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ABSTRACT

Superconducting Radio Frequency (SRF) technology is a key component in many par-
ticle accelerators operating in a continuous wave, or high duty cycle, mode. The on-line
performance of SRF cavities, as defined by the accelerating gradient and the unloaded qual-
ity factor, Q0, is negatively impacted by the gradual increase of particulate contamination,
furthering field emission. Conventional cleaning procedures are both time- and resource-
exhaustive as they are done ex-situ. Plasma processing is an emerging in-situ method of
cleaning which chemically removes hydrocarbon-based field emitters by the ignition of a
plasma in the cavity volume. An R&D program is underway at TRIUMF with the goal
of developing fundamental power coupler (FPC) driven plasma processing of the installed
1.3 GHz nine-cell cavities in the ARIEL 30 MeV SRF eLINAC.

Processing recipes have been systematically studied in one single-cell and two multi-
cell cavities off-line. Cavities were first artificially contaminated using a Helium-Methane
plasma. In most of the tests, the removal of hydrocarbons was verified through the byprod-
uct responses on a Residual Gas Analyzer (RGA). A plasma recipe with a cavity pressure
of 80 mTorr, and a gas ratio of 95% Helium to 5% Oxygen was found to remove the largest
abundances of hydrocarbon byproducts from each of the tested cavities. Cavity performance
changes were tested cryogenically before and after conditioning with this particular recipe.
These experiments were unable to recover the cavity performance but did provide insight
toward the plasma processing testing procedure and apparatus needed for assembled cavities.

Multi-cell testing was also conducted to identify plasma locations for the various modes
in the fundamental TM010 passband. Here, a predictive model was developed to compare
frequency shift data resulting from a plasma ignition with field behavior collected from
beadpull distributions through a least-squares minimization. The results presented show the
estimated plasma locations and movements due to power increases.
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Chapter 1

Introduction

Over the past century, particle accelerators have become a cornerstone in many scientific
and industrial applications. Accelerators use electric fields to propel charged particles to
higher velocities, enabling particle discovery research, cancer irradiation techniques, and ion
implantation in semiconductor fabrication, among others. At TRIUMF, particle accelerators
are used to create Rare Isotope Beams (RIBs). The ISAC (Isotope Separator and ACceler-
ator) facility creates exotic nuclei by bombarding thick high-power targets with a 500 MeV
proton beam from its cyclotron [1]. RIB’s are then delivered to one of three areas to support
various physics experiments.

To supplement RIB production and simultaneously provide three RIBs, TRIUMF’s Ad-
vanced Rare IsotopE Laboratory (ARIEL) program was developed [2]. ARIEL includes a 3
mA, 30 MeV SRF electron linear accelerator (eLINAC) that operates in a continuous-wave
(cw) mode to accelerate electron beams into a converter target to produce Bremsstrahlung
X-rays. X-rays produced from the initial reaction are then incident onto Actinide targets,
which, through photofission processes, form radioactive species [3].

ARIEL’s eLINAC consists of three 1.3 GHz nine-cell elliptical Superconducting RadioFre-
quency (SRF) cavities that are housed across two cryomodules; one within an injector cry-
module, and two within the remaining accelerating cryomodule. Each cryomodule is designed
to maintain temperatures near absolute zero to maintain the cavity’s superconducting state.
While cooled, the SRF cavities are exceptionally efficient at acceleration, exhibiting surface
resistances that are in the nΩ range. SRF cavities in ARIEL are all specified to operate at
a minimum gradient of 10 MV/m to achieve a threshold RIB energy production energy of
30 MeV [4].
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Figure 1.1: Number of photo-fissions produced as a function of electron energy for the ARIEL
target stations [5]. Currently, ARIEL is designed to operate at 30 MeV.

The photofission process used to generate RIBs is highly dependent on the incident elec-
tron energy, as can be seen in Figure 1.1. The yield of fissions strongly increases with the
electron beam energy up to 30 MeV, eventually saturating around 50 MeV. Field emission
induced by particulate contamination poses a serious concern to ARIEL’s experimental effi-
ciency. Field emission refers to the emission of electrons typically from contamination by the
RF field. These electrons are accelerated by the cavity fields and hit nearby walls, creating
bremsstrahlung X-rays. The additional power losses introduced by the electrons degrades
the quality factor, limiting the achievable gradient due to high radiation levels and increased
cryogenic load. If any of the SRF cavities present in ARIEL experience significant field emis-
sion, they will not reach the specified 10 MV/m. As a result, RIB production will suffer.

Several techniques have been developed to reverse field emission contamination. Prior to
cavity assembly, high-purity water is sprayed on the inner cavity surface to remove particu-
lates from the cavity walls. Conventionally, this is referred to as High Pressure Rinsing (HPR)
[6]. Field emission may also arise during cavity operation. In these cases, RF conditioning
or Helium conditioning can be used. RF conditioning is done by increasing the electric field
at emitter locations, eventually destroying the emitter [7]. In contrast, helium conditioning
aims to bombard emitters using Helium atoms, either sputtering the emitter and destroying
it, or creating gas desorption on the emitter [8]. Each of these mentioned techniques can be
used to recover the cavity performance in ARIEL. However, if field emission resulting from
hydrocarbon contamination is seen, these techniques suffer from some intrinsic limitation.
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Specifically, HPR is done ex-situ and would require cryomodule disassembly. This process
requires a large resource allocation, in addition to presenting long experimental downtimes.
Furthermore, both RF conditioning and Helium conditioning cannot adequately remove hy-
drocarbon field emission. As such, techniques that remove hydrocarbon contamination that
can also be performed in-situ are quite attractive.

The work presented in this thesis focuses on one such in-situ cleaning technique known as
plasma processing. Plasma processing specifically targets hydrocarbon field emitters within
SRF cavities by sustaining a glow discharge composed of a mixture of an inert and a re-
active gas. Ionized Oxygen molecules bond to broken hydrocarbon chains, forming volatile
byproducts, which can then be removed from the cavity environment, effectively cleaning
the cavity of contaminants.

Plasma processing was initially introduced at the Spallation Neutron Source (SNS) to clean
their 805 MHz, high-β cavities using a superposition of modes in the fundamental bandpass
[9, 10, 11]. It is now more common to use a superposition of Higher-Order Modes (HOMs)
through a HOM coupler to ignite plasma. This technique was first implemented on 9-cell
1.3 GHz Linac Coherent Light Source II (LCLS II) cavities by Fermi National Accelerator
Laboratory (FNAL) [12, 13]. TRIUMF is currently pursuing plasma processing for imple-
mentation onto the eLINAC to derisk the potential of field emission compromising the RIB
yield.

The design of the cryomodules in the eLINAC limits the modes available for plasma pro-
cessing. HOM dampers are placed at upstream and downstream locations to absorb HOMs.
Only the fundamental and first-dipole passbands (see Figure 1.2) are seen to have a sufficient
transmission, exhibiting clear resonances above the noise seen at -140 dB. In addition, the
1.3 GHz 9-cell ARIEL cavities are a unique variant of the TESLA design [14], with modified
end groups equipped with two Fundamental Power Couplers (FPCs) each [15]. For these
reasons, this thesis will explore plasma ignition using FPCs in the TM010 passband. Studies
performed are aimed at developing a plasma ignition sequence that will clean each cell in
the on-line ARIEL cavities successively.
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(a) Fundamental TM010 passband (b) First Dipole Passband

Figure 1.2: Transmission measurements of the fundamental TM010 and first-dipole passbands
from the EINJ injector cryomodule.

1.1 Thesis Organization

The remainder of the thesis is outlined as follows:

Chapter 2 starts by providing the relevant theory behind SRF cavities and degrading phe-
nomena to provide context into how cavity performance is measured and affected. This
chapter concludes with an introduction to plasma, discussing important parameters
and their role in processing.

Chapter 3 describes the techniques and apparatuses used to perform studies on three 1.3
GHz elliptical cavities. The chapter is categorized by the type of experiment being
conducted. The classification is as follows: beadpull measurements and tuning, plasma
processing, and cryogenic cold tests.

Chapter 4 presents the experimental results found from the studies described in Chapter
3. In order, these sections are summarized as: multi-cell beadpull distributions before
and after tuning, plasma investigations in single-cell and multi-cell structures, and
cryogenic RF tests before and after plasma processing to validate gradient restoration.
Furthermore, each section discusses the implications of the determined results towards
the on-line application of plasma processing.

Chapter 5 concludes the thesis. The findings presented in the previous chapters are high-
lighted here, together with any recommendations for future studies of plasma processing
that will enable the implementation of plasma processing on the ARIEL eLINAC.
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Chapter 2

Background

2.1 Resonant Cavities

The concept of resonance is a well-studied phenomenon that can be found in a multitude
of every day examples. Resonance describes a matching of oscillation frequencies between
a driving force and the natural frequency of a system creating a net amplitude increase. In
particle accelerators, RF cavities utilize resonance to accelerate particle beams by resonating
at a certain frequency. The response created by the cavity produces electromagnetic field
distributions that are designed to align with charged particle trajectories and synchronized
to the arrival of charged particle bunches. In this section, a broad overview of the theory
behind the working principles of RF and SRF cavities within accelerators will be provided,
along with any limitations they may encounter.

2.1.1 Charged Particle Acceleration

When charged particles interact with electromagnetic fields, they experience an accelerating
force in the direction of the electric field and a deflecting force from the magnetic field. This
effect is known as the Lorentz force and is analytically given by

F̄ = q(Ē + v̄ × B̄) (2.1)

where F̄ is the accelerating force, Ē and B̄ are the electric and magnetic fields, v̄ is the
instantaneous velocity of the charged particle, and q is the charge of the traveling particle.
RF cavities are designed to utilize this principle by creating strong electric fields on the beam
axis to accelerate the charged particles.
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2.1.2 Resonant Modes

RF cavities are fabricated from electrically conductive material, which, when exposed to
incident RF signals, will elicit an electromagnetic response to satisfy the boundary conditions
of a conductor. The shape of a resonant cavity determines the produced field patterns within
the inner cavity volume. The exact field configuration is dependent on certain boundary
conditions, which for wave-guides and cavities, are given by

n̂ × Ē = 0 (2.2)

and
n̂ · B̄ = 0 (2.3)

where n̂ is the unit vector normal to the cavity wall surface [16].

The electromagnetic field distribution within a resonant cavity can be found by solving
the wave equation produced through Maxwell’s equations. To begin, Maxwell’s equations

∇̄ · Ē = 0 (2.4)

∇̄ × Ē = ∂B̄
∂t

(2.5)

∇̄ · B̄ = 0 (2.6)

∇̄ × B̄ = µ0ϵ0
∂Ē
∂t

(2.7)

must be rearranged such that the individual field equations form

(∇2 − 1
µ0ϵ0

∂2

∂t2 )

Ē
B̄

 = 0 (2.8)

with t corresponding to time, and µ0 and ϵ0 being the permeability and permittivity of free
space, respectively [16, 17].

The behavior of Ē and B̄ is also known. By recalling that the signal input into the cavity
is an electromagnetic plane wave in the form of radio-frequency, a generalized ansatz can be
provided for each field:

Ē(r, t) = Ē0(r, ϕ)ei(kz−ωt) (2.9)
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B̄(r, t) = B̄0(r, ϕ)ei(kz−ωt). (2.10)

Here ω is the angular frequency, and k is the wave number. Additionally, the Laplacian
operator, ∇2, when written in a cylindrical basis, can be expressed as

∇2 = 1
r

∂

∂r
(r ∂

∂r
) + 1

r2 ( ∂2

∂ϕ2 ) + ∂2

∂z2 . (2.11)

Substituting the field equations (2.9) and (2.10) into (2.11), the t and z operators can be
solved directly, while the remaining operators are limited through Ē0 and B̄0. If these
expressions are temporarily left unsolved, (2.8) can be rewritten into

∇2
⊥ + ( ω2

µ0ϵ0
− k2)

Ē
B̄

 = 0 (2.12)

where ∇⊥ refers to the components of the Laplacian that cannot be directly found, namely
the radial and azimuthal elements; this can otherwise be labeled as the transverse compo-
nents.

In sharing the same form of differential equation, each respective field must adhere to the
boundary conditions set through Equations (2.2) and (2.3). Due to the inherent geomet-
ric implications between the two boundary conditions, two families of modes are produced.
These can be further classified as the Transverse Magnetic (TM) modes and the Transverse
Electric (TE) modes. In TM modes, the field orientation is such that the magnetic fields are
purely transverse, while some longitudinal component of the electric field exists. Conversely,
the TE modes exhibit electric fields entirely in the transverse plane, while the magnetic field
now has a component in the longitudinal plane.

2.1.3 Cavity Structures

Typically linear accelerators are made from several RF cavities that each synchronize their
accelerating fields to the arrival of charged particle bunches. There are several RF cavity
structures that are designed to operate over a certain particle velocity range. The cavi-
ties studied in this thesis, 1.3 GHz elliptical cavities, are designed to accelerate relativistic
electrons. In this subsection, descriptions of the elliptical cavity design are presented.
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Figure 2.1: Illustration of the pillbox cavity. Longitudinal electric field components are
aligned along the beam axis, while magnetic field components are visualized azimuthally.

The Pill-Box Cavity

One RF cavity known as the "pill-box" cavity has a simple geometry that allows for exact
analytic field expressions. Shown in Figure 2.1, the pill-box cavity is a cylindrical cavity that
is suited for accelerating on-axis particle beams longitudinally using TM modes.

The generalized set of TM modes for the pill-box cavity of length L and radius R are
presented below. The subscripts m, n, and p denote the integer number of sign changes the
longitudinal electric field, Ez, undergoes in the ϕ, ρ, and z directions, respectively [18].

Ez = E0 cos(πpz

L
)Jm(xmnr

R
) cos(mϕ) (2.13)

Er = −E0
πpR

Lxmn

sin(πpz

L
)J ′

m(xmnr

R
) cos(mϕ) (2.14)

Eϕ = E0
πmpR2

rLx2
mn

sin(πpz

L
)Jm(xmnr

R
) sin(mϕ) (2.15)

Bz = 0 (2.16)

Br = iE0
mµ0ωmnpR2

ηcrx2
mn

cos(πpz

L
)Jm(xmnr

R
) sin(mϕ) (2.17)

Bϕ = iE0
µ0ωmnpR

ηcxmn

cos(πpz

L
)J ′

m(xmnr

R
) cos(mϕ) (2.18)

Here xmn is the nth root of the Bessel’s function Jm, or its derivative J ′
m, η represents the

impedance of free space, which has a value of approximately 377 Ω, and ωmnp is the resonant
frequency associated with the operating mode. The value ωmnp is calculated through the
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relation
ωmnp = c

√
(xmn

R
)2 + (πp

d
)2. (2.19)

Many of the potential pill-box modes cannot adequately accelerate particle beams longitu-
dinally as the electric field will vanish at some point along the beam axis. Consequently,
TM0n0 modes are typically chosen for acceleration. A common choice amongst the acceler-
ating modes is the TM010 mode, otherwise known as the fundamental mode for cavities with
R/L < 2, as it has the smallest size for a particular frequency, comparatively [18]. Analytic
estimation of the frequency of the TM010 mode is done using

ω010 = 2.405c

R
. (2.20)

Within the set of TM modes, there are other solution sets that more suited for other aspects
of beam transport. For example, TM1np modes, conventionally known as dipole modes, are
typically chosen for beam deflection.

To be useful for acceleration, the length of a pillbox cavity has to be limited such that
the particle transit time through the cavity is no more than a half-period of the RF cycle.
For speed of light particles, this occurs when L = λ

2 .

Elliptical Cavities

Early SRF cavities were made from multiple pill-box cells coupled together. It was found
that the geometry was prone to strong multipacting (see Section 2.1.6.) and so the design was
modified to an elliptical shape [19]. The resulting design is now known as the elliptical cavity.

Shown on the left-hand side of Figure 2.2 is an example of a superconducting elliptical
cavity. The elliptical cavity displayed is a TESLA design [14] and has nine elliptical seg-
ments that each correspond to a single-cell. Each cell is composed of two half-cells that are
welded together at the largest radius region known as the equator. Two half-cells form a
single-cell cavity that can accelerate particle beams in the TM010 mode. To increase acceler-
ating efficiency, many cells are attached in series to form a multi-cell cavity. With 1.3 GHz
cavities, the most common choice for the number of cells is nine. Active acceleration will
vary depending on the speed of the incident beam. The elliptical cavity shown in Figure
2.2 is designed to accelerate particles traveling near the speed of light, which, for electrons,
occurs at fairly low kinetic energies [7]. Within ARIEL, electrons effectively travel at β =
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Figure 2.2: Pictured on the left is a 1.3 GHz TESLA elliptical 9-cell SRF cavity. The TESLA
variant displays a unique feature in that two end groups are centered along the beam axis,
with HOM ports being located nearby on transverse axes. On the right is a graphic of the
elliptical cavity shape parametrization. Schematic taken from [20].

1. To estimate the ideal cell length for particle beams moving at this speed, the relation

L = β
λ

2 (2.21)

is used. Here the wavelength, λ, is further given by

λ = 2πc

ω
. (2.22)

For the TM010 mode, the electromagnetic field configurations within elliptical cavities follow
trends similar to those found in the pill-box. In particular, the orientation of the electric
field is highest along the beam axis of the cavity, with the field amplitude decreasing as a
function of radial distance. Magnetic fields, on the other hand, are the strongest around the
cell’s equator, in which they follow a curled path.

To enable energy flow between the individual cells, cells are coupled to one another to
form a multi-resonator array. With a given number of cells, there will be an equal amount of
modes produced for each resonance, all possessing a unique frequency, cell field amplitude,
and field distribution [21]. This cluster of modes is conventionally labeled as a passband.
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Due to their acceleration specifications, elliptical cavities are typically operated using the
fundamental, or TM010, passband. However, the distinctive behaviors of the passband modes
are not all suitable for acceleration due to the unequal electric field strength in each cell.
The last mode in the passband, the "π-mode", has equal field amplitude in each cell with a
π degree phase shift between cells. The periodicity of the field polarization change is set to
match half of an RF cycle corresponding to the time of flight from one cell to the next by
the particle beam. In this way, the particle beam remains synchronized to the peak of the
electric field at the center of each cell, acquiring maximal acceleration.

2.1.4 Figures of Merit

Figures of merit are a set of parameters that describe some operational aspect of RF or SRF
cavities. This section introduces key figures of merit that will be relevant to this study.

Quality Factor

The first figure of merit to be introduced is the power dissipation, Pc. When exposed to
alternating currents, conductive material will allow surface currents to flow in a thin layer
to sustain the produced electromagnetic fields. Ohmic power losses form as a result of the
resistive properties of the material chosen [18]. To quantify this, Pc can be calculated over
the surface of the cavity using

Pc = 1
2

∫
Rs|H̄|2ds (2.23)

where Rs represents the RF surface resistance, s is the surface variable, and H̄ is the mag-
nitude of the local magnetic field.

The unloaded quality-factor, Q0 is defined as the ratio of the stored energy to the energy
lost per radian of the RF cycle. In its most general form, Q0 is given by

Q0 = ω0U

Pc

(2.24)

where U is the stored energy in the cavity. For a given field strength, the total stored energy
is a constant, but individual components fluctuate between the electric and magnetic field
components. Therefore U can be found using

U = 1
2µ0

∫
V

|H̄|2dv = 1
2ϵ0

∫
V

|Ē|2dv (2.25)
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where V is the volumetric term, and v is its integrand placeholder. Assuming a constant
surface resistance across the cavity surface, a quick substitution of Equations (2.23) and
(2.25) into Equation (2.24) yields

Q0 = µ0ω0
∫

V |H̄|2dv

Rs

∫
|H̄|2ds

= G

Rs

(2.26)

where G here is referred to as the geometry factor. What can immediately be seen with the
behavior of G is that it depends on the volume and surface integrals. In other words, G is
dependent only on the cavity geometry and not on the size of the cavity. Equation (2.26)
implies that Rs must be minimized to maximize Q0.

External Quality Factor and Coupling

Each component added to the cavity will produce a unique power loss rate, Pe, based on
how much energy will leave the system through it. Power couplers that feed RF to the
cavity or pick-up couplers that sample the field are some examples of sources of power loss.
By normalizing Pe to the stored energy within the cavity, the original definition of Q can
be reapplied to measure the "external losses" due to a specific component. Commonly, this
quantification is known as the external quality factor (Qext) and is given by

Qext = ω0U

Pe

. (2.27)

Each contributing component can also be combined into one overarching term, the loaded
quality factor, QL, that encapsulates the overall losses seen by the cavity. Similar to (2.27),
QL can be written as

QL = ω0U

Ptot

. (2.28)

where Ptot is the total power loss in the cavity and is given by

Ptot = Pc + Pe1 + Pe2 + ... (2.29)

where Pe1 is the power loss due to component one, and so forth. Expanding (2.28) using
(2.29) yields

1
QL

= 1
Q0

+ 1
Qext1

+ ... (2.30)

To further characterize the coupling between the cavity and a component, the coupling
factor, β can be used. β is defined to be the ratio of the unloaded quality factor to the
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loaded quality factor, i.e.
β = Q0

Qext

, (2.31)

which gives
Q0 = QL(1 + β) (2.32)

when applied into (2.30). The values of β can be divided into three categories: undercoupled
(β < 1), critically coupled (β = 1), and overcoupled (β > 1).

Accelerating Gradient

Cavity-to-beam energy transfer is an alternative method to quantify the performance of
accelerating cavities. By using a figure of merit known as the accelerating gradient, compar-
isons with measured data becomes possible. Denoted as Eacc, the accelerating gradient is
defined as the maximum energy gain of a charged particle over a cavity length L. In analytic
form,

Eacc = Vc

L
(2.33)

where Vc refers to the maximum voltage received by an on-axis charged particle and is given
through

Vc = |
∫ L

0
Ez(ρ = 0, z) exp

iω0z

βc dz|. (2.34)

Peak Fields

The achievable surface fields within a cavity imposes an upper limit to the strength of the
accelerating gradient. When greater than the field emission threshold, the peak surface
electric field, Epk, can lead to electrical breakdown and increased electron release through
field emission (see Section 2.1.6.). The peak surface magnetic field, Hpk, for SRF cavities is
fundamentally limited to values less than Hsh, which for Niobium is in the range of ∼ 200-
250 mT [22]. If this limit is passed, superconducting cavities will transition into a normal
conducting state [18, 23]. Good cavity design includes minimizing the ratios Epk

Eacc
and Hpk

Eacc
,

to allow higher accelerating gradients below peak surface field limitations.

2.1.5 Superconductivity

Following the discovery of liquid Helium in 1911, Kamerlingh Onnes conducted an experi-
ment testing the resistance of Mercury at the boiling point of Helium to eventually compare
with the findings found at hydrogen temperatures [24]. Onnes noted that at temperatures
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Figure 2.3: Phase diagram for type I (left), and type II (right) superconductors. Here the
images of cylinders with surrounding red lines depict the process of flux expulsion. Image
inspiration based on [27].

below 4.2K, the electrical resistance of Mercury became so small that it could not be resolved.
This phenomena was coined superconductivity. Later in 1933, Meissner and Ochsenfeld re-
ported that this conversion from normal conductivity into superconductivity also forcefully
expels magnetic flux if the phase transition occurs in the presence of an external magnetic
field [25]; this effect is now formally known as the Meissner effect. Finally, forty years after
Onnes’ discovery, Bardeen, Cooper, and Schrieffer formulated what is now one of the most
prevalent explanations of superconductivity [26]. Their model, BCS theory, microscopically
describes superconductivity through a pairing of electrons, known as a Cooper pair. These
three discoveries pioneered the study and use of superconductors in various research and
industrial applications. Of all superconducting materials, Niobium is the standard choice for
the design of SRF cavities as it has the highest critical magnetic field, along with good mal-
leability and a high transition temperature, Tc, of 9.2 K. This section will briefly highlight
important aspects of superconductors and their associated theory.

Superconductors can be classified as type I or type II. Type I superconductors generate
an equal, yet opposite, magnetization to exactly cancel the applied field up until a critical
magnetic field, Hc, is reached. Once the critical field is crossed, the normal conducting
state will become more energetically favorable and the Meissner state, as a consequence,
will be broken. Type II superconductors differ from type I superconductors in that they are
characterized by two critical magnetic fields, Hc1 and Hc2. A relevant example of a type II
superconductor is Niobium. Type I and type II superconductors are indistinguishable when
the applied field is lower than Hc or Hc1, as both will be in a complete Meissner state. How-
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ever, once the applied field is between Hc1 and Hc2, type II superconductors enter a "vortex"
state. In a vortex state, magnetic flux begins to penetrate into the material, creating normal
conducting zones. Any field that surpasses Hc2 will transition the superconductor into a
normal conducting material. SRF cavities must be run while in the Meissner state. Other-
wise, flux moving underneath the RF field will add another dissipation outlet. A summary
illustration of these two effects can be seen in Figure 2.3.

At zero field and T = Tc, the conducting material enters a superconducting state, and the
microscopic behavior will evolve from a classical description of a conductor into the quan-
tum mechanical representation of a superconductor, as predicted by BCS theory. In BCS
theory, electrons with opposite spin and momentum can be bound to each other through
the mediation of phonon wakes. Phonon wakes are created by distortions in the atomic lat-
tice from the movement of negatively charged conduction electrons. The resulting positive
charge accumulation will act on a neighboring electron, which, in turn, will create the elec-
tron pair, otherwise labeled the Cooper pair. The formation of Cooper pairs will redistribute
the available bound states, creating a material-dependent energy gap of 2∆(T) between a
newly formed superconducting ground state and the excited states.

Between Tc and absolute zero, normal electrons and Cooper-paired electrons coexist. Often
compared to fluids, these electrons will fall into an isolated, "free" electron fluid, or will pair
with another electron to form a Cooper pair and carry current with no resistance [18]. Both
fluids flow parallel to one another, but only the superfluid will have an active current-carrying
role, as it is the path of least resistance. The ratio between the two fluids is temperature
dependent, with all electrons being paired into Cooper pairs at T = 0. Conversely, at T = Tc,
all electrons will be in a free, unpaired state. The relation describing the number of normal
electrons, nnormal, as a function of temperature is given by

nnormal ∝ exp (− ∆
kBT

) (2.35)

where kB here is the Boltzmann factor. Unlike the Direct Current (DC) case, applying RF
into an SRF cavity will produce a finite surface resistance. The inertia of the Cooper pair
prevents a full screening of the applied field, allowing a time-varying electric field to penetrate
into normal electrons, providing an accelerating and decelerating effect that creates surface
dissipation. The direct correlation between normal electrons and the resistance produced
requires that the total surface resistance follows a trend similar to that seen in (2.35). The
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Figure 2.4: Q0 vs. Eacc curves for various degrading effects. Included is the idealized
performance of Niobium, which ends at the theoretical material limit at approximately 45
MV/m. Reproduced from [7] under fair use.

total surface resistance produced can be expressed as

Rs = As
ω2

T
exp (−∆(0)

kBT
) (2.36)

where As is a constant that is determined through material parameters like the mean free
path of electrons. Experimental measurements show that Rs drops exponentially with tem-
perature until a constant minimum is reached. This residual resistance originates from mul-
tiple sources, such as: surface defects, oxide formation on the material surface, and trapped
magnetic flux. To account for each source of resistance addition, an overarching term known
as the residual is added to (2.36). In analytic form,

Rs = RBCS + R0 (2.37)

where RBCS is the resistance predicted by Equation (2.36), and R0 is the residual resistance.

2.1.6 Performance Limitations of SRF Cavities

Cost is a primary consideration in accelerator design globally. Currently, a major driver
of the operating expense associated with SRF cavity implementation is with maintaining
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cryogenic temperatures. If a cavity is experiencing increased surface losses, which, in turn,
means lower Q0, the cryogenic system must compensate for the increased cryogenic load.
Cavities at a specific gradient, with this lower Q0, would require more power, which increases
the operational cost. In some cases, local heating would break the superconducting state,
quenching the cavity. Several effects can reduce the performance of SRF cavities. In this
section, relevant effects will be discussed, along with any implications they may have on
a cavity’s performance. Figure 2.4 illustrates the performance degradation caused by the
various phenomena.

Multipacting

Multipacting is a resonant electron production phenomenon where electrons pulled from the
surface are accelerated by the local electric field impinge on the cavity surface releasing more
electrons. If the transit time of the electrons is synchronized to the RF period, an electron
production avalanche can occur [28]. The resulting electron avalanche absorbs cavity power
and reduces the cavity voltage. Multipacting can be mitigated by careful cavity design and
by reducing the secondary emission coefficient at the surface by baking or RF conditioning.
RF conditioning typically involves both pulsed and cw conditioning with forward power near
and above the level associated with the multipacting barrier.

Thermal Breakdown

Thermal breakdown can occur at defects that are present along the superconducting inner
cavity surface. Defects can produce local Joule heating, raising the temperature of the
surrounding surface area. Ideally, the heating created can be dissipated into the surrounding
Helium bath, but the additional heat will increase RBCS, which, on a local scale, creates
more surface losses. Gradual gradient increases will continue temperature growth until the
rate of heating surpasses the cooling capabilities. Eventually Tc will be exceeded. As a
result, a normal conducting zone will emerge from the formerly superconducting region, and
propagate along the inner cavity surface due to the substantial power losses created through
the transition. Referring back to Figure 2.4, an example of the transition can be seen by the
characteristic Q0 drop at 6 MV/m. Typically for 1.3 GHz elliptical cavities, superconducting
Q0 values hover around 1010, while normal conducting values decrease to 104. The gray curve
shown highlights this sudden drop in Q0.



18

Figure 2.5: Illustration of field emission from a metallic surface. The characteristic triangular
potential barrier formed from the presence of an electric field is what allows for a non-zero
possibility of electron tunneling. Reproduced from [30] under fair use.

Field Emission

Surface cleanliness is a necessity when aiming to achieve high cavity gradients. If proper
cleaning preparations are not made prior to testing, the cavity is likely to experience field
emission. Field emission is a quantum mechanical tunneling effect where the strong surface
fields interact with dirty surfaces or particulates to pull, and accelerate, electrons out of the
contaminates. Particulates with sharp or pointed features, known as emitters, are largely
considered as the primary contributor of field emission. The presence of loose electrons in the
RF space can jeopardize the accelerating capabilities of the cavity in several ways. Specifi-
cally, electrons will be accelerated by the electric fields and either re-deposit into the cavity
walls, creating bremsstrahlung X-rays and local heating effects, or be accelerated down the
beam axis. Studies have also shown that the presence of hydrocarbons can also degrade the
performance of SRF cavities [10]. Although similar, the forming mechanisms behind the two
types of field emission differ fundamentally. Furthermore, the differences between the two
are not entirely obvious without a deeper understanding of the theory behind field emission.
As such, an analytic explanation of field emission, presented by Fowler and Nordheim [29],
will be introduced to identify the effect of each contaminant.

Under normal circumstances, electrons will not cross the potential barrier established by
a metal material. Typically, the wave function of the electron experiences a significant at-
tenuating effect when outside the potential barrier, essentially removing any likelihood of
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electron transmittance. Fowler and Nordheim noted that if the surface potential barrier
could be reduced, the electrons would have a non-zero probability of tunneling into the
surrounding environment. To achieve this, Fowler and Nordheim proposed that applying
a surface electric field could reduce the surface barrier, see Figure 2.5. Analytically, this
barrier can be modeled through the relation

V (x) = −eEx (2.38)

where e is the elementary charge, E is the applied electric field, and x is position. In addition
to the potential barrier, the electron must overcome the attractive force produced by the
conducting surface. The resulting potential that is produced from this force can be written
as an image charge in the form

V (x) = − e2

16πϵ0x
(2.39)

where ϵ0 is the permittivity of free space. By combining (2.38) and (2.39), the net potential
can be written as

V (x) = −eEx − e2

16πϵ0x
(2.40)

For the case of a triangular potential well, Fowler and Nordheim were able to obtain the
expression

j(E) = AF NE2

ϕ
exp (−BF Nϕ

3
2

E
) (2.41)

for the tunneling current density j. Here ϕ is the work function of the metal, and AF N

and BF N are constants with values of 1.54x106 and 6.83x103, respectively. When applying
(2.41) to SRF cavities, it was found that the estimated values of the tunneling current was
several orders of magnitude below the experimental findings. However, the same exponential
dependence was still observed empirically. As such, (2.41) was modified by a scaling factor
known as the field enhancement factor, or βF N , to compensate for the discrepancies between
the results. The addition of βF N to the current density equation is as follows:

j(E) = AF NE2

ϕ
exp (−BF Nϕ

3
2

βF NE
) (2.42)

As previously mentioned, the type of contaminate can affect how the field emission origi-
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nates. Understanding the difference allows appropriate countermeasures to be formed. Emit-
ters on the RF surface create variations in βF N as they provide a geometric enhancement
of the electric field at the location of a protrusion. The exponential dependence of the field
enhancement factor can result in strong field emission reactions. On the other hand, hydro-
carbon monolayers target the work function aspect of (2.42). Specifically, these hydrocarbon
contaminates hold a lower work function than the Niobium surface. Due to the dependence
of ϕ in (2.42), the magnitude of the field emission current will escalate depending on the
severity of the changes in the work function.

Presently, field emission remains a key phenomenon that limits the operating gradient in SRF
cavities globally. Field emission onset can be derived using Q0 vs Eacc plots. Using Equation
(2.42) for reference, the field emission current is expected to follow either quadratic behavior
for low electric field values or exponential behavior when the electric field is increased. The
influx of introduced electrons absorb the cavity fields, adding another outlet for cavity power
losses, which is seen through the characteristic drop in Q0. In ARIEL cavities, field emission
onset is routinely seen around 10 MV/m in operation and vertical testing.

2.2 In-Situ Plasma Processing

Field emission mitigation is a time- and resource-expensive procedure. While in-situ, high-
power RF pulsed processing can be used to burn emitters with some success. Under conven-
tional mitigation methods, cryomodule warm-up and disassembly is required before surface
treatments such as High Pressure Rinse (HPR) can be applied. The ex-situ nature of these
practices gives rise to large experimental down times and may not guarantee the removal
of persistent contaminates, such as hydrocarbons in the form of CxHy or adsorbate gasses.
Plasma processing is an in-situ cleaning technique that specifically targets these contami-
nants to improve the work function of the Niobium cavities. Plasma processing technology
was first adopted from the semiconductor processing industry, where it has been extensively
studied and used to remove organic contaminants [31, 32]. This technique was first extended
to the SRF community by SNS to clean their SRF cavities [10, 33]. Now, plasma processing
has seen successful on-line applications globally including: the Continuous Electron Beam
Accelerator Facility (CEBAF) at Jefferson Lab [34], and the Chinese-Accelerator Driven Sys-
tem (C-ADS) at the Institute of Modern Physics, Chinese Academy of Sciences [35]. This
section introduces the plasma processing technique. First, a brief overview of plasma behav-
ior will be provided in Subsection 2.2.1. Subsection 2.2.2. will utilize the concepts shown in
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the preceding chapter to describe the working principles of plasma processing.

2.2.1 Plasma Basics

Similar to how a solid transitions to a fluid state when heat is supplied, gasses can be turned
into a plasma. The word plasma is designated to a gas that has been, in some capacity,
ionized. To provide a more rigorous definition, plasma refers to a gas composed of neutral
and charged species that is quasineutral in nature, which simultaneously exhibits collective
behavior [36]. Quasineutrality simply states that the entire plasma holds an equal amount
of positive and negative charges thus appearing neutral macroscopically. Locally, the charge
distribution will continually change. Unlike a stable gas, the movement of a single charged
particle can influence numerous surrounding particles through local accumulations of charge.
In particular, these concentrations of charge can induce electric or magnetic fields that will
influence the motion of nearby particles using Coulombic forces. Coulombic forces are consid-
ered to be long range within a plasma, and their influence can envelop a significant portion of
charged particles. Therefore, if external perturbations are applied to a plasma, any changes
observed are the collective effect, or behavior, of many particles.

One prominent example of collective behavior within a plasma is its ability to shield out
any electric potentials applied to it. Whenever internal electric fields are created in the
plasma, charged particles will reconfigure themselves such that the field is shielded. This
effect is a direct consequence of the high conductivity produced within plasmas and will
produce clouds of charge around the electric field source, polarizing the overall plasma. The
length scale of this shielding is known as Debye length, and is given by

λD =
√

ϵ0kBTe

Nee2 (2.43)

where λD is the Debye length, Te is the average plasma temperature, and Ne is the electron
density.

When particles in a plasma undergo collective behavior, there will be a given time period of
turbulent ion and electron behavior before each particle type can reach an equilibrium state.
In particular, electron movement will permit the ions to produce a restoring electric field to
force the electrons back into their initial position. Similar to a mass-spring system in simple
harmonic motion, the electron will accumulate some inertia on its path back, thus allowing
its trajectory to overshoot its preferred location. This cycle will repeat itself, constraining
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Figure 2.6: Illustration of a plasma sheath. As the plasma approaches the wall boundary,
the number of ions continues at a similar rate, shown by the red curve. Electron number, as
shown in the blue curve, is held relatively fixed as the plasma aims to maintain the quasineu-
trality condition. Over time, the wall accumulates more of a negative charge. Inspiration
for the image provided by [37].

the electron to oscillate with a frequency known as the plasma frequency until it settles at
its equilibrium position. The plasma frequency can analytically be estimated using

ωp =
√

Ne

ϵ0me

e2 (2.44)

where me is the mass of an electron.

Typically, plasma will be confined in some experimental vacuum environment. The in-
teraction between the plasma and the wall boundary creates a recombination effect with
both the ions and electrons. However, the mobility of the species are not equal. Electrons
possess thermal velocities higher than ions, therefore leading to a higher loss rate with the
wall boundary. As this effect continues, the wall will gather a net negative charge, forcing
the plasma to form a positive potential layer several Debye lengths thick across the wall
boundary to preserve the quasineutrality condition. This layer is called the plasma sheath
and is illustrated in Figure 2.6 along with the pre-sheath, the point at which this boundary
begins to affect the bulk of the plasma.

The dielectric constant is used to describe the propagation of electromagnetic waves in a
plasma. For high frequency driving signals (ω>ωp), the dielectric constant can be written as

ϵ = ϵ0(1 −
ω2

p

ω2
0
) (2.45)
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where ϵ is the plasma dielectric constant, and ωp is found using (2.44).

2.2.2 Processing

Plasma processing is a room temperature chemical surface restoration technique that is per-
formed within an SRF cavity held under vacuum. First, an inert gas, such as Helium or
Argon, is bled into the cavity environment until a cavity pressure in the mTorr range is
achieved. From there, a reactive gas, namely Oxygen, is injected into the cavity environ-
ment. The gas is then ignited into a plasma by using the cavity fields for a specific operating
mode. Each respective gas has a unique interaction with the surface hydrocarbons. The
inert gas has a physical bombarding effect on any molecules present along the surface of the
cavity. Specifically, ions will experience an accelerating effect from the bias voltage provided
by the plasma sheath. The ions are then incident onto the material surface, bombarding any
hydrocarbon contaminants present. Chemical chains with binding energies lower than the
kinetic energy of the incident ion are cracked into reactive subspecies. Opened bonds are
then reformed with the attractive Oxygen molecules present in the plasma, creating volatile
byproducts that are then pumped out before they can redeposit back onto the cavity sur-
face. A summary of this effect is shown on the left hand side of Figure 2.7. On the right is
an example of this process within a 1.3 GHz Copper cavity using a Helium-Oxygen recipe.
Some common formations produced from this process are H2, H2O, CO, and CO2.

The in-situ application of plasma processing makes it difficult to directly view the loca-
tion of the plasma within the cryomodule. However, if plasma ignition is considered as a
perturbation to the cavity fields, any changes in the resonant frequencies can be applied into
Slater’s theorem to estimate the plasma’s physical location within an SRF cavity [9]. This
modification of Slater’s theorem is written as

∆ω

ω0
≈ 1

2ω2
0

∫
plasma ω2

p|E|2dV∫
cavity |E|2dV

(2.46)

where ∆ω is the frequency shift of a particular resonant mode. As seen, the magnitude of
a resonant mode’s shift depends on the driving frequency, along with the strength of the
electric field in the cell where the plasma is located. Furthermore, by Equation (2.45), it
is known that the frequency shift due to plasma will never decrease. The response of the
electric field will be enhanced by the ignition of plasma, creating an upward shift in resonant
frequencies. By observing these changes in resonant frequencies, a real-time confirmation of
plasma ignition is possible, along with the identification of plasma location within multi-cell
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Figure 2.7: Pictured on the left is an overview of the plasma processing reaction that occurs
within a cavity. Inspiration for this image provided by [38]. Here, O2 (blue) is radicalized and
made incident onto hydrocarbon chains (gray). Hydrocarbons then form with the reactive
Oxygen molecules to form byproducts. On the right is the physical realization of the process
shown on the left. This is done using a recipe of Helium and Oxygen within a 5-cell 1.3 GHz
Copper cavity.

structures for the various driving modes.

Equation 2.46 can be utilized to extract the plasma’s physical location in multi-cell cavi-
ties from the frequency shift data. Specifically, the electric field magnitude in each cavity
cell will fluctuate depending on the driving mode. Cells with a higher overall electric field
magnitude will have a greater likelihood of striking a plasma. Depending on the driving
mode, several locations may have similar chances with plasma ignition. As previously men-
tioned, within an N -cell cavity operating in the fundamental mode, a passband with N

modes will be formed. The resulting modes have a field distribution with a K number of
peaks, and a K-1 number of zero-crossings. For example, in a 5-cell cavity, the 3

5π mode will
have three equally spaced high electric field peaks, with two locations in which there is no
observable field present. However, the relative magnitude of each electric field peak is not
guaranteed to be equal. As such, visualization of the field behavior is handled by beadpull
plots (see Section 3.2). By directly analyzing field amplitudes as a function of longitudinal
distance, frequency shift data can be correlated to cell locations.
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Chapter 3

Methodology

Three cavities were subjected to a combination of testing that can be separated into three
categories: beadpull, plasma cleaning, and cold tests. In this chapter, the general method-
ology applied to each test is described.

3.1 Plasma Processing Assembly

The experimental setup used for plasma processing was inspired from [34] and consists of
three primary systems. In this assembly, a gas injection system continuously supplies process
gasses into the cavity. An RF system is used to excite the electromagnetic fields within the
cavity to strike plasma at a mode-dependent location. Byproducts formed in the plasma
reaction are pumped out of the cavity. The following subsections will focus on important
components of each system, discussing in detail their specific roles during processing. An
illustration of the presented systems is given in Figure 3.1, while Figure 3.2 displays the
physical plasma processing assembly.

3.1.1 RF System

The RF system used to ignite and maintain the plasma in the bench experiments is indicated
by the black and white components in Figure 3.1. On the diagram presented in Figure 3.1,
the left-hand side of the cavity holds an input coupler. The input coupler is used to excite
the cavity electric fields. The other antenna in the system is located on the opposite end
of the cavity and is known as the pick-up probe. A pick-up probe differs from an input
coupler in that only a small fraction of the cavity fields are taken through it. Here, it is
used to complete the cavity circuit, allowing a network analyzer to measure transmission
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Figure 3.1: Schematic of the plasma processing apparatus.

Figure 3.2: The on-bench plasma processing assembly. Here, the 1.3 GHz 5-cell RF cavity
is being used to understand how plasma processing can be used in multi-cell cavities.
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Figure 3.3: Pictured, are the two RF antennas, the input coupler (left) and the pick-up
(right), used in a standard plasma processing run. Here, each coupler is connected to a
conflat flange that allows for vacuum-sealed connections onto the cavity.

and reflection coefficients. Both antennas described above are shown in Figure 3.3.

To deliver RF power into the cavity, several pieces of equipment are used. First, RF signals
of chosen frequency are sourced from a SMB100A Rohde & Schwarz signal generator. The
signal is boosted by the amplifier assembly that is placed just after the signal combiner.
The amplifier includes a built-in circulator that serves as a protection mechanism against
reflected RF signals.

The RF signal passes through a bi-directional coupler that allows for direct measurements
of the forward and reverse powers to, or from, the cavity. To obtain an approximate value
of the power reaching the plasma, the relation,

PCAV = PF W D − PREV (3.1)

can be used. Note that each power quantity applied to Equation (3.1) has already expe-
rienced attenuation corrections. Here PCAV is the power that the cavity is encountering,
PF W D is the forward power to the cavity, and PREV is the power reflected by the cavity.

Resonant frequency responses are monitored using a Rohde & Schwarz ZNB20 Vector Net-
work Analyzer (VNA), see Figure 3.4. VNAs are multi-port RF measurement devices that
measure the magnitude and phase of losses or gains between two ports of an RF network.
A VNA produces a stimulus RF signal over a specified frequency range. If mismatches are



28

Figure 3.4: A Rohde & Schwarz ZNB20 VNA. Pictured on the screen is the S21 signal for
HOM’s in the ARIEL injector cryomodule.

found within the circuit, some reflection will be produced. VNAs are able to separate inci-
dent and reflected signals, which allows for the determination of scattering, or S, parameters.
In two-port systems, there are a total of four possible S-parameters, S11, S21, S12, and S22.
The subscripts presented are the nomenclature used to distinguish the form of measurement
and the port from which the measurement is being taken. S11 and S22 measurements are
reflection measurements for the "1" and "2" ports, respectively. Here, the reflection is a ratio
of the reflected signal at a given port to the emitted signal. Conversely, transmission, S21

and S12, measurements will compare the signal received at Port 2 from Port 1 and Port 1
from Port 2, respectively.

In the plasma processing assembly, a 2-port VNA is configured to sweep through the observ-
able resonant peaks. The S21 responses of the resonant peaks will appear different before
and after plasma ignition, as some of the incident signal that was initially transmitted into
Port 2 is now reflected due to the plasma. Recalling Equation (2.46), the affected peaks
will shift to higher frequencies. Based on the magnitude of the shift characteristics, plasma
ignition will be known.

Here, the VNA is in place to act purely as a diagnostic tool. Each particular sweep covers
the span of the fundamental passband to observe shift magnitudes resulting from plasma
ignition. However, it was noted that during testing, each sweep of the VNA would influence
the plasma, temporarily pulling the plasma to follow the sweep. In turn, frequency signals
were seen to oscillate between frequencies. As such, a 20 dB attenuator was added to the
output signal so that any frequency shifts seen were solely the effect of the ignited plasma.
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3.1.2 Vacuum System

The overall vacuum system used in the plasma experiments is comprised of two sub-systems
that are responsible for creating fine- (25 Torr - 1 mTorr) and high-vacuum (1 mTorr - 10−9

Torr) systems within the experimental setup [39]. The fine-vacuum environment creates and
sustains a vacuum within the cavity that can facilitate plasma processing. Cavity pumping
was done using a scroll pump, while pressure readouts were handled by a CDG-500 capaci-
tance manometer connected in between the cavity and the scroll pump.

The secondary vacuum system is used to operate sensitive gas diagnostic equipment. The
fine-vacuum, or cavity, space creates too much of a gas load to reach high-vacuum conditions
efficiently. As such, the gas leaving the cavity is bled into a separate physical space. This is
done using a shut-off valve and a leak valve. To achieve high-vacuum conditions, the system
is first pumped on using a separate scroll pump. Once the gas load has decreased sufficiently,
the scroll pump acts as a backing pump while the space is actively pumped on by a 74 FS
TwissTorr turbo pump until a vacuum in the range of 10−5 to 10−9 Torr is reached. From
there, the diagnostic equipment present in this secondary system can begin to run.

There are two important pieces of equipment within the high-vacuum space, a hot-filament
ion gauge and an RGA. By design, the RGA is constrained to operate only within high- or
ultra-high vacuum regimes. Here, an ion gauge is used to measure the operating pressure to
ensure that it is in a safe range for RGA use. The RGA is used to ascertain the byproducts
that are formed from the plasma reaction by ionizing gas molecules within the high-vacuum
space and separating them based on mass. The particular RGA used here is the SRS RGA
100. With this model, two forms of data visualization can be produced. Molecular partial
pressures against mass are taken for fixed intervals of time to display a spectra of mass peaks.
The resulting mass spectra is known as a partial pressure versus mass, or PvM, plot. Each
sweep of the mass curve provides one data point for each indicated peak. The cumulative
array formed through the PvM sweeps can be plotted to display each peak’s partial pres-
sure behavior as a function of time. This form of measurement is referred to as the partial
pressure versus time, or PvT, plot. As it is assumed that the constituents formed in plasma
processing will be evenly distributed upon exit of the cavity, any gas sample taken will be
representative of the bulk gas behavior. Keeping this in mind, trends in byproduct formation
resulting from plasma ignition can be easily identified using the PvT curve on the RGA. For
a successful run of plasma processing, byproducts outlined in Section 2.2.2, are expected to
spike with the initial plasma ignition. As plasma continues to run, these elemental quantities
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Figure 3.5: The beadpull station used for RF measurements. Attached is the 9-cell 1.3 GHz
elliptical cavities used in the plasma processing tests.

will dwindle as they are pumped out of the cavity. Eventually, there will be no indication of
byproduct formation, verifying the success of plasma processing.

3.2 Beadpull

Without an optical means of measurement, the plasma location in multi-cell cavities is diffi-
cult to determine solely from the resonant frequency responses. However, another prediction
scheme can be created using the fact that plasma is influenced primarily by the cavity elec-
tric fields. Specifically, by measuring the electric field distribution, the likelihood of plasma
ignition can be estimated by identifying the points of largest field amplitude. To obtain
the distribution data, a beadpull stand is used. Essentially, a beadpull stand measures
the frequency responses that a cavity generates while a metallic bead is pulled through its
longitudinal axis. According to Slater’s theorem, or a modified version of Equation (2.46),
perturbations to the cavity electric fields will elicit a frequency shift that is dependent on the
field strength. In this case, the metallic bead will act as the perturbation mechanism, allow-
ing for electric field calculations to be performed based on the observed frequency changes.
By pulling the bead through the cavity, the entire electric field distribution for a driving
mode can be developed.

The beadpull configuration used for cavity measurements can be seen in Figure 3.5. Not
pictured is the hardware utilized in a standard beadpull run. Typically, this will consist
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Figure 3.6: Illustrations of the 5-cell RF cavity (left) and 9-cell SRF cavity (right). Here,
each cavity is oriented similarly to the beadpull configuration. Cell ordering is based on
location in relation to the FPC, which is right to left throughout all provided beadpull plots.

of a VNA, a counterweight pulley, and a step motor. Hardware is managed by a Labview
program created to calculate the electric field distributions. Here, the counterweight pulley
and the step motor are used to ensure that the bead travels with controlled movement along
the center axis of the cavity. The rate of rotation from the step motor, and thus the rate of
bead traversal, is handled in conjunction with VNA measurements by the Labview program
to collect one beadpull run or sweep. More details can be found in [40], but in short, the
VNA is connected to either end of the beadpull bench to measure S21 responses in the cavity.
The software communicates with the VNA to record mode-specific reference phase signals,
frequency, and QL prior to beadpull measurements. During data collection, phase signals
are taken as a function of bead travel distance. Using the acquired data, electric field calcu-
lations are completed in the Labview software to produce a mode distribution across a cavity.

In all measurements, the cavity was oriented so that the FPC end was opposite to the
step motor. Subsequent cell references will be made following their position to the FPC,
which is located on the right-hand side of each beadpull distribution. Figure 3.6 summarizes
this labeling convention illustratively.

The beadpull stand used at TRIUMF serves a dual purpose. Aside from the measurement
of RF distributions across the various driving modes, the beadpull stand can permanently
alter the shape of each distribution by modifying the length of a particular cell. This is done
to uphold the definition of the π-mode. Namely, it is required that the π-mode provides
an equal acceleration in each cell throughout the cavity. In other words, this would require
that the electric field distributions across each cell must be equal, or "flat"; an example of a
flattened cavity is seen in Figure 3.7. Whenever a cavity is not flat, cells will be expanded or
contracted between two plates placed at the each iris of a single-cell to progress the field dis-
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Figure 3.7: An example of a field flattened elliptical cavity. Here, a 9-cell ARIEL SRF cavity
was able to reach a flattened π-mode distribution with Buffered Chemical Polishing (BCP)
and beadpull tuning [15].

tribution towards a flattened state. Often several cells need to be adjusted, and only when
each electric field peak in the π-mode is roughly equal to one another in magnitude will
the procedure converge. To know when a field-flattened profile is achieved, a quantification
relation defined in [41] can be applied. In analytic form,

F.F.[%] = (1 − EC,max − EC,min
1
N

∑
EC,i

) × 100% (3.2)

where F.F. refers to the field flatness as a percentage, and EC,i is the peak electric field
amplitude in the ith cell, with the subscripts max and min referring to the largest and
smallest fields seen across the N cells.

3.3 Cold Test

SRF cavities are cryogenically tested in a vertical cryostat; the setup used at TRIUMF is
shown in Figure 3.8. In this study, vertical tests were conducted on a 1.3 GHz single-cell
cavity to qualify the effectiveness of plasma processing at removing field emission. Here, the
cold-test assembly and procedure will be discussed.
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Figure 3.8: The cryostat assembly used for cryogenic testing of SRF cavities. Cavities are
lowered into the center of the cryostat, where they will eventually be submerged in LHe.

3.3.1 Cryostat

Cryogenics

To achieve the cryogenic temperatures necessary for cavity testing, a cylindrical vessel known
as a cryostat is used. TRIUMF’s cryostat includes a vacuum in the space between the cryo-
stat walls that limits convective heat transfer, while a liquid Nitrogen (LN2) cooled shield
blocks radiative heat transfer from outside walls [42]. The cavity is suspended vertically in
the vacuum space from a removable lid known as the cryoinsert. The cyroinsert is equipped
with RF feedthroughs that connect the cavity to external RF sources and copper baffle plates
that shield the LHe from radiative heat transfer from the room temperature side of the lid
when under vacuum, along with convective heat transfer when in the Helium space. Addi-
tional ports on the lid of the cryoinsert create connections to instrumentation. When testing,
several types of sensors are placed in areas of interest within the cryostat to relay diagnostic
information pertaining to internal parameters, such as pressure, temperature, or LHe levels.

Cavity cool down is done in several steps. First, LN2 is cycled through the cryostat’s thermal
shield to bring the temperature down to 100K. From there, LHe is used to reach the final
testing temperature. A typical test point is 4.2K, the boiling point of LHe at atmospheric
pressure. Given the high BCS-resistance at 1.3 GHz, these cavities are typically tested at
2K, a point just below the transition to superfluid Helium. To reach 2K, the LHe must be
pumped to ∼ 30mbar. Once testing is complete, heaters are used to warm up the cavity
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until room temperature is reached.

3.3.2 RF

The performance of an SRF cavity can be characterized using a Q0 versus Eacc curve. An RF
circuit is used to excite the cavity at different RF power levels. Using measurements of the
forward and reverse powers, along with the cavity voltage, a determination of quality factor
and gradient can be made for each set point. To find more details on the LLRF system,
refer to [43].

The loaded quality factor can be found by temporarily switching the RF off. Whenever
the RF is turned off, the energy will decay following exponential behavior, i.e.

U(t) ∝ exp −ω0t

QL

(3.3)

where U(t) here is the time-dependent stored energy. As the stored energy is the square of
the cavity voltage, Equation (3.3) can be rewritten as

V (t) ∝ exp − ω0t

2QL

. (3.4)

The voltage decay is measured with an oscilloscope and to solve for QL, a fit of the same
form as Equation (3.4) is applied to find the value of the overall decay constant. As the
frequency of the pickup signal is measured simultaneously with the voltage decay, QL can
be extracted through a simple rearrangement of quantities.

The vertical test system is typically made to be in a critically coupled state (β = 1) by
using a variable coupler. In a critically coupled system, Q0 = 2QL, so calculations of Q0 are
thereby straightforward.

To form a Q0 versus Eacc curve, Eacc has to be calculated. By utilizing Equation (2.29),
and taking into account cable attenuations, the total power dissipated in this system can be
written as

PC = PF − PR − PP U (3.5)

where PP U is the pickup power attenutation corrected from the power meter. If the stan-
dard definition of the quality factor, given by Equation (2.24), is to be applied, then the
accelerating gradient can be derived by calculating the stored energy, U . Specifically, Eacc
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is related to the stored energy using the relation

U = CE2
acc (3.6)

where C is a proportionality constant. In practice, C is programmed as a selectable constant
that is found using finite element solvers, such as COMSOL or CST. A Labview program
then takes the aforementioned quantities as input to produce a calibration Q-curve point.
As C is a property of the cavity, it remains constant through testing. All subsequent data
points will use the same C value, effectively removing the need for repeated decay-time
measurements.
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Chapter 4

Results

To systematically clean the SRF cavities within ARIEL’s cryomodules, several experimental
goals must be realized in a testing environment. First, plasma processing must succeed with
cleaning the inner surface of a single-cell cavity. Afterwards, plasma movement in multi-cell
cavities must be studied until a systematic procedure is developed that cleans each cell within
the cavity. The experiments conducted in this study were done to achieve these milestones.
A total of three cavities were studied. For its RF simplicity, a 1.3 GHz single-cell elliptical
cavity was used to validate and optimize the plasma processing procedure. Plasma movement
studies were then conducted using a 1.3 GHz 5-cell Copper RF cavity and a 1.3 GHz 9-cell
Niobium SRF cavity. The copper cavity was equipped with ARIEL style end groups while
the nine-cell cavity had TESLA style end groups. This chapter focuses on each experiment,
discussing the impact of the results towards the eventual on-line implementation of plasma
processing.

4.1 Beadpull Measurements

Both multi-cell cavities were attached to the beadpull stand to measure every field profile in
their fundamental passband. The beadpull field profiles for the 5-cell can be seen in Figure
4.1, while the 9-cell profiles are in Figure 4.2. In both cases, the first mode was unable to
be captured because of poor transmission through the cavity, likely due to poor coupling of
the antenna to the mode. Adjustments were made to the beadpull stand in an attempt to
improve transmission, but the expected result was unable to be produced. As such, the first
mode for each cavity was modeled using COMSOL, a finite element solving software [44];
both plots can be seen in Figure 4.3. The beadpull data of the π-mode is typically used to
provide a visual gauge to determine whether cavity tuning is necessary. Typically, a TESLA
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5 π

(c) 4
5 π (d) π

Figure 4.1: Electric field distributions across the beam axis within the 1.3 GHz 5-cell ARIEL
RF cavity for the various driving modes. Labels correspond to the driving mode of the
produced distribution. Here, the left-hand-side of each plot corresponds to the pick-up end
of the beadpull stand.

cavity is tuned such that a flatness value greater than 95% is produced in its π-mode. Visu-
ally, the magnitude of each peak will be roughly uniform across the passband. The π-mode
profile for the TESLA 9-cell shown in Figure 4.2(h) was only 72% flat. Although not close
to design specifications, 9-cell tuning was deemed unnecessary. It can be observed that in
Figure 4.2(h) the region where the field is the highest is on the pick-up end of the cavity. A
gradual downward trend is noted in the field amplitudes towards the coupler end.

In the case of the 5-cell, the last mode in the fundamental passband produced a problematic
distribution (Figure 4.1(d)). Unfortunately, noise overshadows the exact curve behavior,
making it difficult to determine the field behavior. The source of the noise is still not fully
understood, but it persisted until several tuning rounds were applied. The altered field dis-
tributions after tuning are seen in Figure 4.4.

After tuning, the 4
5π- and π-modes were the only ones to experience any notable change. No-

tably, the π-mode had experienced a reduction in noise, now allowing two additional peaks
to be resolved. However, the π-mode distribution could not be fully recovered. Specifically,
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9 π (h) π

Figure 4.2: Longitudinal electric field patterns for the 1.3 GHz 9-cell TESLA SRF cavity.
Similar to Figure 4.1. the pick-up end is located at the left-hand-side of the plots.
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Figure 4.3: COMSOL’s recreation of the 1
5π- (left) and the 1

9π-modes for the 1.3 GHz 5-cell
ARIEL RF and 1.3 GHz 9-cell TESLA SRF multi-cell cavities.

(a) 4
5 π (b) π

Figure 4.4: Beadpull measurements for the 1.3 GHz 5-cell ARIEL RF cavity after several
rounds of tuning.

the fields in the two cells closest to the pick-up side of the cavity (200 mm) could not be
resolved. In other words, the coupling to the fields in these cells was too weak to achieve a
significant field reading. Upon further inspection, it was discovered that there were several
cavity fabrication flaws that would explain the poor cavity coupling. Most notably, the ra-
dius of each inner cell iris was found to vary significantly across the cavity. Starting from the
coupler beam pipe, the iris radii values were measured to be: 48.1 mm, 38.74 mm, 37.09 mm,
36.13 mm, 35.63 mm, and 39.07 mm. The 5-cell was initially designed to test fabrication
steps for the ARIEL cavity. In the ARIEL design, the iris radii are fixed at values of 35
mm for the inner half-cells, 48 mm for the coupler beam pipe, and 39 mm for the pick-up
beam pipe [15]. Both beam pipe radii seemed to match design expectations well, so the poor
coupling experienced could be a direct consequence of the inner cell iris radii deviations.
Regardless, the labeling convention n

5 π cannot be used to describe the modes found in the
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Figure 4.5: Electric field magnitudes for each mode predicted by Poisson SUPERFISH for
the 1.3 GHz 5-cell ARIEL RF cavity. Distributions were plotted using Python and found
after applying realistic cavity parameters, such as the measured iris dimensions.

fundamental passband. As such, each mode studied in the 5-cell’s fundamental passband
will be henceforth referred to by the order of its frequency. In other words, the mode with
the lowest frequency will be labeled as "Mode 1", and so on.

Once it was determined that the cavity deviated from the design specifications, the 5-cell
was remodeled in Poisson SUPERFISH with measured dimensions to verify that the limit
of cavity tuning had been achieved. Poisson SUPERFISH is another finite element software
that calculates fields within RF cavities [45]. The cavity modes were simulated following
cavity parameter adjustments and plotted similarly to the beadpull plots. These distribu-
tions are shown in Figure 4.5, indicating good agreement with the beadpull profiles of the
actual cavity. The only discrepancy appears to be with the relative magnitude of some
peaks. Otherwise, this model was able to accurately replicate the fields within the 5-cell.
The SUPERFISH model was then used to help predict the next tuning steps. However, to
achieve a roughly flat Mode 5, several substantial adjustments would need to be made, which
would not be feasible without damaging the cavity. As such, no field flatness value could be
produced for Mode 5 of the 5-cell cavity.

4.2 Plasma processing

Plasma processing using higher-order modes excited from HOM couplers has been proven
to recover the performance of SRF cavities in-situ [13, 34]. However, TRIUMF’s 1.3 GHz
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Figure 4.6: An Argon-Oxygen plasma ignited within the 1.3 GHz single-cell cavity.

ARIEL cavities do not contain HOM coupler ports, requiring plasma ignition to be done
using FPCs [15]. In addition, HOM’s are damped in ARIEL’s cryomodules, restricting the
available modes to the fundamental and first-dipole passbands [46]. In this research, the
fundamental pass band driven from an FPC was used in three cavities. Subsequent sections
summarize the findings of each study.

4.2.1 Single-Cell

Sharpie Tests

The initial plasma study conducted on the 1.3 GHz single-cell was done to verify the criteria
for igniting a plasma. A combination of 90%-10% Argon gas to Oxygen gas was injected
until a cavity pressure of 200 mTorr was reached and a plasma was ignited. Figure 4.6 is an
example of the plasma seen through a view port using this recipe.

Initial plasma testing was completed without the RGA in place. In this setup, there was
insufficient evidence to determine whether the plasma reaction was working to clean the cav-
ity as intended. Therefore, a demonstration experiment was conducted. In [13], permanent
marker points were placed along regions of the inner cavity surface where electric fields were
high. Here, a permanent marker is chosen because its ink is composed of hydrocarbons.
Through repeated rounds of processing, Giaconne, B., et al. were able to show that these
ink markings could be removed. This methodology was applied to the single-cell cavity.
Dots of permanent marker ink were placed at several radial locations around the cavity iris.
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While pumping on the cavity, no noticeable change was seen in the ink densities. Only when
a 90%-10% Ar-O2 plasma was maintained with a cavity power of 10 W for ten hours was
the ink seen to change. These results are presented in Figure 4.7. It can be seen that there
are several points in which there is a decrease in ink density. Markings with lower densities
are observed to be removed faster than points where the ink is more saturated. Unlike the
results found in [13], no point could be fully removed. Furthermore, a majority of the ink
in the Giaconne study was processed off in only one hour, rather than our ten. Nonetheless,
the contamination created by the permanent marker ink is denser than those adsorbed in an
actual cryomodule, so the processing requirements should be less demanding.

Figure 4.7: The inner iris of the 1.3 GHz single-cell cavity marked with several dots of
permanent marker ink (left). The same dots after ten hours of 90%-10% Ar-O2 processing
with 10 W of power going into the cavity (right).

Plasma Processing with the RGA

Following the ink removal tests, UHV equipment was integrated into the plasma process-
ing apparatus. Plasma processing trials were reiterated using a similar gas recipe, namely
90%-10% Ar-O2 at 200 mTorr. Each processing repetition increased the plasma density in
an attempt to promote conditioning efficiency. Specifically, cavity power was increased from
the 10 W used in the permanent marker tests to approximately 70 W. Figure 4.8 shows the
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Figure 4.8: The RGA PvT plot measuring the byproduct responses from a 90%-10% Ar-O2
processing plasma ignited within the 1.3 GHz single-cell cavity. Here, the plasma ignition is
set to be at t=0. In addition, a coupler ignition event can be seen to occur at approximately
0.8 hrs.

RGA PvT data collected from one round of processing using this particular plasma recipe.
In short, no byproduct responses were seen in any of the performed tests. The only indi-
cation of a reaction occurring was the spike seen just past the half-hour mark. Here, the
coupler modes were better coupled to the plasma than the cavity modes, and a plasma with
a substantial density was ignited along the input coupler, creating a temporary spike in the
expected byproducts. This effect was triggered by increases in the input power, and will
hereafter be referred to as coupler ignition.

Coupler ignition is problematic for processing because it acts as an upper limit to the avail-
able power that can be used to increase the plasma density in the cell. Based on the RGA
response, the plasma created in the cell had too low a density to facilitate processing reac-
tions. As such, several recipes were attempted that altered the Oxygen levels in the plasma,
the total cavity pressure, or both. Each successive plasma trial produced trends similar to
those seen in Figure 4.8.

After private communications with JLab’s Tom Powers, the inert process gas was changed
to Helium. The testing using Helium as the process gas was a success, though it is not
fully understood which elemental property was directly responsible for the change in results.
Jonkers, et al. have reported that at atmospheric conditions, Helium’s higher excitation po-
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Figure 4.9: The RGA PvT plot measuring the byproduct responses from a 95%-5% He-O2
processing plasma ignited within the 1.3 GHz single-cell cavity. Byproduct formations are
seen to increase shortly after plasma ignition at t=0.

tential of its first excited state and lower overall mass results in a higher electron temperature
plasma [47]. If this condition still holds true in our plasma environment, the higher elec-
tron temperature could mean that Helium is more capable at facilitating chemical reactions
because it has better heat transfer between electrons and heavy ions compared to a similar
Argon plasma. Figure 4.9 shows the PvT data measured by the RGA for a 95%-5% He-O2

cleaning plasma at 80 mTorr. Immediately, the trends exhibited follow expectations. Sharp
increases in common byproducts formed in the processing reaction, like H2O, CO, and CO2,
can be seen at plasma ignition. In addition, the partial pressure of the reactionary process
gas, Oxygen, is seen to diminish at a rate similar to the increase in the other byproducts.
While processing continues, saturation was observed in the partial pressures. This is the
point at which the processing is at a maximum within the cavity. As processing contin-
ues, the partial pressures of each byproduct begins to decrease until the background signal
overshadows the reaction’s behavior. Overall, removal of contaminants within the single-cell
cavity took approximately 30 minutes at a power of 100 W using this particular plasma
recipe.

Recipe Comparisons

Several conditioning trials were conducted that adjusted parameters to characterize plasma
efficiency.
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Figure 4.10: The RGA PvT plot measuring the byproduct responses from a 95%-5% He-CH4
processing plasma ignited within the 1.3 GHz single-cell cavity. Byproduct formations are
seen to increase shortly after plasma ignition at t=0.

To normalize the processing comparisons, prior to each processing run, artificial contam-
ination was applied using a Helium-Methane plasma. The idea of Methane pollution was
first introduced by JLab [48]. Fundamentally, the Helium-Methane and Helium-Oxygen
recipes follow similar cracking principles. Specifically, Helium is used to split CH4 into its
Carbon and Hydrogen constituents, which will deposit onto the cavity’s surface. A typical
RGA PvT measurement for the contaminating plasma is seen in Figure 4.10. At plasma
ignition, constituents like H2 are seen to spike. Simultaneously, Methane is consumed in the
splitting process, which is why it is seen to drop until plasma is extinguished. Interestingly,
molecules of mass 28 were seen on the RGA and observed to follow the H2 behavior. We sus-
pect that this molecule is Ethylene (C2H4). During contamination, it appears that particles
split in the plasma environment can reform into longer hydrocarbon chains before they are
pumped out of the system. Ethylene was the only unexpected hydrocarbon configuration
measured.

Several contamination recipes were tested, and it was found that a gas recipe of 95% Helium
to 5% Methane at 80 mTorr created the largest contamination reactions. As such, follow-
ing each processing round, a contaminating plasma using this recipe was maintained for 90
minutes.

Each of the processing recipes tested had their byproduct responses compared to observe
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Figure 4.11: A comparison of CO2 abundances that are removed from the cavity during
processing for the tested processing recipes.

which recipe could process most effectively. Direct comparisons were not possible due to
differences in the flow rates between recipes. As such, alternative methods of recipe com-
parison were attempted. Byproduct curves resulting from plasma ignition were normalized
by their partial pressure values prior to plasma ignition and plotted against one another.
A CO2 abundance comparison between the various recipes using this normalization can be
seen in Figure 4.11. Recipes that elicit strong initial CO2 responses are seen to also extend
the processing period. This behavior is most prominently seen with the 80mTorr 95%-5%
He-O2 (red) and 80mTorr 90%-10% He-O2 (orange) curves in Figure 4.11.

The trends produced seem to indicate that the choice of gas composition has an inherent
effect on the efficacy of plasma with removing hydrocarbons. Recipes with a lower overall
cavity pressure are seen to process CO2 out of the cavity in greater abundances, displaying
higher removal rates for extended reaction durations, comparatively. Furthermore, recipes
with a higher percentage of Oxygen unanimously perform poorer than recipes that use less
Oxygen. This effect is seen in several instances. For example, between the red and orange
curves in Figure 4.11. These recipes are the closest in composition, only deviating by 5%
in their respective Oxygen ratios, but the red curve has a higher removal rate for a similar
processing period. Although both parameters can influence hydrocarbon removal, the PvT
data suggests that plasma processing is more dependent on Oxygen quantities present com-
pared to the gas pressure.
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Figure 4.12: S21 measurement of the 5-cell’s fundamental bandpass using the VNA.

The data collected in this experiment has shown that in general, the combination of low
cavity pressure and low Oxygen ratios yielded the greatest byproduct responses. Currently,
we cannot conclude that the recipes presented are optimized for on-line application. Addi-
tional exploration into recipes with cavity pressures lower than the chosen threshold of 80
mTorr or the Oxygen ratio of 5% is needed to fully understand the limit of each parameter.
During testing, high residual vacuums in the cavity space and the rough flow control with
manual valves made any subsequent recipe adjustments difficult. Implementation of mass
flow controllers would allow for fine gas adjustments, while more rigorous assembly of the
plasma apparatus would reduce the residual vacuum.

4.2.2 5-Cell

Network Analyzer Measurements

Although the 1.3 GHz 5-cell ARIEL cavity exhibited poor electric field distributions in the
beadpull measurements, processing studies can still provide useful information on the nature
of plasma ignition within the various modes in the on-line cavities. Before subjecting the
cavity to plasma processing experiments, the VNA was used to collect S11 and S21 data
for every mode within the fundamental passband. The transmission signal for the entire
first passband can be seen in Figure 4.12. Observing the passband, it was noted that the
first and last resonant peaks, which correspond to Mode 1 and Mode 5, were transmitting
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significantly lower than the middle three peaks. Recalling the beadpull distributions, both
of these modes were seen to have weak coupling, even with tuning, so this result is not
surprising. Furthermore, the coupling of the input coupler to each mode was measured
using Smith charts. These results are summarized in Table 4.1. Table 4.1 initially presents
the coupling using Standing Wave Ratio (SWR) values. SWR describes the RF mismatch
in a waveguide and is defined as the ratio of the maximum and minimum amplitudes in a
standing wave. For undercoupled RF systems, SWR can be related to the coupling constant,
β, by: SWR = 1

β
. Using this relation, every mode was found to be undercoupled. Here,

Mode 5 was found to be the closest to a critically coupled system, while Mode 1 was the
most undercoupled, comparatively. Critically coupled assemblies have already been shown
to successfully process off hydrocarbons (Section 4.2.1). However, when on-line application
is considered, critical coupling would be difficult to attain. Specifically, each ARIEL SRF
cavity is designed to maintain a Qext value of 3 × 106. While the cavity is at 2K, the
cryomodule is set to operate in an overcoupled state due to the large Q0 (1 × 1010) [49].
To apply plasma processing, the cavity must be warmed-up to room temperature, which
drops Q0 to approximately 1 × 104. At this temperature, the cryomodule assembly becomes
undercoupled. Therefore, understanding plasma ignition behavior for undercoupled systems
will better prepare the eventual on-line implementation.

Table 4.1: VNA measurements of the 5-cell’s fundamental passband.

Mode Coupled State SWR β

1 Undercoupled 12.79 0.078

2 Undercoupled 11.77 0.085

3 Undercoupled 10.82 0.092

4 Undercoupled 8.11 0.123

5 Undercoupled 4.15 0.241

Plasma Processing

Processing was conducted using both Argon and Helium recipes. In each of the tests per-
formed, the location of the plasma was visually confirmed through an optical viewport. The
optical window was attached on the longitudinal beam port closest to the FPC. It should be
noted that since only one viewport was used, the plasma closest to the window would effec-
tively block any visual indication plasma ignited further downstream. In turn, this made it
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difficult to determine the exact characteristics of the plasma other than its nearest location.

Figure 4.13: He-O2 plasma ignitions within the 5-cell using Mode 4 (upper left) and Mode 5
(upper right) of the fundamental passband. Plasma locations are seen to ignite in different
locations depending on the mode. The RGA PvT scan corresponding to the processing with
these two modes is seen below the two plasma images.

Helium ignitions in the 5-cell were conducted first. Each of the frequencies corresponding to
the five modes in the fundamental passband were used to drive the cavity fields. Of the five
modes, Modes 4 and 5 were successful in creating fields capable of igniting a plasma within
the 5-cell. Furthermore, both of the plasmas produced were dense enough to produce RGA
byproduct responses. These plasma ignitions were performed consecutively, and are visually
summarized in Figure 4.13. We can see that in the upper left and right images in Figure
4.13, bright plasmas are formed in cells 3 and 1. However, when driving the cavity using
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Figure 4.14: Displayed is an Argon-based coupler ignition within the 5-cell. Here the coupler
was ignited using Mode 3 and can be identified by the bright purple hue around the antenna
tip.

Mode 5, the plasma seen in cell 1 could be the initial ignition location, or the diffusion from
a plasma located in cell 2. It is likely to be the former. Recalling the beadpull distributions
for these modes, the largest electric field amplitudes are observed around the 3rd and 1st
cells for Modes 4 and Modes 5, respectively. Therefore, the experimental observations were
consistent with the beadpull predictions when plasma was achievable.

After Helium testing, Argon processing was opted for as it displayed lower ignition thresholds
in the single-cell testing. In short, Argon plasma ignition was confirmed in all fundamental
passband modes, except for Mode 1. However, none could initiate any byproduct response
from the RGA. Similar ignition locations were noted when reattempting ignitions with Modes
4 and 5. Additionally, Modes 2 and 3 created plasmas within cells 4 and 5, both of which
were also consistent with their beadpull distributions. It is therefore safe to assume that the
first mode would ignite a plasma at the point of highest electric field magnitude. For Mode
1, this would be suspected to occur in the middle of the cavity, likely within the third cell.

Ultimately, the coupling in the earlier modes did pose problems for plasma ignition, making
it difficult to observe how mode shifts will influence processing parameters. In addition, cou-
pler ignitions would often occur seemingly unpredictably, limiting the overall power available
for plasma density modifications. Before on-line testing can be considered, coupler ignitions
must be better understood to form necessary preventative measures, as they have been shown
to damage equipment and sputter coupler material onto the cavity [50].
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Coupler Ignition Studies

Coupler ignitions were studied systematically within the 5-cell in an attempt to predict their
occurrences. During testing, coupler ignitions were identified either visually or by drops in
the VNA transmission signals. It was noticed that coupler ignitions, or breakdowns, would
occur at various thresholds dependent on the gas recipe. One example is seen in Figure 4.14.
Coupler ignitions were induced for the five modes as a function of gas pressure. The results
for both Argon and Helium are given in Figure 4.15. In either case, the threshold for coupler
ignition is lower at higher cavity pressures. This behavior is more easily seen in the Argon
case, where most modes are seen to breakdown around 60 W when cavity pressures are past
300 mTorr. However, the most peculiar behavior is found with Mode 5. Mode 5 is seen to
ignite the coupler much lower compared to the other modes.

(a) Argon coupler ignitions. (b) Helium coupler ignitions.

Figure 4.15: Coupler ignitions for the various modes as a function of cavity pressure. The
left-hand image is for Argon testing, while the right image is for Helium. Helium coupler
ignitions were not seen as frequently compared to Argon testing, only consistently igniting
in Mode 5.

Coupler ignition was seen across almost all tested modes for Argon. Initially, it appears
that Argon tends to exhibit behavior that supports coupler ignition. However, it is likely
that the powers required to ignite the coupler using Helium were never reached. Previously,
Helium was seen to need more power to initially transition into a plasma compared to Argon.
As powers in the hundreds of Watts were reached for the Argon case, it is likely coupler igni-
tion will not be a problem in subsequent Helium testing, unless a high cavity pressure is used.

Coupler ignition is currently understood to occur when coupler modes become more fa-
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vorable to ignite a plasma than the cavity modes. In most cases, this effect is seen after
plasma ignition is already achieved. Therefore, plasma ignition through power adjustments
contributes to the likelihood of coupler breakdown. Specifically, driving at a cavity resonance
allows for efficient power transfer to the cavity fields. Plasma ignition will shift the reso-
nant peak to higher frequencies according to Equation (2.46), pushing the initial drive signal
further off-resonance. Off-resonance excitation is less efficient than on-resonance excitation,
requiring more RF power to reach equivalent field amplitudes. Ultimately, the process re-
peats itself. Power increases eventually result in a lower power transfer efficiency, which
requires more power to promote the plasma’s density. Eventually, the large reflected signal
produced from this process would decouple from the cavity modes, and instead tend to the
coupler modes, creating a plasma discharge around the FPC. To counteract this, iterations of
plasma processing have adjusted the driving frequency following plasma ignition, effectively
chasing the resonance to reduce decreases in mode excitation efficiency [9]. To mitigate the
possibility of coupler breakdown, this approach should be considered for future multi-cell
testing.

4.2.3 9-Cell

The 5-cell cavity was found to be unable to consistently ignite all modes in the funda-
mental passband. Furthermore, no additional ARIEL cavities were available to continue
multi-modal plasma testing. As such, a 1.3 GHz TESLA 9-cell SRF cavity was opted for.
The TESLA 9-cell has already been shown to have reasonable RF distributions in its fun-
damental passband (see Section 4.1.), so the cavity was chosen to provide experience with
plasma ignition and movement within 9-cell 1.3 GHz cavities. Although the ARIEL cavity
design was originally derived from the TESLA design, there are several differences between
the two that require adjustments in the experimental assembly and procedure. An example
is that the TESLA cavity only has two ports available for vacuum or RF connections [14],
compared to the ARIEL cavity’s six. In short, this design choice makes the installation of
an optical viewport impractical. Previously with 5-cell plasma testing, the location of the
plasma was visually confirmed through the optical viewport. Knowing the plasma location
is necessary to develop a cleaning sequence in multi-cell cavities. As such, in this section, a
model is introduced that utilizes field concentrations in the TESLA 9-cell cavity to estimate
the plasma’s location through S21 responses.

In the proposed model, plasma location estimation is done using two sets of data. First,
it is known that the location of the plasma within the 9-cell cavity is dependent on the
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concentration of fields in a particular cell. Cells with higher electric fields are more likely
to excite and sustain a plasma. As such, the first set of data this model utilizes is the
stored energy data, which is extracted for each cell from the beadpull distributions shown
in Figure 4.2 in Section 4.1. Here, the approximate cell positions were estimated using the
definition of the π-mode. Specifically, the π-mode is configured to produce similar electric
field amplitudes across each of the nine cavity cells. By observing the longitudinal position
of each peak, cell locations will be known and used to extract electric field data from all of
the beadpull field profiles; collecting all of the data into one table will form a 9×9 electric
field matrix, Emn. Electric field measurements are converted to stored energies by squaring
each value, and normalized such that each column sums to unity. The resulting matrix, Umn

is seen in Table 4.2.

Table 4.2: The normalized stored energies within each cell of the 1.3 GHz TESLA 9-cell SRF
cavity as a function of driving mode. Note that the first mode is not presented as it could
not be resolved in the beadpull measurements.

2
9π 3

9π 4
9π 5

9π 6
9π 7

9π 8
9π π

Cell 1 0.0639 0.0319 0.0887 0.1519 0.1095 0.1848 0.2040 0.0943

Cell 2 0.1568 0.2538 0.1768 0.0467 0.1137 0.0651 0.1779 0.0921

Cell 3 0.1543 0.0211 0.0196 0.2042 0.1100 0.0137 0.1263 0.0939

Cell 4 0.1114 0.0390 0.2001 0.0014 0.1083 0.1403 0.0518 0.0944

Cell 5 0.0187 0.2830 0.0066 0.2128 0.1136 0.1924 0.0082 0.0958

Cell 6 0.1399 0.0237 0.1872 0.0050 0.1101 0.1530 0.0190 0.1086

Cell 7 0.1629 0.0395 0.0446 0.1847 0.1088 0.0243 0.0813 0.1245

Cell 8 0.1453 0.2835 0.1504 0.0640 0.1136 0.0514 0.1444 0.1392

Cell 9 0.0469 0.0246 0.1260 0.1293 0.1123 0.1750 0.1871 0.1572

The second set of data that this model uses consists of resonant mode frequency shifts.
When a plasma is ignited within a cavity, the plasma acts as a perturbation, which shifts
the resonant modes to higher frequencies, according to Slater’s theorem. Figure 4.16 shows
how a plasma ignited with the 1

9π-mode can alter peak frequencies throughout the passband.
Using the VNA, peak frequencies are measured by placing a marker over the resonance. By
comparing the frequencies of all nine resonant modes in the passband before and after plasma
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ignition, the shift of each peak can be directly calculated as the difference between the two
quantities. Several driving powers were attempted for each driving mode, and the resulting
measurements are summarized in Table 4.3. The columns are organized according to a given
mode, while the rows distinguish the cavity power used to excite the plasma. The complete
tabulation of the frequency measurements is provided in Appendix A.

Figure 4.16: VNA S21 captures of the 1.3 GHz TESLA 9-cell’s passband before (left) and
after (right) a plasma is ignited using the 1

9π-mode at 86 W. Here, a marker is held over the
2
9π-mode to illustrate that a peak shift has occurred.

Table 4.3: Mode frequency shifts seen in the 1.3 GHz TESLA 9-cell when plasma is ignited
using the 1

9π-mode. Each cavity shift is in MHz.

1
9π 2

9π 3
9π 4

9π 5
9π 6

9π 7
9π 8

9π π

86 W 0.271 0.175 0.191 0.140 0.193 0.136 0.149 0.183 0.130

136 W 0.310 0.317 0.265 0.252 0.236 0.223 0.202 0.287 0.177

Rather than focusing on absolute magnitude of the frequency shift, this model requires that
the frequency shifts are ranked based on difference. Namely, shifts with greater deviations
from the initial resonant frequency would be ranked higher, with 1 being the largest shift
seen for a particular plasma ignition.

A similar methodology is applied to the Umn matrix, which instead ranks the magnitude
of stored energy for each row. Each row assumes a specific plasma location, and provides
an expected frequency ranking. Each row is compared to the experimentally determined
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frequency shift data through a least-squares minimization of the form

δm =
√∑

m

(RUm − Rm)2 (4.1)

where δm is the least-squares minimization value, RUm is the index of the stored energy
matrix, and Rm is the equivalent index for the frequency shift data. The plasma’s location
is then estimated based on the minimal value produced by the least-squares analysis. One
example of this procedure is shown in Appendix A, while the subsequent subsection in the
Appendix summarizes the overall results of the prediction model.

Various trends were exhibited in the predicted results, making it difficult to generalize the
plasma behavior. In modes like the 4

9π-mode, the plasma is stationary regardless of the input
power. Some of the results indicated that the plasma would change positions with increases
to cavity power. One specific case is when the cavity is being driven by the 2

9π-mode. Here,
the plasma is seen to ignite in Cell 3 and move to Cell 7 until the 110 W mark. After
this point, the plasma repositioned itself back to Cell 2, closer to the coupler. When the
plasma was observed to move, there was not a clear pattern indicating favorable movements
or locations. Other cases, such as the 8

9π-mode, confined the plasma fairly locally, only
repositioning from Cell 3 to Cell 5. Electric field concentrations did not appear to affect
the migration of plasma to a particular cell. In fact, modes, such as the 8

9π-mode, would
transition the plasma to cells with a relatively low field concentration, comparatively. As
such, it seems only the initial ignition requires a strong electric field present in the cell.

Most ignition locations were fairly consistent with the assumption that plasma would ig-
nite at high-field cells. Any deviations from this assumption were typically seen with modes
where there were several regions with comparable field magnitudes. In these cases, plasma
was typically seen to choose positions closer to the coupler. Observing the results for the
π-mode, neither behavior was produced. Namely, the plasma ignition was estimated to occur
in a cell with a lower overall field, away from the coupler. It is not known why the model
only fails in this particular mode.

At this stage, the predictive model shows some promise in its ability to estimate the plasma’s
physical location within the 9-cell cavity. However, the model is currently incomplete without
the 1

9π-mode data. If the impact of first mode affects the produced results even marginally,
then it must not be overlooked to preserve experimental accuracy.
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4.3 Cold Test

Performance changes resulting from plasma processing were measured using cold tests. A
total of two tests were conducted at 4K and 2K using the 1.3 GHz single-cell SRF cavity to
observe the effectiveness of plasma processing in removing hydrocarbon contaminants. The
first test needed to be completed with a cavity that was considered dirty. By introducing
hydrocarbon contaminants onto the cavity surface, the expected performance of the studied
cavity would noticeably decrease from field emission. The second test would then act as a
qualification test that focuses on removing the introduced contaminants. Ideally, the cavity
performance would be recovered following plasma processing, providing us with conclusive
evidence regarding the technique’s effectiveness at in-situ cleaning.

Very careful preparations were made prior to testing to avoid the introduction of contami-
nants onto the inner cavity surface. Namely, the single-cell was subjected to 90 minutes of
HPR and allowed to dry in a Class-10 clean room to avoid the introduction of additional par-
ticulates into the cavity environment. Following cavity assembly in a Class-10 clean room,
the cavity was pumped at a rate of approximately 1 Torr/s to avoid particulate disturbances.
Below 1 Torr, pumping was done with a turbo pump until Ultra-High Vacuum (UHV) con-
ditions were reached.

To apply uniform hydrocarbon contamination within the single-cell cavity, the clean cav-
ity was attached to a modified form of the plasma processing assembly (see Figure 4.17).
Here, we attempted to control the amount of contamination placed onto the cavity surface by
igniting and maintaining a 95%-5% He-CH4 plasma. However, it was found that the variable
coupler was too undercoupled to ignite a plasma capable of splitting the methane molecule
into individual constituents. In fact, the RF feedthrough holding the input coupler was
damaged in the process due to the lack of thermal insulation around the coupler. As such,
a two-step testing approach was created. Table 4.4 summarizes the developed procedure.
In the two-step processing test, the first step was to reconfigure the plasma processing assem-
bly back to the bench setup. This arrangement would handle the ignition and maintenance
of a contamination plasma or a cleaning plasma within the cavity. Furthermore, this task
would only require a swap from the variable coupler to the coupler shown in Figure 3.3.
After cavity processing is completed, the cold test cavity assembly would be reinstated for
the 4K and 2K testing.

Using the initial plasma processing assembly, a total of two plasmas were ignited within
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Figure 4.17: The 1.3 GHz single-cell SRF cavity suspended from the cryoinsert while attached
to the modified plasma processing apparatus. Components used in the assembly, like the
variable coupler or pumping cart, can be seen attached to various adapting flanges on the
cavity.
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Table 4.4: The generalized procedure used in the cold test experiments, detailed step by
step.

Step Details

HPR Cavity is sprayed with deionized water to remove particulates.

Class-10 assembly Cavity attachments are added in a controlled, clean environment.

Contamination A He-CH4 plasma is ignited within the cavity to contaminate it.

Slow pump and vent Done to swap between plasma and cold test couplers.

Cold test 4K and 2K testing conducted to quantify cavity performance.

Slow pump and vent Done to swap between plasma and cold test couplers.

Cleaning A He-O2 plasma is ignited within the cavity to clean it.

Slow pump and vent Done to swap between plasma and cold test couplers.

Cold test 4K and 2K testing conducted to validate technique’s capabilities.

Figure 4.18: RGA PvT scans for each plasma step performed in the qualification tests. The
left panel shows the byproduct responses while the He-CH4 95%-5% 80 mTorr recipe was
ignited. The right panel displays the gas compositions leaving the cavity while the He-
O2 95%-5% 80 mTorr cleaning plasma was maintained. t=0 here indicates plasma’s initial
ignition.

the single-cell cavity. The first was a 95%-5% He-CH4 plasma that was used to artificially
contaminate the inner surface of the single-cell cavity. The Helium-Methane plasma was
maintained for a duration of 90 minutes at a cavity pressure of 80 mTorr using a forward
power of 110 W. After the first round of cryogenic testing, a 95%-5% He-O2 cleaning plasma
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was maintained for 95% - 5% He-O2 for approximately 45 minutes to remove newly in-
troduced hydrocarbons from the interior of the single-cell cavity. RGA data was collected
throughout each process. PvT plots highlighting the partial pressure versus time behav-
ior for each processing step can be seen in Figure 4.18. The gas behavior in both cases
is consistent with the trends exhibited in the bench trials. From the produced RGA data,
each respective processing round seemed to have completed their respective roles adequately.

(a) 4K Q0 vs. Eacc (b) 4K X-ray counts vs. Eacc

(c) 2K Q0 vs. Eacc (d) 2K X-ray counts vs. Eacc

Figure 4.19: Results of the cold tests conducted on the 1.3 GHz single-cell elliptical SRF
cavity. Figures 4.19(a) and 4.19(c) display the Q0 vs. Eacc performance of the cavity at
4K and 2K. Figures 4.19(b) and 4.19(d) plot the radiation produced from the cavity for the
obtainable Eacc values. Note that in the 2K testing, pulse conditioning was applied in an
attempt to condition the cavity. B.P.C. here corresponds to the data taken before pulse
conditioning was applied, while A.P.C. refers to the data taken afterwards.

After each processing round, cryogenic tests were completed at 4K and 2K to measure the
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performance changes resulting from the applied conditioning. Figure 4.19 summarizes the
results from each set of tests. In the contamination test, quality factor degradation was first
noted around 4 MV/m. At the time, this was believed to be due to multipacting. As such, a
brief round of RF conditioning was applied, and the quality factor was recovered thereafter.
The quality factor was again seen to degrade around 8 MV/m. The decrease seen was very
gradual and indicative of field emission onset as X-ray counts increased corresponding to
quality factor decreases. Ultimately, both the 4K and 2K tests reached a gradient around
12.5 MV/m before the X-ray radiation levels reached administrative limits. In the processed
cavity, the quality factor was seen to drop significantly around 5.7 MV/m and 5.2 MV/m in
the 4K and 2K tests, respectively. X-rays were also seen to spike at these gradients, quickly
emulating the radiation levels seen around 12.5 MV/m in the contaminated test. The sharp
downward trend suggests a strong presence of field emitters within the cavity at the time of
measurement. Pulse conditioning was applied at 5.5 MV/m for 45 minutes to improve cavity
performance. The curve corresponding to post-pulse conditioning performance is purple in
4.19(c). Immediately, it is seen that there were minimal improvements in the gradient, with
quality factor degradation now occurring at 6 MV/m. The cavity performance observed in
the contaminated cavity surpassed the processed cavity. Therefore, no conclusive evidence
was produced that would indicate the effectiveness of plasma processing in promoting cavity
performance.

The second cold test exhibited cavity performance significantly poorer than that found in
the first cold test. It is evident that the performance degradation was due to a heightened
abundance of field emitters that were present in the cavity’s RF environment. Although the
source is not exactly known, we speculate that there were several procedural choices that
could have introduced new contaminates into the cavity, moved existing contaminants into
higher RF regions within the cavity, or both. One such example is that if the gas flow rate
was set too high, the injected gases would disrupt the settled particulates. Among the several
reasons, the transfer of couplers was likely the main reason for the performance degradation.
Specifically, our remedy for the inability of the variable coupler to ignite plasma was to
change the coupler during processing intervals. In each coupler swap, the cavity needed to
be vented, exposing the cavity to the gas present in our slowing pumping/venting system.
The cleanliness of our slow pumping and venting system was tested in a separate series of
cold tests. Q0 versus Eacc plots at 4K and 2K (see Figures 4.20(a) and 4.20(b)) show that the
cavities vented by this system experienced contamination around the same point at which
the plasma processing qualification tests first saw performance degradation, 10 MV/m. In
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short, the slow venting and pumping system was compromised with contaminates. A total
of four cavity vents were completed, creating four instances where new contaminants could
have been introduced into the cavity. Of the four cavity vents, the final iteration was likely
the primary candidate for the performance degradation seen in the second cold test, as it is
the only step that displayed results that deviated from expectation. No changes were made
to the venting procedure in this last step, so it is hard to say if the degradation was purely
the effect of an influx of new contaminants within the cavity.

(a) 4K Q0 vs. Eacc (b) 2K Q0 vs. Eacc

Figure 4.20: Results of the cold tests conducted on the 1.3 GHz single-cell elliptical SRF
cavity to qualify our slow vent/pump system. Figures 4.20(a) and 4.20(b) display the Q0
vs. Eacc performance of the cavity at 4K and 2K, respectively. In the 2K testing, pulse
conditioning was applied in several iterations to condition the cavity. B.P.C. PC1 refers to
the first round of pulse conditioning, while PC2 refers to the second.

Before further plasma processing cryogenic testing is attempted, a modified variable cou-
pler should be developed that allows for further penetration into the cavity. When within
the cryostat, the coupler should function exactly as the current variable coupler. The pri-
mary differences would be for room temperature conditioning. Specifically, a system near
critical coupled is needed to efficiently ignite the plasma. By extending the coupler length,
there would be more flexibility in creating the ideal coupling conditions. Furthermore, not
having to alternate between couplers removes the necessity for several cavity vents, reducing
the potential contamination risk.
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Chapter 5

Conclusions and Future Work

Conclusions

Plasma processing is an in-situ cleaning technique that has found success in restoring the
on-line performance of SRF cavities at several linac facilities. In this technique, a plasma is
ignited within the cavity to chemically remove hydrocarbon field emitters on the inner cavity
surface. The focus of this thesis was to better understand the plasma ignition mechanisms
within 1.3 GHz SRF cavities in preparation of an eventual roll-out onto TRIUMF’s ARIEL
eLINAC.

In Section 4.2.1., plasma’s effectiveness at removing hydrocarbons was demonstrated within
a 1.3 GHz single-cell cavity. Plasma testing at this stage attempted to optimize plasma
cleaning by exploring processing parameters. Initially, several inert gases were used to pro-
cess the single-cell cavity. He-O2 plasmas were found to produce RGA byproduct curves
most consistent with literature. Further refinement of the gas recipe warranted the need for
artificial pollution using a He-CH4 plasma. By alternating between a contamination plasma
and a cleaning plasma, hydrocarbon removal between gas recipes was tested. Ultimately,
it was found that the combination of a lower Oxygen gas ratio and lower cavity pressure
was the most effective in removing byproducts. Due to equipment limitations, 5% O2 and
80 mTorr was the lowest achievable threshold for either parameter. Further parameter ex-
ploration is intended before it can be concluded that the presented recipe is the optimized
cleaning procedure.

The beadpull measurements shown in Section 4.1. provided information into how plasma
traverses through the multi-cell cavities for each driving mode. Through these plots, it was
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discovered that one of the multi-cell cavities, the 1.3 GHz 5-cell ARIEL RF cavity, did not
exhibit coherent π-mode behavior. By simulating the cavity in Poisson SUPERFISH, it
was determined that the cavity was fundamentally flawed, presently making representative
modal studies in ARIEL multi-cell cavities impossible.

Plasma movement in both multi-cell cavities was confirmed using S21 responses from the
VNA. In the case of the 5-cell, plasma locations were verified using an on-axis optical win-
dow. Surprisingly, the plasma location exactly followed the points with the highest electric
field magnitude for each driving mode. As such, a model was proposed in Section 4.2.3.
which utilized the beadpull distributions to estimate the ignition location of plasma for the
various driving modes. The model produced fairly consistent results. However, it is currently
incomplete as the stored energy data for the 1

9π-mode was not collected due to transmission
issues on the beadpull bench. Plans are in place to acquire this data and complete the model.

Finally, shown in Section 4.3., a series of 4K and 2K cold tests were conducted to qual-
ify plasma processing. The cavity, when polluted, was able to reach 11 MV/m before we
recorded field emission onset. After subjecting the cavity to a round of plasma processing,
the performance decreased to only 6 MV/m. We believe that the degradation in cavity per-
formance was due to procedural choices. Currently, we cannot make a conclusive statement
regarding the effectiveness of plasma processing without repeating the 4K and 2K testing.

Future Work

At this stage of development, plasma processing cannot be applied on-line. There are sev-
eral milestones that still need to be achieved experimentally. The results presented in this
dissertation have provided valuable insight into discerning how to achieve these goals going
forward and how to improve our existing apparatus and procedure.

In Section 4.2.1., it was shown that the contamination levels across each of the process-
ing tests were unequal, suggesting the implementation of mass flow controllers to regulate
flow and reduce the risk of particulate displacement. Coupler ignition was seen to limit
the achievable plasma density in Section 4.2.2. To mitigate this, rather than using power
changes, the driving frequency will follow the resonance, maintaining the coupling to the
plasma.
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Improvements to the existing procedure cannot account for the differences between the bench
and cryomodule assemblies. As such, future plasma studies aim to bridge this gap by recre-
ating the cryomodule environment off-line. A flattened 1.3 GHz ARIEL 9-cell SRF cavity
must be tested with the 50 kW FPCs used within the cryomodules to understand how sub-
stantially undercoupled systems ignite plasma in these particular cavities.

Eventually, the plasma processing assembly must be transitioned from a fixed apparatus
to a mobile cart. Plans are in place to install a second accelerating cryomodule to ARIEL’s
beamline, pushing the final energy to 50 MeV [51]. Making the plasma processing assembly
mobile improves its accessibility, enabling the possibility of repeated processing for each cry-
omodule, without significant changes to their configuration. Only simple vacuum connections
will be needed to prepare a cryomodule for the plasma processing cart.
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Appendix A

Appendix

Mode Shift Data

Resonant modes in the fundamental passband shift as a consequence of plasma ignition. This
subsection summarizes the frequency shifts seen in the nine modes when driving the cavity
fields with each of the different modes. Tables are organized so that each column corresponds
to a particular resonant peak’s shift following plasma ignition. Rows here describe the plasma
power at the time of measurement.

Table A.1: Mode frequency shifts measured for several powers when a plasma is ignited using
the 1

9π-mode. Each cavity shift is in MHz.

1
9π 2

9π 3
9π 4

9π 5
9π 6

9π 7
9π 8

9π π

86 W 0.271 0.175 0.191 0.140 0.193 0.136 0.149 0.183 0.130

136 W 0.310 0.317 0.265 0.252 0.236 0.223 0.202 0.287 0.177

Table A.2: Mode frequency shifts measured for several powers when a plasma is ignited using
the 2

9π-mode. Each cavity shift is in MHz.

1
9π 2

9π 3
9π 4

9π 5
9π 6

9π 7
9π 8

9π π

25 W 0.192 0.371 0.115 0.099 0.237 0.271 0.023 0.067 0.079

45 W 0.308 0.505 0.160 0.280 0.266 0.342 0.150 0.123 0.533

75 W 0.428 0.513 0.210 0.447 0.367 0.457 0.304 0.123 0.727

110 W 0.193 0.566 0.840 0.773 0.663 0.661 0.607 0.894 0.778
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Table A.3: Mode frequency shifts measured for several powers when a plasma is ignited using
the 3

9π-mode. Each cavity shift is in MHz. Here, N/M means that the the resonant peak
could not be measured once plasma was ignited.

1
9π 2

9π 3
9π 4

9π 5
9π 6

9π 7
9π 8

9π π

37 W 0.075 0.306 0.546 0.475 0.338 0.272 0.415 0.621 0.170

61 W 0.075 0.373 0.701 0.704 0.530 0.460 0.581 0.756 0.371

97 W 0.075 0.428 0.837 0.938 0.810 0.741 0.816 0.872 N/M

Table A.4: Mode frequency shifts measured for several powers when a plasma is ignited using
the 4

9π-mode. Each cavity shift is in MHz. Here, N/M means that the the resonant peak
could not be measured once plasma was ignited.

1
9π 2

9π 3
9π 4

9π 5
9π 6

9π 7
9π 8

9π π

45 W 0.601 0.441 0.167 0.866 0.126 0.434 0.752 -0.019 0.826

61 W 0.695 0.516 0.355 0.994 0.215 0.510 0.884 0 1.032

79 W 0.964 0.595 0.664 1.168 0.471 0.650 1.059 0.049 1.387

Table A.5: Mode frequency shifts measured for several powers when a plasma is ignited using
the 5

9π-mode. Each cavity shift is in MHz. Here, N/M means that the the resonant peak
could not be measured once plasma was ignited.

1
9π 2

9π 3
9π 4

9π 5
9π 6

9π 7
9π 8

9π π

39 W 0.021 0.167 0.402 0.581 0.744 0.934 1.016 N/M 1.324

51 W 0.036 0.182 0.951 0.655 0.824 1.013 1.090 0.778 N/M

65 W 0.505 1.571 0.456 0.440 1.330 1.084 0.179 0.930 N/M
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Table A.6: Mode frequency shifts measured for several powers when a plasma is ignited using
the 6

9π-mode. Each cavity shift is in MHz. Here, N/M means that the the resonant peak
could not be measured once plasma was ignited.

1
9π 2

9π 3
9π 4

9π 5
9π 6

9π 7
9π 8

9π π

73 W 0.072 0.241 0.554 0.791 0.983 1.189 1.250 0.982 N/M

110 W 0.072 0.290 0.644 0.916 1.133 1.339 1.356 0.976 N/M

132 W 0.089 0.306 0.683 0.977 1.207 1.401 1.400 1.009 N/M

157 W 0.091 0.323 0.727 1.042 1.265 1.456 1.428 1.008 N/M

Table A.7: Mode frequency shifts measured for several powers when a plasma is ignited using
the 7

9π-mode. Each cavity shift is in MHz. Here, N/M means that the the resonant peak
could not be measured once plasma was ignited.

1
9π 2

9π 3
9π 4

9π 5
9π 6

9π 7
9π 8

9π π

113 W N/M 1.054 2.269 3.303 3.846 3.879 3.311 N/M 1.458

137 W N/M 1.084 2.269 3.303 3.856 3.896 3.311 N/M 1.729

167 W N/M 1.084 2.269 3.327 3.866 3.896 3.311 N/M 1.952

Table A.8: Mode frequency shifts measured for several powers when a plasma is ignited using
the 8

9π-mode. Each cavity shift is in MHz. Here, N/M means that the the resonant peak
could not be measured once plasma was ignited.

1
9π 2

9π 3
9π 4

9π 5
9π 6

9π 7
9π 8

9π π

75 W N/M 1.604 N/M 0.162 1.603 2.668 N/M N/M 0.309

109 W N/M 1.608 2.222 1.556 2.001 2.786 N/M 1.080 0.748

157 W N/M 1.621 2.285 1.658 2.044 2.808 N/M 1.080 0.808
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Table A.9: Mode frequency shifts measured for several powers when a plasma is ignited
using the π-mode. Each cavity shift is in MHz. Here, N/M means that the the resonant
peak could not be measured once plasma was ignited.

1
9π 2

9π 3
9π 4

9π 5
9π 6

9π 7
9π 8

9π π

98 W N/M 1.177 2.076 3.068 3.409 3.278 N/M 0.152 0.567

121 W N/M 1.177 2.083 3.068 3.439 3.301 N/M 0.156 0.645

144 W N/M 1.187 2.083 3.092 3.439 3.323 N/M 0.160 0.955
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Model Example

Shown here is an example of how the model presented in Section 4.2.3. can be used to
determine the location of the plasma within the 9-cell cavity. In this example, the 4

9π-mode
is applied to the estimation model to showcase the calculation procedure.

First, the data presented in Tables 4.2 and A.4 must be converted to ranked form so that
a least squares minimization can be applied. Here, the frequency data is ranked according
to the difference between the resonant frequencies before and after plasma ignition. Fur-
thermore, the stored energy matrix, Umn, is ranked based on the magnitude of the column
value. In either case, the largest value is given a rank of "1", with increasingly smaller values
labeled in ascending order. The two ranked matrices correspond to Tables A.10 and A.11.

Table A.10: The ranked stored energy matrix for the 1.3 GHz TESLA 9-cell SRF cavity.
Ranks of 1 correspond to the cells with the largest stored energy, while a rank of 9 is the
lowest, comparatively.

2
9π 3

9π 4
9π 5

9π 6
9π 7

9π 8
9π π

Cell 1 7 8 6 3 4 2 1 5

Cell 2 4 1 3 8 5 7 2 6

Cell 3 2 6 7 1 4 8 3 5

Cell 4 3 7 1 8 4 2 6 5

Cell 5 6 1 8 2 4 3 7 5

Cell 6 3 6 1 8 4 2 7 5

Cell 7 2 7 6 1 4 8 5 3

Cell 8 3 1 2 7 6 8 4 5

Cell 9 7 8 5 4 6 2 1 3

Now that both matrices are in a ranked format, each row in the frequency shift matrix will
be iteratively tested against each row of the stored energy matrix through a least-squares
minimization. In other words, each unique power row in Table A.11 will be applied to Equa-
tion 4.1 against the nine stored energy rows in Table A.10 to produce nine minimization
values. The likely position of plasma is then determined by the smallest minimization value.
Analytically, this calculation is shown below for the 45 W row of frequency shift data and
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Table A.11: The ranked frequency shift matrix produced from plasma ignition using the
4
9π-mode. Columns specify which resonant mode the shift refers to, while the rows denote
the cavity power for each ignited plasma.

1
9π 2

9π 3
9π 4

9π 5
9π 6

9π 7
9π 8

9π π

45 W 4 5 7 1 8 6 3 9 2

61 W 4 5 7 1 8 6 3 9 1

79 W 4 7 5 2 8 6 3 9 1

for the Cell 1 row in the stored energy matrix:

δ2
m =

∑
m

(RUm − Rm)2

δ2
m = (7 − 5)2 + (8 − 7)2 + ... + (1 − 9)2 + (5 − 2)2

δ2
m = 133

→ δm = 11.532 ≈ 12

The results of applying the least squares minimization to Table A.11 is summarized in Table
A.12. Note that the values presented refer to δ2

m, rather than δm for additional clarity.

Examining each column, the model appears to predict that the plasma is located in Cell
7 in all three cases. Each column produces minimization values that are marginally lower
than those seen with the next closest prediction, Cell 4. This suggests that, at the time of
testing, the plasma was located in either Cell 4 or 7, with a slight preference for the latter.
Recalling the 4

9π-mode’s beadpull plot, Cells 4 and 7 hold the highest field amplitude, so the
result produced is consistent with initial expectation.
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Table A.12: The square of the least-squares minimization values, δ2
m, for the three experi-

mentally acquired frequency shift data sets. Values highlighted in blue represent the most
likely estimation of the plasma’s location during testing.

45 W 61 W 79 W

Cell 1 133 140 135

Cell 2 123 132 117

Cell 3 169 176 181

Cell 4 27 34 51

Cell 5 139 146 113

Cell 6 54 67 64

Cell 7 23 30 43

Cell 8 101 108 99

Cell 9 103 106 103

Plasma Location Matrices

Each of the frequency shift data sets presented above were input into the frequency prediction
model. The following Section summarizes the findings of this model in a manner similar to
Table A.12, sequentially.
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Table A.13: δ2
m values for the 2

9π driving mode. Presented are the plasma location predictions
for four power levels.

25 W 45 W 75 W 110 W

Cell 1 132 157 144 75

Cell 2 108 123 136 48

Cell 3 46 77 92 123

Cell 4 100 79 66 73

Cell 5 76 125 134 49

Cell 6 95 104 101 59

Cell 7 94 75 64 67

Cell 8 94 93 106 57

Cell 9 162 151 132 63

Table A.14: δ2
m values for the 3

9π driving mode. Presented are the plasma location predictions
for three power levels.

35 W 62 W 97 W

Cell 1 72 69 67

Cell 2 32 42 43

Cell 3 102 107 89

Cell 4 94 56 64

Cell 5 90 59 53

Cell 6 75 40 47

Cell 7 96 47 55

Cell 8 50 50 44

Cell 9 72 71 59



73

Table A.15: δ2
m values for the 5

9π driving mode. Presented are the plasma location predictions
for three power levels.

45 W 62 W 79 W

Cell 1 23 15 107

Cell 2 108 100 84

Cell 3 91 91 11

Cell 4 66 63 123

Cell 5 57 63 65

Cell 6 102 79 125

Cell 7 65 69 121

Cell 8 120 125 73

Cell 9 17 25 121

Table A.16: δ2
m values for the 6

9π driving mode. Presented are the plasma location predictions
for four power levels.

75 W 110 W 132 W 157 W

Cell 1 19 19 19 33

Cell 2 91 112 112 110

Cell 3 83 87 87 87

Cell 4 52 67 67 61

Cell 5 41 53 53 57

Cell 6 65 83 83 69

Cell 7 49 71 71 63

Cell 8 110 131 131 123

Cell 9 29 31 31 47
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Table A.17: δ2
m values for the 7

9π driving mode. Presented are the plasma location predictions
for three power levels.

110 W 137 W 167 W

Cell 1 72 72 72

Cell 2 91 91 91

Cell 3 62 62 62

Cell 4 68 68 68

Cell 5 43 43 43

Cell 6 72 72 72

Cell 7 62 62 62

Cell 8 78 78 78

Cell 9 90 90 90

Table A.18: δ2
m values for the 8

9π driving mode. Presented are the plasma location predictions
for three power levels.

110 W 137 W 167 W

Cell 1 36 84 90

Cell 2 53 63 69

Cell 3 18 50 64

Cell 4 52 80 74

Cell 5 36 29 29

Cell 6 93 76 68

Cell 7 52 72 64

Cell 8 52 60 60

Cell 9 52 112 112
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Table A.19: δ2
m values for the π driving mode. Presented are the plasma location predictions

for three power levels.

110 W 137 W 167 W

Cell 1 74 74 74

Cell 2 93 93 93

Cell 3 50 50 50

Cell 4 72 72 72

Cell 5 41 41 41

Cell 6 78 78 78

Cell 7 66 66 66

Cell 8 76 76 76

Cell 9 94 94 94
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