvalues of M will give the stability properties of the solution, if the eigenvalues
are > 0, then the solution is unstable and if the eigenvalues of M are < O then the solution is stable.
If we make the exact same substitution for GTDGL, the right hand side of Equation 7.3 will be

identical, but there will be an additional matrix on the left hand side:

14 7Re(y)?  PRe(yp)Im R vl Re(d
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The new matrix on the left hand side of Equation 7.4 is positive definite (a fact which can be easily
determined via Sylvester’s Criterion [147]). Because this matrix is positive definite, inverting it and
moving it to the right hand side will not change the signs of the real parts of the eigenvalues of M,
and thus the stability properties of the solution will also be preserved.

These two results mean that as far as steady-state properties are concerned, GTDGL will not
give us any information that we do not already get from regular TDGL. Conversely, this means
that the steady state solutions of TDGL have a wider range of validity than the rest of the theory,
a fact which is well known, but this is a concrete calculation which demonstrates that a theory
with less restrictive assumptions (e.g. GTDGL and the ability to model gapped superconductors)
shares steady state solutions with TDGL. Additionally, because GTDGL only differs from TDGL in
the transient solutions, this makese it a natural candidate to study phenomena which never reach
steady state, which is exactly the case for SRF cavities, where the field is constantly changing. The
reason we often still trust the steady state solutions of TDGL for SRF research is because relative
to superconducting timescales, the RF period of typical cavities is much slower, and so a DC field
is a reasonable approximation. But if we want to study the impacts of frequencies higher than the
typical 1.3 GHz, GTDGL is a natural choice.

In the simulations in the following section, we will solve GTDGL using the finite element
method. To do so, we adapt the formulation for TDGL by Gao [25] which we use for most of our
TDGL simulations. We take Gao’s fomulation, and modify the y equation to match Equation 7.1.
We then use mostly the same function spaces and weak forms, but we use a mixed function space for
the real and imaginary parts of y, as the additional time derivative in Equation 7.1 causes the two
components to mix. We then solve the equations using the same solvers as in our TDGL simulations,
modified to accept the mixed function space for the components of y. All the computation in this
chapter were performed using FEniCS [26]. We will now discuss some of our preliminary studies

on the frequency dependence of Hyy,
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7.2 The Frequency Dependence of Hy,

The superheating field is often considered a steady state property of a superconductor and this is,
in general, true. However in this section we will slightly tweak the definition of H, to apply to
sinusoidal applied fields, as are present in SRF cavities. Normally the superheating field is defined
as the lowest field at which the Meissner state becomes thermodynamically unstable, or more
heuristically, the lowest field that will nucleate vortices if (slowly) approached from the Meissner
state. Along these lines we will use a similar heuristic definition for what we now name the “RF
superheating field", Hy,gr. We define Hy,gr as the lowest value of the RF field amplitude which
will lead to a complete vortex nucleation at some point during the RF period. The emphasis here is
on the word ‘complete,’ as at high frequency there may be situations where ‘proto’-vortices (similar
to those discussed in Chapter 5, Section 5.2) form, but do not have the time to fully become vortices.
The idea here is that Hg,gr will increase with respect to the cavity frequency, not because vortices
couldn’t form at the peak amplitudes, but because the vortices do not have the time to fully nucleate
before the field changes direction.

Figure 7.1 shows an example of protovortex formation during one of our GTDGL simulations
with an RF period of 100. We see that when the applied field reaches its maximum magnitude at
t = 25, the value of |y|? lags behind, not reaching the lowest surface value of |y|? until several
simulation seconds later. This is a direct result of the fact that in this simulation ¥ = 5, meaning the
magnitude of y changes on a timescale that is ~ 5 times slower than the field. We then see that at
t =40 as the field is on the way out, protovortices have formed and reached their maximum size.
In the next few seconds of the simulation, the field becomes small enough that the protovortices
are forced away fairly quickly, and the solution almost reaches a value of |y|?> = 1 everywhere at

t = 50 when the field goes to zero.
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Figure 7.1 Plots of |y|? solved with GTDGL showing proto-vortex formation. The applied
field label on the plots refers to the maximum field amplitude. The period of the field for
this simulation was 100, (a) shows the solution when the field reaches its maximum at
t =25, (b) shows how the y solution lags behind the field. In (c¢) the protovortices begin
to form on as the field is on the way down. In (d) the protovortices have reached their
maximum size. By (e) the field is low enough that the protovortices are quickly suppressed,
and by (f) the solution has almost relaxed fully to |y|? = 1 everywhere as the field reaches
Zero.
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Figure 7.2 Plots of |y|? solved with GTDGL showing vortex nucleation. The applied
field label on the plots refers to the maximum field amplitude. The period of the field for
this simulation was 100, (a) shows the solution when the field reaches its maximum at
t =25, (b) shows how the y solution lags behind the field. In (c¢) the protovortices begin
to form on as the field is on the way down. In (d) one of the protovortices has managed to
fully nucleate into a vortex. By (e) most of the protovortices have been supressed leaving
behind the full vortex, and by (f) only the vortex is left as the field reaches zero. The vortex
will soon be pushed out of the domain a few simulation seconds later.
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Figure 7.2 shows the same simulation, but at a slightly higher field. Here a vortex is able to
fully form, meaning that Hy,gr has been reached, and for this particular period and value of 7,
Hgrr = 0.91. In this particular case, it is visually clear that a vortex has formed, however, this may
not always be the case. To remedy this, we can calculate the number of vortices in a simulation by

calculating the winding number of the phase of y,

N = ifve dl, (75)
2w Jp

where N is the winding number of the order parameter phase, P is a closed path around the simulation
domain, 6 = arctanIm(y) /Re(y) is the phase of the order parameter, and d/ is the length element
along the path P. Doing this for the simulation shown in Figure 7.2 results in Figure7.3. We see that
the number of vortices correctly jumps around as vortices enter and leave the domain. Negative
values refer to vortices with field oriented in the negative direction. Using this kind of calculation,
we can unambiguously determine whether a vortex has formed, and thus whether or not Hy,gr has
been crossed

Figure 7.4 shows the results of our GTDGL simulations at several different values of y. We see
that in all cases (even Y = 0 which corresponds to regular TDGL), Hy,gr increases with respect to
the frequency of the applied field. As y becomes larger, the slope of the roughly linear frequency
dependence seems to increase. These results indicate that the maximum field values of SRF cavities
could artificially be increased by using higher frequency cavities, and the use of GTDGL further
emphasizes this conclusion, as it indicates that the incorporation of gapped superconductivity only
strengthens this relation. While such an approach could lead to higher accelerating fields, it is not
without downsides. The BCS resistance Rj,.s o< ®”, where o is the angular frequency of the cavity,

so going to higher frequency could significantly lower Q, even at low fields. Additionally a higher
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Figure 7.3 A plot of the winding number of the order parameter phase around the
simulation shown in Figure 7.2. The winding number was calculated using Equation 7.5,
where negative numbers are vortices with field oriented in the negative direction.
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Figure 7.4 A plot of RF frequency versus Hy,zp for different values of y. For all values
of y (including y = 0, which corresponds to regular TDGL) Hy,gFr increases in a roughly
linear fashion, with the slope increasing with respect to 7.
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frequency means a smaller cavity, and there are other deleterious effects (such as multipacting [148])
which become much more difficult to manage the smaller a cavity gets. Nonetheless, our results
indicate that even a relatively modest increase in frequency could lead to a slight increase in the
maximum accelerating gradients allowed by the RF cavity before quench.

Another aspect of this calculation is that we know the microscopic material dependencies of
Y = 27tgAp. These quantities could be easily estimated with something like DFT; future work would
likely include recruiting DFT experts to help us estimate Tg so that we can work out the accurate
value of y for a given material. GTDGL has recently been used by several groups working on
superconducting quantum interference devices (SQUIDs) and superconducting nanowires [59, 60,
149], and in these papers they chose 7 = 10, though it appears this choice may be somewhat arbitrary.
To our knowledge, GTDGL is fairly underutilized in the SRF field despite the natural fit of the
sorts of time dynamics present in SRF research that GTDGL naturally lends itself to, as we have
discussed. It is our hope that this preliminary work, in which we have demonstrated some of the
usefulness of GTDGL, will serve as inspiration to future SRF researchers to consider the use of

GTDGL for future Ginzburg-Landau type simulations.



Chapter 8

Conclusion

This dissertation provides an in-depth examination of the factors influencing the performance
of superconducting radiofrequency (SRF) cavities, with particular focus on niobium (Nb) and
niobium-tin (Nb3Sn) as primary materials. These materials are central to SRF technology, and
understanding their behavior, especially at the mesoscopic scale, is critical for optimizing their
performance in modern particle accelerators. The work presented here primarily explores the
mesoscopic behavior of these materials, using computational models to investigate how material
defects, surface characteristics, and superconducting properties interact and influence SRF cavity
performance. While experimental methods, conducted by my collaborators, provide valuable
insights, the core of this dissertation is grounded in computational research. Using my sample-
specific time-dependent Ginzburg-Landau (TDGL) framework, I helped to provide insights into
mechanisms that limit cavity performance and identify potential pathways for improvement. The
following section summarizes the key findings from each chapter, outlining how the computational
approaches and models developed in this dissertation contribute to advancing our understanding of

SRF cavity behavior.
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8.1 Summary of Key Results

In Chapter 2, we introduced a sample-specific TDGL framework, which forms the core of much
of the work presented in this dissertation. This framework allows us to simulate SRF cavity
performance under conditions that are representative of real materials, providing a more accurate
description of their behavior. We also used this framework to calculate dissipation and quality factors.
While the quantitative results are somewhat limited, the framework provides valuable qualitative
insights into the factors that influence SRF cavity performance. Additionally, we estimated the
impact of Sn-deficient islands on cavity performance. We found that islands several penetration
depths in diameter could cause a 60% reduction in the vortex penetration field, H,,,;, when located
within a penetration depth of the surface. We also demonstrated that Sn-deficient islands could
cause high-field O-slope (HFQS) curves that qualitatively resemble those observed in real NbzSn
SRF cavities, thus providing a potential mechanism for HFQS and quality factor degradation.

In Chapter 3, we investigated the impact of hydrides in Nb SRF cavities, focusing on their
role in high-field Q degradation. We calculated the effect of hydrides of various sizes, again
finding that large hydrides—particularly those with diameters several penetration depths—could
lead to a drop of 70% or more in H,,,; if located within half a penetration depth of the surface.
Furthermore, we performed simulations with numerous nano-hydrides, and we observed that when
their concentration reaches a certain threshold, the material begins to behave as a single effective
material. This results in a slight reduction in the superheating field, approximately 7% lower than
that of pure Nb, although this is still much less detrimental than the effects of larger hydrides.
These results not only provide a mechanism for hydride-induced HFQS, specifically through vortex
nucleation and associated dissipation, but also suggest that treatment procedures aimed at improving
HFQS in Nb cavities may be effective in increasing the number of hydride nucleation sites, thereby

reducing hydride size and improving cavity performance.
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Chapter 4 presents a joint experimental-computational approach to investigating the impact of
surface defects in Nb3Sn, focusing on excess Sn and surface roughness. Using our sample-specific
TDGL framework and a new multi-domain COMSOL model, we examined how excess Sn and
surface roughness affect SRF cavity performance. We performed calculations that allowed us to
estimate the expected superheating field for surfaces with varying average Sn concentrations. Our
findings suggest that performance degradation due to excess Sn islands embedded in the surface can
be more significant than in a uniform surface with the same average Sn concentration. However,
for high Sn concentrations, the impact of surface islands was less severe than that of uniform
high-Sn surfaces, though it is important to note that high Sn-concentration uniform surfaces likely
do not occur regularly due to Sn diffusion properties in Nb. Additionally, we found that surface
corrugations on Sn-deficient grains could lead to slight ( 10%) performance degradation. However,
Sn-deficient grains themselves already exhibit significantly poor performance, which aligns with
the observed performance of real Nb3Sn cavities. This suggests that Sn-deficient grains may be a
significant contributor to the historically poor performance of Nb3Sn.

In Chapter 5, we present results on grain boundaries in Nb3zSn, where we made corrective
adjustments to estimates derived from a previous CBB paper published in Physical Review B. Our
conclusions align closely with the previous paper, namely that vortex nucleation at grain boundaries
is a key candidate for one of the main causes of high-field Q-slope (HFQS) in Nb3Sn SRF cavities.
We identified two qualitative features of dissipation in this context: initial vortex nucleation, where
vortices become pinned to the grain boundary, contributing to HFQS, and bulk nucleation, where
vortices already in the grain boundary enter the bulk, potentially leading to cavity quench (i.e.,

transitioning to a normal conducting state).
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One of the new calculations we performed compared the results of "Sn-rich" grain boundaries,
as simulated in the previous PRB paper, to "clean" grain boundaries, which do not exhibit Sn
segregation. These results represent perturbative corrections to those in the PRB paper and reveal
some new qualitative insights, such as a decrease in the distance between the vortex penetration
field and the bulk entry field due to the dissipative heating estimated in the earlier study. Despite
these new insights, our qualitative conclusions remain largely the same, which is why we chose not
to publish these results.

We also estimated the impact of Nb3Sn surface layers, finding that layers thinner than approxi-
mately 2.5 penetration depths could start to experience performance drops below what is expected
from perfect Nb3Sn. To further explore this, we simulated sinusoidal-shaped layers, comparing
their impacts relative to the "critical wavelength"—the theoretical spacing between vortices during
nucleation. In doing so, we observed a situation in which vortex-antivortex pairs would nucleate
at the peaks of the layer. This is a preliminary result, but if confirmed, it suggests that rough or
thin spots in the Nb3Sn surface layer could lead to additional dissipation, beyond what is normally
expected from vortex nucleation, due to the nucleation of these pairs.

In Chapter 6, we presented additional surface calculations where we explored two limiting
cases of idealized step-function-like defects, which we term the “tall bump" and “wide bump"
limits. In the wide bump limit, we found that vortices can easily nucleate into the bulk, but they
become pinned to the base of the defect. The characteristic length scale associated with vortex
nucleation into the bulk, Hp,;;, was the coherence length. This implies that surface defects capable
of nucleating vortices need to be controlled down to the scale of the coherence length in order to
mitigate their impact on cavity performance. Furthermore, this result suggests that the field at which
cavities quench is primarily determined by defects on the scale of a coherence length, provided the

quenching is caused by a surface defect.
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In the wide bump limit, we also examined the vortex nucleation field, H,,,;. In this case, vortices
were no longer pinned, allowing us to explore the characteristic length scale associated with the
initial vortex nucleation. We concluded that this length scale was the penetration depth, meaning
that the initial penetration of vortices—and thus the onset of HFQS—is determined by features on
the scale of the penetration depth. This finding underscores the importance of surface features on
the scale of the penetration depth in determining the onset of vortex penetration and subsequent
dissipation in SRF cavities.

Finally, in Chapter 7, we introduce and discuss the generalized time-dependent Ginzburg-Landau
(GTDGL) theory, comparing it to the traditional TDGL model. We show that the additional time
derivative in GTDGL decouples the magnitude and phase of the order parameter, leading to two
distinct timescales for each. This decoupling makes GTDGL particularly suitable for time-dependent
problems. Additionally, we demonstrate that any steady-state solution of the TDGL equations is
also a steady-state solution of the GTDGL equations, with both equations having identical stability
properties for those solutions. This means that GTDGL does not provide new insights for steady-
state conditions beyond those of TDGL, but it also implies that TDGL can still make accurate
predictions for gapped superconductors, even though it assumes gapless superconductivity.

We conclude the chapter by using GTDGL to explore the frequency dependence of the "RF
superheating field," Hg,gr, which is the minimum field amplitude of a sinusoidal applied field
required to induce vortex nucleation during the RF cycle. Our calculations show that Hy,gp
increases roughly linearly with frequency, with the slope of this dependence becoming steeper
as the new parameter ¥y in GTDGL increases. This result provides valuable insights into how the
superheating field behaves in relation to RF frequency, offering potential applications for optimizing

SRF cavity operation.
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8.2 Potential Future Directions

While this dissertation has made significant strides in understanding the performance of SRF cavities
through computational models, there remain many opportunities to expand upon and refine the work
presented here. The research has provided valuable insights into the impact of material defects
and surface features on SRF cavity performance, but many questions remain, particularly in areas
where mesoscopic behavior interacts with macroscopic performance. Future work could build on
the findings and models developed here to deepen our understanding of superconducting materials
and further enhance the efficiency and effectiveness of SRF cavity technology.

One promising direction for future research is to couple the dissipation estimates to a temperature
field. By doing so, we could simulate the dissipative heating of vortices directly during the
calculation, allowing for a more dynamic and realistic representation of the heating effects that
occur as the vortices move through the superconductor. Currently, the simulations presented in
this dissertation analyze the system at fixed temperatures, which limits the ability to capture the
full temporal evolution of the system as energy is dissipated. Coupling the dissipation to the
temperature field would allow for the calculation of self-consistent temperature distributions in
response to the energy dissipated by vortex motion. This approach could reveal more detailed and
time-resolved behaviors of SRF cavities, particularly in high-field conditions where dissipation is
most pronounced. Moreover, it would provide insights into the thermal feedback mechanisms that
may influence the overall performance and stability of the cavity during operation.

The sample-specific framework developed in this dissertation represents a significant contribu-
tion to the modeling of SRF cavity performance. By integrating detailed experimental characteri-
zations of various defects, density functional theory (DFT) estimates of the physical properties of
these defects, and time-dependent Ginzburg-Landau (TDGL) simulations, this framework offers a
more holistic approach to understanding how material defects affect cavity performance. While we

have already applied this methodology in various instances throughout the dissertation, a natural
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next step would be to scale this approach for a more comprehensive study. By broadening the scope
to incorporate a wider range of defect types and material configurations, we could develop a fully
realistic—if not quantitatively exact—Q vs. E plot that more accurately reflects the performance of
SRF cavities across different conditions.

Increasing the scope of this framework would involve extending the experimental data, DFT
calculations, and TDGL simulations to a larger array of sample-specific features, including more
complex defect structures and varied material compositions. This expansion would allow for a
more complete understanding of how different defects and material properties interact, ultimately
improving the accuracy and applicability of the resulting Q vs. E plots. While the results may
not be quantitatively exact, they would provide a far more realistic and comprehensive qualitative
description of SRF cavity behavior, serving as a powerful tool for guiding experimental designs,
improving our understanding of SRF cavity performance, and optimizing cavity technologies for
future accelerators.

Additionally, the methods developed in this dissertation could be extended to a broader range of
candidate SRF materials. For instance, NbZr is a material of particular interest to CBB [43, 44],
but we did not fully incorporate it into this dissertation. While we did perform some preliminary
calculations for Nb3 Al as a side project for a collaborator, this material was not extensively analyzed
as part of this work. Nb3Al, although it underperforms compared to Nb3Sn, offers the advantage
of being less sensitive to stoichiometry, which makes it a potential candidate for future research.
The reduced sensitivity to compositional variations is a significant benefit, as it could mitigate
performance degradation often seen in Nb3Sn due to variations in the material’s composition.
Furthermore, Nb3Al can be grown using similar vapor diffusion techniques as Nb3Sn, making it a
viable candidate for practical SRF applications. While it does not match Nb3Sn in superconducting

performance under ideal conditions, its improved tolerance to stoichiometry suggests that it could
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be an important material for future studies. Incorporating our sample-specific TDGL framework
into the study of NbZr, Nb3Al, and other emerging materials would enable a more thorough
understanding of their potential for SRF applications and allow for a direct comparison to Nb and
Nb3Sn.

As discussed in Chapter 7, there is also room to improve our GTDGL calculations. By incorpo-
rating DFT estimates of the inelastic electron-phonon scattering time, we could more accurately
calculate the parameter 7y, allowing for more specific predictions of the frequency dependence of
Hg,rr. Additionally, GTDGL offers a natural extension to TDGL for quality factor calculations,
as such calculations require dealing with sinusoidal applied fields that prevent the system from
reaching steady state. While GTDGL would not provide a completely quantitatively accurate
solution, it would offer a significant improvement over TDGL in modeling time-dependent effects

and the behavior of SRF cavities.

8.3 Final Remarks

This dissertation has provided a comprehensive exploration of the factors influencing the perfor-
mance of superconducting radiofrequency (SRF) cavities, focusing particularly on the role of
material defects and surface features in Nb and Nb3Sn. By combining computational models, such
as the sample-specific time-dependent Ginzburg-Landau (TDGL) framework we developed, with
a detailed understanding of mesoscopic behavior, we have been able to uncover mechanisms that
govern dissipation and high-field Q-slope (HFQS), and have offered insights into strategies for

improving SRF cavity performance.
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The results presented here highlight the critical importance of understanding material properties
on a mesoscopic scale and how defects such as hydrides, Sn-deficient islands, and grain boundaries
contribute to performance degradation. Through our analysis, we have demonstrated that these
defects, even in small concentrations, can have significant effects on vortex behavior, dissipation,
and overall cavity efficiency. In addition, our work on Nb3Sn has provided valuable insights into
how surface features and stoichiometry can impact cavity performance, with the potential to guide
future research into optimizing material growth and treatment procedures.

Looking forward, there are numerous opportunities to build on this work, whether by expanding
the computational framework to include temperature fields and more complex defect interactions,
exploring new materials for SRF cavities, or refining the generalized TDGL model to provide
more specific predictions for frequency-dependent behavior. The methods developed here provide
a strong foundation for future research, and the findings presented in this dissertation offer new
avenues for improving SRF cavity performance in the next generation of particle accelerators.

Ultimately, this work contributes to a deeper understanding of the microscopic and mesoscopic
factors that influence superconducting materials and provides a roadmap for future improvements in
SRF cavity design and technology. As we continue to push the boundaries of accelerator technology,
the insights gained from this research will serve as a stepping stone toward achieving more efficient
and cost-effective particle accelerators, enabling advancements in fundamental physics and a wide

range of applied fields.



Appendix A

Miscellaneous Supplimentary Calculations

The folllowing chapter outlines several calculations which were either too onerous or out of scope

for the main text.
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A.1 Chapter 2 Appendices

The following section includes several of the appendices associated with the contents of Chapter
2, which include an abbreviated version of the TDGL nondimensionalizations (the next appendix
section will go into this in much more detail), and several calculations related to our quality factor

estimates.

A.1.1 Brief Overview of TDGL Non-dimensionalization

To nondimensionalize the TDGL equations, we start with Egs. 2.1 and 2.2, and make the following

coordinate transformations:

1 =
V— —V
Ao

2,19
ot Ty, OF

A — V2H 0 MA

lao|
Bo ¥

¢ — 9of.

Yy —
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If we substitute in Egs. 2.10, 2.11, 2.12, and 2.14 for «, 3, I', and o, respectively, we can then

P — myc? By
4me2| oy
/ h2

define the quantities:

Ao
Ko = g
4o
HCO - ﬁo
)

Ty = low|
o GnOmsﬁO
P e oyl

Ty
uyg = —
‘ Tjo
oo = 0
0 = :
€Ty

Using these relations, the resulting equations under the above coordinate transformations simplify

into Eqgs. 2.15 and 2.16 (where we then drop the tildes).

A.1.2 Approximate Estimation of Normal-State Conductivity

We outline here a possible route to estimate o, using the Drude model [150], where the electrical

conductivity is given by

c=—0), (A.1)

with e and m the electron charge and mass, n the carrier density, and 7 the mean free collision time.
For the normal quasiparticle density at low temperatures, we adopt the approximation from Ref.
151,

ny, = 8ne Mk T (A.2)
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which leads to an expression for the normal-state conductivity in the Meissner regime:

G, = ne’s <8e_A/ka) . (A3)

m

We emphasize that this expression is approximate, and moreover that the energy gap A is inferred
from the TDGL order parameter y, which is known to overestimate A at low temperatures [152].
Given these limitations, we regard this estimation primarily as a qualitative reference and have

proceed with treating o, as a free parameter in the main text.

A.1.3 Quality Factor Derivation

We start with the quality factor:

2nE
= —. A4
Q=+ (A.4)
These quantities (working in SI units for this section) can be expressed as integrals:
1 2
E= 1y, / dVH (A.5)
2" v
T
AE = / dt dVur D, (A.6)
0 Vsurf ‘

where V' is the cavity volume, T is the RF period, and D is given by Equation 3.20. Vs is the
volume in the first few penetration depths of the cavity surface where essentially all of the dissipation
occurs. TDGL simulation outputs are unit-free, so it is helpful to pull constants with units out
of these integrals, leaving behind dimensionless functions which can be calculated from TDGL

solutions. We start by expressing Equation A.5 in cylindrical coordinates:

E:%uo/rdr/dq)/dsz
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We then define some dimensionless quantities:

F= L A7
r_l_i (A7)
Zzé (A.8)
. H

H:E (A.9)

Where R is the maximum radius of the cavity, L is the length of the cavity in the axial direction, and
H, is the maximum value of the applied field at the surface of the cavity during an RF period. These

quantities allow the definition of a unit-less integral that only depends on the cavity geometry:
Iy= / FdF / d7H? (A.10)

Using these definitions with Equation A.5 and assuming that H has azimuthal symmetry results in
E = nuoH>LR*Iy. (A.11)

Turning to the dissipated energy integral, suppose all of the dissipation occurs within a distance d
below the cavity surface, where d << R. This allows the cylindrical integral to be converted into
cartesian coordinates, with the azimuthal direction becoming the new x direction, the axial direction
becoming the new y direction, and the radial direction becoming the new z direction. A diagram of
these transformations is found in Figure A.1.

With these transformations, we have

T 2mR L d
AE :/ dt/ dx/ dy/ dzD. (A.12)
0 0 0 0

When calculating this from simulation outputs, the integral is necessarily calculated over a small
region of the overall cavity surface. Let L, and L, be the simulation domain size in the x and y
directions respectively, and let N be the total number of simulation areas needed to fully partition

the cavity surface. Then the dissipation integral becomes

T Ly Ly d
AE :N/ dt/ dx/ dy/ dzD, (A.13)
0 0 0 0
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Figure A.1 Schematic of Transformations for the Quality Factor Calculation. The
cylindrical geometry is shown on the left, with the cavity radius R and length L depicted,
and the coordinate directions, 7, qS and Z. Under the transformation (on the right) the
coordinates become cartesian, with the 7 direction becoming the new 2 direction, the ¢
direction becomes the X direction, and the old Z direction becomes the y direction.
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and N can be approximated as
27RL

N = : (A.14)
L.L,
Contuining as before we again define dimensionless coordinates:
X
F=_ A.15
== (A.15)
~_ Y
== A.16
y=3 (A.16)
Z
5= A.17
=7 (A.17)
Y
="t (A.18)

T

where A is the penetration depth and Ty;,, is the period in units of simulation time. These convert

the integral to
T (T % 7
AE:7L3—N/ df/ df/ dy/ dzD. (A.19)
Tsim Jo 0 0 0
Additionally, under the temporal gauge (¢ = 0), Equation 3.20 can be expressed as
X2
o 2 Tsim a ‘7/ 2 2 Tsim 87A
D =2poH; =" | | 52| +ouod® =5 (== ) ] (A.20)

where § and A are the unit-free versions of the vector potential and order parameter that are solved
for with Eqgs. 2.15 and 2.16 (a derivation of Equation A.20 can be found in the next section of the
Appendix). Finally, we define some more dimensionless integrals over the TDGL solutions:

Tsim L;Tx l% %
IWE/ df/ di/ dy/ dz
0 0 0 0

Tyim Ly Ll 4 aA 2
IAE/ df/ldi/ldy“/ldf(f) (A.22)
0 0 0 0 or

.. . . 2
Combining everything and noting that w = 2%, we get

o |?
== (A.21)

27RL AT
AF =2u0H223 2 (IW + mW@ . (A.23)
Loy

Now using Equations A.4, A.11, and A.23 we get an expression for the quality factor,
H2RL, LIy

0= , (A.24)
22‘3 (II[I + a)o'n/vl()zl;nim IA)
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where H, = \/%I;I is the applied field in simulation units. It is common to express the quality factor

as

G
0= (A.25)

S

where R; is the cavity surface resistance and G is a geometric factor that depends only on quantities
which are determined by the cavity geometry. We can define these quantities under the framework

we have presented as

1
G = 3 UoWRI (A.26)
wl’j n AZTw’m
R, =0 (11,, n wG“O—‘IA) . (A27)
H2L.L, 21

For a typical 1.3 GHz 9-cell Nb TESLA cavity, G = 270 Q [105], so in practice we can just use this

value or other known values of G, and only calculate R; from Equation A.27.

A.1.4 Nondimensionalizing the TDGL Dissipation

We start with Equation 3.20,

_ iesQy 2
D—2F‘(a + 5 )‘ +0,E

2+o‘9_A2
"\or )’

Next, we make the same coordinate transformations as from the previous section (and the same time

choosing the temporal gauge (¢ = 0) we have

oy

D=2I'| =—
‘at

transformation as from the methods section) and use the expressions for Ty and H, on the first term:

ZFOC Tv%m 817/ 2 2 stm JA
STl o ()
_ZT‘V‘X szm 81// 2 2 szm aA

B o7 | T2oHATT | BF
 2H? Ty 817/ 1,22, (0A

= an T |or| T2onHA (E)
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where in the last line we used the fact that T = Ty, T;,. Finally, this expression is in Gaussian units

so we convert to SI units so that it is compatible with the other expressions in Section 2.2.5:

T2, (aA)2

2
of

+20,udH?A? 72

2 ~ 2
QTs‘im aA
+ OnkloA" = (af

2
Tsim

_ 2
D =27y loH; 72 |5

T (10W
—2 H2 sim oy
HoHe = (‘ of

oy
P
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A.2 Ginzburg-Landau Equation Nondimensionalization

A.2.1 Initial Equations and Useful Values

The Ginzburg-Landau equations are as follows:

2

5 (—ihv . ﬁA) v+ ay+ BlyPy = 0 in the domain (A.28)
g c
2miesh 4re?
VXV x A - (V- V) — o |y 2A = 0 in the domain (A.29)
mgc mgc

<ihV1,l/+ ﬁAw) -7 =0 on the boundary (A.30)

C
(V x A) x n=H x n on the boundary (A.31)

To nondimentionalize these equations, we first start by getting a few useful constants from these
equations. The coherence length, &, can be found by looking at Equation A.28, and letting A =0

(and thus y will be real):

V2W+% (w+§w3) =0 (A.32)

Where £2 = %. The coherence length is the length scale for the variance of y.

The penetration depth, A, can be found by looking at Equation A.29 and considering the ma-
1

terial to be perfectly superconducting, i.e. Y = Yy = (%) ?, this makes the second term in the

equation go to 0 and we get:

1
V><V><A—|—ﬁA:O (A.33)
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2 mg® _ —Bm? . . .
Where A~ = Tyl = Ardla The penetration depth is a length scale for how deep magnetic field

is able to penetrate into a superconducting material.

We now have the well known Ginzburg-Landau parameter, K = % =4/ 2%’:}5 . The material’s
. .. 2
thermodynamic critical field, H, = 4’%0‘ also becomes a useful constant later.

A.2.2 Nondimentionalization

To nondimentionalize the GL equations, we make a number of coordinate transformations: x = Ax’

(and therefore V = %V’ ), A =+v2HAA' and v = /_T“l//’ . Doing this to equation A.28:

. 2 3
1 (—ih_, ~2H. e , -, — -0
(0T e G [Fivivao s

Dropping the primes and dividing by o, / _T“ gives:

1 h_ V2H.A ’
_l C es
( TV A) v+y—|yPy=0 (A.35)

2mg 0

If we bring the m into the parentheses of the first term (square rooting it of course), and expand

out the As and Hc, you will see that the term in front of A goes to 1, and the term in front of the V

goes to —, so the final equation is:

. 2
<fV—A> y+v—|yly=0 (A.36)

If we make the same transformations for Equation A.29, we get the following:

2H, 2ieshat 4mela
V2Heg g/ M gy ypongr) + EQ e agan =0 A
A mgcA msc?
Once again dropping the primes and then multiplying by \/% gives:
2mieshat 4mel o)’
VXV x ALY gy yvyt) 4 ST y2a =0 (A.38)

mgc\/2H, B mgc2f
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Expanding H, and A again makes the coefficients in front of the second term reduce to ﬁ, and the

terms in front of |y|?A reduce to 1:
V><V><A+i(l//*Vw—wa/*)+|1//|2A=O (A.39)

For the first boundary condition, it follows the same process as for the first term in Equation A.36,
and doing the transformations for the last boundary equation, there will be v/2Hc¢ in front of both

terms, which cancel, so the final nondimentionalized equations are:

(%V—A)2w+w—lwlzw=0 (A.40)
V><V><A+%((I/I*V1//—y/V1//*)+|y/|2A:0 (A41)
(i"(vwm,/) =0 (A42)

(VxA)xn=Hxn (A.43)

A.2.3 o and B Spacial Dependence

Now we want to let o and 3 vary with space, this can represent different materials, or material
defects. To do this, we make the transformations o = @a(r) and B = Byb(r), where o and Py are
constant reference values with the same units as a and 3, and @ and b are dimensionless functions
of position. Returning to our definitions of £ and A, we see that setting A = 0 in Equation A.28 and

collecting terms gives:

Viy <al,l/+ ff, ) 0 (A44)
0

Where 502 = % To find the other length scale we once again let the material be perfectly
1

superconducting, but this time in terms of the reference o and B; v = yp = (%) ?  this makes

Equation A.29 go to:

1
V><V><A+ﬁA:O (A.45)
0
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2
Where A2 = s —Pomsc® Similarly, H. becomes H.q = 4% and Ko =20 = (/Bume yye
0 ™ drely> ~ dmelop » e 0= "By > & 27 eshi

then do the same process as we did before, but replacing any A, &, k, or H, with Ay, &y, ko, or He.

This will result in almost the same equations, but with an a and a b in front of the y and |y|?y

terms:
i 2
(EV—A)VHﬂW—MWPW:O (A.46)
VX VXAt (W VY= V) [yPA =0 (A47)
(éwﬂw) =0 (A48)

(VxA)xn=Hxn (A.49)
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A.3 Time Dependent Ginzburg-Landau Equation Nondimen-
sionalization

A3.1 o and B constant

The Time Dependent Ginzburg-Landau equations are as follows:

r (a—w+ tes w) +

2
(—ihV—ﬁA) v+ay+ Byl y =0 inthe domain,
c

ot h 2my
(A.50)
4o, (10A 2miesh 4re?
TOon (292 L ve ) 1V VxA— 9 vy — yvy) — 5 1y PA =0 in the domain,
c c ot msc mgc?

(A.51)
(ith//—l— %Al]/) -n=0 on the boundary,
(A.52)

(VxA)xn=Hxn ontheboundary,
(A.53)

JA
— <V¢ + E) -n=0 on the boundary.

(A.54)

To nondimentionalize these equations, we first use the same definitions for A, &, k, and H, as
we defined in Section A.2.1. We also make the same change of variables as in Section A.2.2 in

addition to letting t = 1ot and ¢ = ¢y¢’; For equation A.50, this gives us:

1 ih V2H A ? o a o’
—1 vV _ c eSA/ —e - - 125
st< 7 . \/ 5 v oy 5 v+ B/ 5 Lan"; 55
—a [ 10y iespp¢’ B
I (?Aaﬂ* 7 "/)‘O
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Dropping the primes and dividing by «, / %x gives:

1 [ —ih_  2H:)es 5 1oy iesdod \
2msa<lv_ c A) vy -lvl "’+|ay(f ot ¥)=0 (A9

The first three terms reduce down to the same terms as in Equation A.36. We then let Tp = % and

0o = e’z—r’i to get the final equation:

. 2
— oy
(?ZV—A) v+ y— WIIZI/H—8 +igky =0 (A.57)

Making the same coordinate transformations for Equation A.51:

2H, 2rmiesh
\/_ i TieshQl (w/*vlwl _ W!V/W/*)
micAp (A.58)
477:6 (04 2 477:6}1 \/zHcl JA’ ¢0 '
2HAA"+ - =0
W/‘ V2 ( ctpn Ot * A vy’
Dropping the primes and then multiplying by \/%I—H gives:
2riesh
VXVxA+ L (y'Vy —yVy™)
mycv/ 2Hep (A.59)
4re?ad? .. 4mo, (A2 OA ¢ '
5 WA+ —(— =+ Vo | =0
mgc? c cTpn 0t \/2H.

Once again the first 3 terms go the the same as Equation A.39. We then define 7; = %, which

gives:

T 0A  4mo,d
VxV A+— \% V') + 2A+’ +
x V x (V' Vy —yVy) + |y 3 T V3.

If we define u = %, then the coefficents in front of the time derivative go to %, and it turns out that
J

Ton0ve =0 (A.60)

if we substitute in the value for ¢y we found earlier, the coefficients in front of the V¢ go to %:

1 1 [JdA
V><VxA+§((w*Vw—y/Vly*)+|w]2A+; (W+V¢) =0 (A.61)
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So the final equations are:

. 2
- d
(;ZV—A> w+w—|wlzw+a—‘i’+i¢xw:0 (A.62)
VxVxA+i( Vy —yVy*) +| |2A+1 a—A+V¢ =0 (A.63)
5 WYY =Yy |y L = :
(LKVIV—FAIV) ‘n=0 (A.64)
(VxA)xn=Hxn (A.65)
- <V¢ + aa—‘j‘) n=0 (A.66)

A.3.2 o and B vary with time and space

If we now let @ = apa(r,t) and B = Bob(r,t), we can do the same thing as we did in Section A.2.3,

_i? 2 —Bomyc? 4o X o
and let £ = —melao’ 3= 4n’e?‘clpo|2 = 45‘;%02 ,Ho= —7[2:0, and Ky = % = g—g% Additionally
we also let Taog = F‘l;o\’ Tio = i”%? %5, Uy = %, and ¢g = e’;";fo. We can then follow the same steps as
above with these new values and we get:
: 2
—i d
(K—V—A) ‘lf+allf—b\llf!21l’+a—z/+i¢1€0w=0 (A.67)
0
VXVxA+ —(y'Vy—yVy )+ |y|'A+— | —+Vo | =0 (A.68)
2Ko Up ot
(ivw+Aw) =0 (A.69)
Ko
(VxA)yxn=Hxn (A.70)

JA
- (V¢+E) n=0 (A.71)
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