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Abstract

Electric discharge is present in various aspects of our everyday lives. Internal
combustion engines rely on spark plugs for the running of the motor, fluorescent
lighting functions by gas discharge and a lightning bolt strikes somewhere on
earth every second. An electrical breakdown is an event where a voltage across
two conductive electrodes, separated by an electrically insulating medium, be-
comes high enough for the insulating properties of the medium to be weakened,
subsequently allowing an electric current to pass through the medium. A special
type of such an event is a vacuum arc breakdown, where the electrodes are sepa-
rated by a gap of void, which acts as a good insulator, but will still be breached
under sufficiently high voltage.

When controlled, the electric arcing can be used as a powerful tool to focus energy
to a specific location. However, several applications are also hindered by the
occurrence of breakdowns, including particle accelerators, vacuum interrupters
and solar panels. A common factor in these applications is the aim to maximize
the electric field strength to optimize the operational efficiency and ecological
footprint of such a device. The breakdown phenomenon is at the crossroads of
many fields of science, including plasma, materials and surface physics. Effort to
explain the breakdown origin has been ongoing for more than a hundred years,
and, despite of the constant progress, there are only hypotheses on the exact
nature of the process.

This work presents an experimental approach for studying the breakdown phe-
nomenon between Cu electrodes, separated by a vacuum gap. The breakdowns
are generated as a consequence of repeatedly applying high-voltage pulses across
the gap. As a result, statistics, such as breakdown frequency, of the events are
investigated and any effects on the surface analyzed.

It was shown that cleaning the electrode surface, either by the electric pulsing or
plasma treatment, improves the breakdown resistance of the system, whereas any
idle time between the high-voltage pulses increases the breakdown probability.
Furthermore, it was found that the breakdown events can be attributed to distinct
classes, suggesting separate processes responsible for the breakdown generation.
One set of processes were labeled extrinsic, as they are driven by the external
factors responsible of the surface contamination of the electrode surface. The
other processes were characterized as intrinsic, as they were defined by inherent
material properties and continued affecting the breakdown frequency even when
the effect of extrinsic processes was minimized by plasma cleaning of the surface.

Understanding the formation mechanisms of a vacuum arc breakdown allows
designing applications that can sustain higher electric fields without breakdown
events. The results of this work provide insight on how improving the surface state
of an electrode can increase its breakdown resistance. Additionally, an algorithm
is presented for recovering the pulsing voltage after a previous breakdown to a
high level in an optimal way, with a minimal probability of follow-up breakdowns.



viii

Tiivistelmä

Sähköisiä purkauksia esiintyy lukuisissa arkipäiväisissäkin tilanteissa. Polttomoot-
torit käyttävät sytytystulppia moottorin käynnistämiseen, loisteputkivalaistuksen
toiminta perustuu sähköpurkauksiin kaasussa ja salama iskee jossain päin maa-
palloa joka sekunti. Sähköinen läpilyönti on tapahtuma, jossa kahden eristeellä
erotetun, sähköä johtavan elektrodin välinen sähköjännite kasvaa liian suureksi,
eristeen kestokyvylle. Tämän seurauksena sähkövirta pääsee kulkemaan elektro-
dien välillä. Tyhjiövalokaariläpilyönti on tämän ilmiön erikoistapaus, jossa elekt-
rodeja erottaa tyhjiö, joka toimii hyvänä eristeenä, mutta on silti murrettavissa,
kun jännite nousee riittävän suureksi.

Hallituissa olosuhteissa valokaaria voi käyttää tehokkaana työkaluna energian kes-
kittämiseksi määrättyyn paikkaan. Läpilyönnit kuitenkin myös rajoittavat usei-
den sovelluksien toimintaa. Näihin kuuluvat muun muassa hiukkaskiihdyttimet,
tyhjiökatkaisijat ja aurinkokennot. Kyseisiä sovelluksia yhdistää tavoite sähkö-
kentän voimakkuuden maksimoimiseksi, mikä mahdollistaa laitteen käytön mak-
simitehokkuudella, ekologinen jalanjälki minimoiden. Läpilyöntien tutkiminen on
monien tieteenalojen, kuten plasma-, materiaali- ja pintafysiikan risteyksessä. Lä-
pilyönteihin liittyviä ilmiöitä on yritetty selittää jo yli sadan vuoden ajan. Ta-
saisesta edistyksestä huolimatta tapahtumaketjun tarkasta luonteesta tunnetaan
kuitenkin edelleen vain erilaisia hypoteeseja.

Tässä työssä tutkitaan tyhjiövalokaariläpilyönti-ilmiötä kuparielektrodien välissä
kokeellisin menetelmin. Läpilyöntejä synnytetään tuottamalla korkeajännitepuls-
seja elektrodien välillä ja niitä tutkitaan analysoimalla tapahtumien tilastollisia
ominaisuuksia, kuten taajutta, sekä niiden vaikutuksia elektrodien pintoihin.

Tutkimuksissa osoitettiin, että elektrodien pinnan puhdistaminen – joko sähkö-
pulsseilla tai plasmakäsittelyllä – parantaa läpilyöntikestävyyttä, kun taas minkä
tahansa pituinen aika pulssien välillä kasvattaa läpilyöntien todennäköisyyttä.
Lisäksi huomattiin, että läpilyöntejä voi luokitella eri kategorioihin, mikä puoles-
taan vihjaa erilaisista prosesseista, jotka vaikuttavat läpilyöntien syntyyn. Yksi
prosessityyppi tunnistettiin ulkoiseksi, sillä siihen vaikuttavat erityisesti ulkoiset
tekijät, kuten elektrodipinnan kontaminaatio. Toinen prosessityyppi luokiteltiin
sisäiseksi, koska sen nähtiin liittyvän materiaalin luontaisiin ominaisuuksiin ja
sen vaikutus läpilyöntitaajuuteen säilyi, vaikka ulkoisten prosessien vaikutus mi-
nimoitiin pinnan plasmapuhdistuksella.

Läpilyöntien syntymekanismien ymmärtäminen mahdollistaa sovellukset, jotka
kestävät entistä korkeampia sähkökenttiä ilman läpilyöntejä. Tämän työn tulok-
set kertovat, kuinka elektrodin pinnan puhtaustilan parantaminen voi nostaa sen
läpilyöntikestävyyttä. Lisäksi työssä esitellään optimaalinen algoritmi pulssitus-
jännitteen nostamiseksi aiemman läpilyönnin jälkeen niin, että välittömien jat-
koläpilyöntien todennäköisyys voidaan minimoida.
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Chapter 1

Introduction

Various types of modern scientific instruments rely on the acceleration of charged
particles using electric fields. The final kinetic energy of the accelerated particle
depends on the electric field it faces during the acceleration and the acceleration
distance. Thus, the kinetic energy of the particle can be maximized either by
increasing the acceleration length or the electric field strength. In practice, the
question is about optimizing the balance between these two properties.

Such high-gradient applications include a diverse range of devices, from kilometer-
scale elementary particle colliders to millimeter-scale miniature x-ray sources [1–
3]. Some examples in the intermediate range comprise solar panels, vacuum
interrupters, free electron lasers, medical accelerators and neutron sources for
fusion reactors [4–15].

Increasing the electric field strength can make the apparatus more compact. How-
ever, this brings in new requirements for the accelerating materials and the media
the particles are traveling in. In air, at normal temperature and pressure (NTP),
the dielectric strength is 0.3 MV/m [16]. The air no longer acts as an electrical
insulator above this level. Instead, the gas molecules are ionized and a conductive
channel between the positively charged anode and the negatively charged cathode
is formed. Such breakdown events are undesirable in most applications as they
cause current spikes, loss of energy and deflection of the accelerated particles.

The breakdown strength can be increased by changing the insulating medium.
Many solid ceramic and polymer materials have dielectric strengths several times
higher than that of air. These include alumina, mica, polystyrene, polychloro-
prene (neoprene) and polytetrafluoroethylene (teflon) which all have the dielectric
strength above 10 MV/m [17]. A problem with solid state insulators, however,
is that once a breakdown occurs, the material is permanently damaged and the
maximum dielectric strength is lost. Also gases can be used as the insulating
material. However, for example the commonly used sulfur hexafluoride is an
extremely potent greenhouse gas [18].

1



2 CHAPTER 1. INTRODUCTION

Vacuum is also a very effective insulator. In an ultra-high vacuum environ-
ment (pressure below 1× 10−9 mbar), the dielectric strength can be more than
100 MV/m [19]. As all the molecules are removed from between the electrodes,
there is nothing left to be ionized. In such case, the dielectric strength is deter-
mined by the material properties of the electrode surfaces. When the electric field
strength is high enough, electron field emission current starts forming across the
electrode gap. In sufficient conditions, this phenomenon can lead to a runaway
process which causes a vacuum arc – and breaking down of the voltage across the
gap. This is referred to as a vacuum arc breakdown event (BD). However, the
term vacuum arc is technically misleading, as there can be no electric arc in pure
vacuum. Instead, the arc requires the extraction of metal vapour and electrons
from the electrodes for the conductive channel of plasma to be formed [4].

Vacuum arcing should not be mixed with quantum tunneling, where an electron
has a finite probability to leap over a potential barrier (such as a vacuum gap)
between two conductors. In this work, we focus on vacuum gaps in the scale of
50 µm while the tunneling distance is typically limited to a maximum of a few
nanometers [20]. Quantum tunneling also requires electric field strengths in the
order of 1 GV/m [21]. At such small distances and high electric fields, other
phenomena, such as quantum effects and field evaporation come into play and
the process of voltage collapse across the gap can not be explained by the vacuum
arcs.

Formation of the BDs is still not fully understood despite of extensive research
on the matter for more than 100 years [4, 22–25]. The open questions revolve
around the start of the runaway process and the relative proportions on the effect
of material properties and surface features on the BD generation, as discussed in
the Publications I–IV. The current understanding of the BD formation process
is described in more detail in Chapter 3.

An important result was obtained around a decade ago when the breakdown
strength was measured for a number of metals [26]. As seen in the resulting
graph (also shown in Figure 1.1), the order of the materials correlates with their
crystal structure. Elements with hexagonal close-packed (HCP) structure had
the highest breakdown strength, whereas the ones with face-center cubic (FCC)
had the lowest, with the body-centered cubic (BCC) metals in between. This
finding links the breakdown strength with material properties, such as dislocation
mobility. The dislocation movement is dependent on the number of dislocation
slip planes, which is varies between the crystal structures [27]. In HCP crystals,
there are only a few slip planes, whereas FCC crystals have 12 slip planes. Also
the good performance of stainless steel supports the connection, as the Cr atoms
in the alloy are known to hinder the dislocation movement.

One particular device where the breakdown resistance greatly affects the de-
sign is the Compact Linear Collider (CLIC), an electron–positron collider pro-
posed to be built at the European Organization for Nuclear Research (CERN) in
Geneva, Switzerland [28, 29]. At the planned first stage of CLIC, the electrons
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Figure 1.1: Average breakdown strength of various metallic elements and stainless steel (SS).
Crystal structures of the metals are denoted above each bar [26].

and positrons are each accelerated over a distance of 5.7 km to centre-of-mass en-
ergies of up to 380 GeV before the collision with each other. The acceleration is
performed using X-band high-power radio-frequency (RF) pulses. The pulses are
targeted in the direction of the accelerating structures, where the particle beam
passes through the iris in the center of the structure [29, 30], shown in Figure 1.2.
To achieve such kinetic energies, electric field strengths of 72 MV/m are required
to accelerate the particles. In the proposed third and final stage of the collider,
the electrons and positrons are accelerated to maximum energies of 3.0 TeV over a
distance of 25.05 km. This means that electric fields up to 100 MV/m in strength
are required in the third stage [28].

Figure 1.2: CLIC accelerating structure. Photograph of a single Cu disc with the iris visible in
the center (left) and an engineering model of a full super-accelerating structure, consisting of
tens of Cu discs annealed together (right) [29].

After extensive studies, copper was selected as the material of the CLIC accel-
erating structure even though other materials can show higher holding of the
electric field strength [31]. Its good conductive properties, machinability, duc-
tility, tolerance for thermal cycling and availability made Cu the best material
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available [32]. The maximum allowed breakdown rate (BDR) for the CLIC accel-
erating structures is 3× 10−7 BDs per pulse per meter and thus it sets the limit
for the accelerating gradient [33].

The CLIC accelerating structures are studied in klystron-based X-band test fa-
cilities at CERN [34–37]. The details and constraints of the structure design are
examined using 200 ns RF pulses with a maximum output of 50 MW and a typical
repetition rate between 50 Hz and 400 Hz. One of the main areas of the studies
is the BD behaviour in the accelerating structures [38].

These RF test facilities are large and their operation and maintenance is expen-
sive. The accelerating structures also require a conditioning process before their
maximal breakdown strength is reached. The process requires at least 108 RF
pulses and 1000 BDs [36, 39], which takes months of running with a repetition
rate of 50 Hz. Thus, a more compact and cheaper Pulsed DC System was de-
signed [40] to specifically study the BD formation between metal electrodes using
square direct current (DC) pulses with repetition rates up to 6000 Hz.

In this thesis, the formation and characteristics of vacuum arc breakdowns are
discussed based on experiments performed with Pulsed DC Systems. The study
focuses on the statistics gathered from thousands of BD events during various
measurements. Because of scientific debates on whether the surface contamina-
tion, or the processes developing below the surface under the effect of the electric
field, play the primary role in the triggering of the breakdown events, the aim of
this thesis to gather experimental evidence clarifying this issue.



Chapter 2

Purpose and structure

The purpose of this thesis is to provide better understanding to the processes
determining the vacuum arcing probability between Cu electrodes by carrying
out specially designed experiments and statistical analysis. The research aims to
understand the connection between the material and surface properties and the
characteristics of a breakdown process.

The thesis comprises a brief summary of the work and four peer-reviewed original
publications already published or accepted for publication in renowned interna-
tional journals. The publications are included as an appendix in the dissertation
and referred to with bold Roman numbers I, II, III and IV, respectively, in the
text.

The thesis consists of 6 chapters and is structured as follows. In this chapter,
the publications included in this article-based thesis are listed and summarized,
followed by a brief description of the author’s contributions in the research. In
Chapter 3, the current theoretical understanding of the vacuum arc breakdown
process is described. Chapter 4 explains the relevant experimental methods for
this work. Key results of the publications are outlined in Chapter 5 along with
a discussion on the conclusions of the results and, finally, a brief summary and
outlook follows in Chapter 6. All the publications are attached after the acknowl-
edgements and references at the end of this work.

5



6 CHAPTER 2. PURPOSE AND STRUCTURE

2.1 Summaries of publications

Publication I: Classification of vacuum arc breakdowns in a Pulsed DC
System
A. Saressalo, I. Profatilova, A. Kyritsakis, J. Paszkiewicz, S. Calatroni, W.
Wuench and F. Djurabekova: Phys. Rev. Accel. Beams 23, 023101 (2020)

In this publication, we study the statistical properties related to break-
down experiments with Hard and Soft Cu electrodes. The experiments
were performed with the Pulsed DC Systems at the University of Helsinki
and at CERN. The results show that the breakdowns can be classified
into primary and secondary events. The primary breakdowns are both
temporally and spatially independent, whereas the secondary ones are
correlated with the previous event.

Publication II: Effect of DC voltage pulsing on high-vacuum electrical
breakdowns near Cu surfaces
A. Saressalo, I. Profatilova, W. L. Millar, A. Kyritsakis, S. Calatroni, W. Wuench
and F. Djurabekova: Phys. Rev. Accel. Beams 23, 113101 (2020)

Relevance of surface impurities to the breakdown generation has been a
hot topic in the field during the recent years. In this publication, we focus
on the impact of vacuum residual particles, which is studied by exposing
the Cu electrodes with pauses of variable length between the electric
pulses. Despite the differences in the experimental scales, ranging from
10−4 s between pulses to pulsing breaks of 105 s, the experiments show
that the longer the idle time between the pulses, the more probable it
is that the next pulse produces a breakdown. It is also shown that the
secondary breakdowns correlate with the voltage recovery phase after a
primary breakdown, thus increasing the importance of understanding the
impact of voltage recovery algorithms. Linear voltage recovery without
pauses is found the most ideal for reducing the number of secondary
breakdowns.
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Publication III: Linear voltage recovery after a breakdown in a pulsed
dc system
A. Saressalo, D. Wang and F. Djurabekova: Accepted for Phys. Rev. Accel.
Beams (2021)

The experiments with linear voltage recovery scenarios without pauses
continue in the third publication. Scenarios with different voltage in-
crease slopes, numbers of pulses and starting voltages are studied. The
results show that the breakdowns start occurring at around 90 % of the
target voltage regardless of the voltage and that the peak breakdown
probability decays exponentially with the amount of energy inserted
into the system during the ramping pulses. It is also found that this
increased probability decays exponentially, as the surface is cleaned by
high-voltage pulses, with a half life of (1.4± 0.3) ms (3 pulses).

Publication IV: In-situ plasma treatment of Cu surfaces for reducing
the generation of vacuum arc breakdowns
A. Saressalo, A. Kilpeläinen, K. Mizohata, I. Profatilova, A. Nolvi, I. Kas-
samakov, P. Tikkanen, S. Calatroni, W. Wuench and F. Djurabekova: Journal of
Applied Physics 130 14, 143302 (2021)

In this publication, we introduce a plasma cleaning procedure for reduc-
ing the amount of impurities on the Cu electrode surfaces. The plasma
cleaning is performed in-situ, i.e., without exposing the electrodes to
air in between the cleaning and the consecutive breakdown experiments.
We find that the plasma treatment indeed cleaned the electrode surfaces
and reduced the number of breakdowns during the initial conditioning
of new electrodes, but had little effect on the electrodes with a longer
history of breakdowns generated.

2.2 Author’s contribution

The author of this dissertation was the first author and produced the first versions
of each of the manuscripts of the Publications I, II, III and IV. The author also
contributed a major part in performing the measurements and analysis for each
publication. The role also included maintaining and developing the experimental
setup as well as the analysis software required for the research.
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Chapter 3

Vacuum arc breakdowns

Vacuum arcing is a complex phenomenon which the scientific community has
been trying to comprehend for more than a century [16]. During this time,
the narrative has been steadily developing, although the final verdict of the full
process is still yet to be determined.

The focus of this chapter is in the most recent understanding of the initiation
process and evolution of the vacuum breakdowns. Although still hypothetical,
the key aspects of the model are widely backed by theoretical and experimental
evidence and agreed on by the scientific community [41]. The model is presented
in Figure 3.1 and described in detail in the following subchapters. The described
process depicts the formation of a primary breakdown event, i.e., one that is
spatially and temporally disconnected from any previous events and occurs at a
pristine location on a flat surface. The initial setting involves two parallel and flat
metal electrodes separated by a vacuum gap. Thus, the system can be considered
as a parallel plate capacitor.

3.1 Surface modification leads to field enhance-
ment

In the case of most of the metals listed in Figure 1.1, the electric field strength
just above the breakdown strength of the material is not high enough to cause
field evaporation, i.e., to extract surface atoms solely due to the electrostatic
forces [42]. Thus, the process must be more convoluted: there has to be something
at the BD spot that initiates the BD process.

One explanation is the features on the surface which amplify the local electric
field strength. The features presumably grow via the migration of surface atoms
under the electric field [43, 44]. Geometrically sharp features lead to local field-
enhancement in an otherwise uniform electric field. The magnitude of the field-

9
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Figure 3.1: Illustration of the processes during each stage of a breakdown event. a) Electrode
surfaces immediately after the onset of a uniform electric field ~E. b) ~E-driven surface migration
sharpens the features, which eventually leads to electron field emission. c) Tip of the field
emitter heats up and starts emitting neutral Cu atoms along with the electrons. d) Collisions
between the electrons and Cu neutrals leads to formation of a sheath of plasma near the emitter.
Cu ions bombarding the cathode sputter more ions into the vacuum. Local electric field between
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PROTRUSION 11

enhancement is determined by the field-enhancement factor, often denoted as β.
In the simplest form, β can be approximated by the ratio between the tip height
and the radius of curvature of its end point [45].

This local field enhancement could be due to microscopic features emerging on
the otherwise flat surface or it could be due to impurities affecting the surface-to-
vacuum electrostatic barrier [46]. The apparent connection between the break-
down strength and the dislocation mobility supports the hypothesis where dislo-
cations, mobile due to electric field induced stress in the material, pile up near
the surface causing it to deform [47]. From dislocation nucleation to the growth
of the resulting surface features, the mechanisms have been observed in computer
simulations [48–51]. However, the build-up of the nanoscale features is still to be
observed experimentally.

Recent experimental results also support the dislocation hypothesis. High dislo-
cation densities have been observed in the near-surface regions of Cu samples [52].
Additionally, the temperature dependency of the breakdown generation and the
preceding dark current were confirmed to be in line with the surface defect model
[53–58]. The lack of experimental observation of the field-enhancing sharp fea-
tures can be explained by the fact that it is extremely difficult to observe such
microscopic features on the surfaces in-situ while the electric field strength is
being applied in pulses. The features are expected to diminish due to diffusion
in less than a microsecond after the field is switched off [59], or at latest as the
sample is exposed to ambient conditions.

An alternative, however complementary explanation for breakdown nucleation
sites are impurities on the otherwise perfectly flat metal surface. For example,
carbon has been shown to form nanoscale whiskers on Cu surfaces in certain
conditions [60]. In addition to the extremely high aspect ratios of these kinds of
impurity formations, the chemical effects of such contamination sites may play
role in enhancing the local electric field strength on the surface [61].

Regardless of what causes the field-enhancing features, once the conditions are
sufficient, i.e. the local electric field strength is high enough, the surface starts
emitting electrons to the vacuum in a phenomenon called electron field emission
(FE) or dark current [62].

Figures 3.1a) and 3.1b) respectively visualize the situation just after the electric
field is applied and when the FE starts from the tip of a grown protrusion. The
parallel plate capacitor formed out of the system is also charged at this point.

3.2 Field emission initiates a thermal runaway in
the protrusion

In the FE regime, the protrusion on the electrode surface continuously emits
electrons from the metal into the vacuum. In an ideal case, the FE current I is
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determined by the Fowler-Nordheim theory and therefore by Equation 3.1 [62, 63].

I =
e3

16π2h

(βE)2

φ
exp

(
−4

3

√
2me

eh

φ3/2

βE

)
, (3.1)

where e and me are the electron charge and mass, h is the Planck constant. βE
is the local electric field strength at the tip of the emitter, i.e. the electric field
strength E multiplied by the field-enhancement factor β. φ is the work function
of the material, i.e. the minimum energy required to extract an electron from the
solid to the vacuum.

The temperature of the emitter is determined by the balance between two mech-
anisms: Joule heating and the Nottingham effect [62]. Joule heating, or resistive
heating, is a process where some of the kinetic energy of the moving electrons is
lost in the surrounding material due to interaction with the atoms, thus resulting
in the heating of the conductor [64].

The Nottingham effect [65] can either heat or cool the material. It depends on
whether the energy level of the emitted electrons is above or below the Fermi
level. If the electric field strength is strong enough to extract the electrons from
below the Fermi level, the resulting holes will be filled by electrons from higher
levels and the released energy results in net heating. However, if the electric field
strength is relatively small, but the temperature is sufficiently high so that the
electrons in the highest energy levels can be extracted by the field, the result is
net cooling, as the most energetic electrons will be removed. See Figure 3.2 for a
visual explanation.

If the conditions are suitable for Joule heating caused by the field emission cur-
rent to heat the emitter, this can lead to a runaway process where the also the
Nottingham effect heats the emitter tip even more, until it reaches the melting
temperature and starts deforming. This results in a number of neutral atoms
being extracted from the bulk into the vacuum along with the electrons. This
stage is visualized in Figure 3.1c). Feasibility of such process was hypothesized
in [66, 67] and later demonstrated computationally in [68, 69].

3.3 Plasma formation actuates an onset of current
between the electrodes

With a number of neutral atoms and electrons extracted into the vacuum and ac-
celerated by the electric field, the particles start colliding with each other forming
positive ions. Plasma simulations have shown that in the case of Cu, a fraction
of the number of neutral atoms to the number of electrons, NCu/e, above 0.015
is enough to maintain the chain reaction of ionization events. This chain reac-
tion can lead to a self-sustaining plasma layer near the emitter tip [70]. Recent
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Figure 3.2: Simplified regimes of heating and cooling in Cu, caused by the Nottingham effect as
a function of electric field and temperature [62]. In the blue region, the loosely connected hot
electrodes are emitted by an electric field of a relatively weak strength, leading to net cooling.
In the red region, a relatively strong electric field is able to extract the strictly bound cold
electrons, thus leading to net heating.

simulations on the thermal runway were in agreement with this cutoff value [68].
During this stage, the field emission current is space charge limited [71, 72].

The positive ions in the vacuum are affected by the electric field and accelerated
back towards the cathode. The resulting cathode bombardment causes sputtering
of neutrals and atom clusters from the surface into the plasma, while at the same
time the remaining surface atoms are heated. A sheath of plasma is formed a
few micrometers above the cathode. The electric field between the cathode and
the sheath keeps increasing as the density of the plasma increases. This stage is
visualized in Fig. 3.1d).

As the local electric field and surface temperature reach a tipping point, the cath-
ode material undergoes a sudden phase transition into super dense plasma that
rapidly expand. The plasma pillar can reach all the way to the anode, granted
that the electrode gap is sufficiently small (< 100 µm). This self sustaining plasma
pillar then enables a flow of current between the electrodes. Thus, a vacuum arc
is formed.

3.4 Breakdown crater forms due to plasma expan-
sion

When the cathode and the anode are bridged by the conductive plasma channel,
the charge stored in the capacitor is depleted. During this time, the voltage
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across the gap (and that of the supply circuit) is reduced to a small burning
voltage determined by the cathode material [73]. The current is determined by
the resistance in the circuit before the anode, and therefore, the power available
to the system [74]. A schematic of such conditions are visualized in Fig. 3.1e).

The burning stage ends once all the energy stored in the capacitor is consumed
and the voltage across the gap is insufficient for maintaining the plasma and
therefore the current. The surfaces of both the cathode and the anode are altered
due to the ion bombardment and melting. The final shape of the BD spot is
outlined in Fig. 3.1f). With a 60 µm gap between Cu electrodes, the typical
resulting cathode crater is circular, has a depth of 1 µm and a radius of 100 µm.
The affected area on the anode is similar, but the depth profile is shallower and
more irregular, as seen in Publication I. Topography measurements of typical BD
craters on the cathode and the anode are shown in Figure 3.3. The mappings were
performed using Scanning White Light Interferometry (SWLI) microscopy [75].

Figure 3.3: Topography mappings and cross-sectional height profiles of typical BD craters on
a) cathode and b) on anode. These craters are not a result of the same BD event. In the 3D
images, the color indicates the surface elevation, blue being the deepest and red the highest.

The edges of the BD craters have many sharp features and are suspected to act
as further sites for field emission, leading to a high probability of secondary BDs
near the original BD spot, as noted in [76] and in Publication I.



Chapter 4

Breakdown experiments

In studies of this work, vacuum arc breakdowns were systematically produced and
characterized in experimental setups called Pulsed DC Systems. Almost identical
systems at the University of Helsinki and at CERN were used. In the system,
two Cu electrodes, an anode and a cathode, are placed inside a vacuum chamber
with a typical separation of 60 µm. The electrodes are charged with electric DC
pulses of varying voltage, repetition rate and pulse length. Over billions of pulses,
thousands of BDs are generated and analyzed. The samples were also studied
post-mortem to understand the BD craters, locations and modifications at the
anode and cathode surfaces.

The setup and operation of the Pulsed DC Systems is depicted in detail in this
chapter. In addition to the parallel plate electrode setup, the results are often
compared with the BD experiments performed at the X-band test facility of
CERN, where the BDs occur in the irises of the RF accelerating structures, as
described in Chapter 1.

4.1 Cu electrodes

Cylindrical Cu samples were used in all the DC experiments. In the initial setup,
the diameter of the high-field region of both the anode and the cathode was
62 mm. In a later design, the edges of the cylinder were smoothed so that the ef-
fective contact diameter was reduced to 60 mm. In the most recent experiments,
a 40 mm anode was used against the 60 mm cathode to mitigate field enhance-
ment near the edges of the gap. The two electrode geometries are presented in
Figure 4.1. A picture of a 60 mm electrode is shown in Figure 4.6a).

Each electrode has a (10.000± 0.001) mm tall shoulder which allows them to
be separated using an alumina (Al2O3) spacer of (20.060± 0.001) mm in height,
thus creating the desired 60 µm gap. Different spacers can be used to change
the gap height to 20 µm, 40 µm, 60 µm or 100 µm. The electrodes are additionally

15
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Figure 4.1: 3D illustration of the Cu electrodes and the white alumina spacer and separators.
On the left, both electrodes have a contact diameter of 60mm whereas on the right, the upper
electrode (anode) has a small terrace in the middle which makes the contact diameter 40mm.

insulated from the grounded vacuum chamber by smaller alumina separators. The
precise dimensions of the electrodes are achieved by diamond machining with a
maximum allowed tolerance of 1 µm. Typically the flatness of the electrodes’
contact areas is less than 100 nm. In all the experiments of this work, the top
electrode is connected to the high-voltage (HV) pulse generator, making it an
anode. The bottom electrode is grounded via the vacuum chamber. However,
the system itself allows reversing the polarity.

Two main types of Cu electrodes were used in the experiments: Hard Cu and
Soft Cu. The Hard Cu samples are made out of standard high-purity, oxygen-
free electronic copper with an average grain diameter between 10 µm and 100 µm

(at least 4 by the ASTM E112 standard [77]). After the diamond machining, the
samples undergo a solvent degreasing procedure before they are stored in nitrogen
atmosphere until the experiments. The Soft Cu samples are produced out of the
same batch of Cu as the Hard Cu ones. However, they undergo additional two
heating cycles which increases the grain size. The heat treatments are performed
first at 1040 °C in hydrogen atmosphere (to avoid surface oxidation) and followed
by a cycle at 650 °C in vacuum to breath out the hydrogen [78, 79]. As a result,
the Soft Cu samples have an average grain diameter in the order of 1 mm, as also
noted in Publications I and IV.

4.1.1 Electrode conditioning

In the CLIC project, the ultimate aim of the BD experiments is to understand
how to achieve a high gradient in the RF accelerating structures, i.e., to make
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them withstand electric pulses with the highest possible electric field strength for
a given maximum BDR. For the CLIC accelerating structure, the accepted BDR
level is set to no more than 3× 10−7 BDs per pulse per meter. In the Pulsed DC
System, this translates directly to a maximum BDR of 3× 10−7 BDs per pulse.

To achieve this level of breakdown resistance, the electrodes need to be con-
ditioned. The conditioning is performed by exposing the electrodes to electric
pulses (either DC or RF) and BDs [32]. The conditioning is started with an ini-
tially small electric field, which is gradually increased according to the feedback
algorithm described in Section 4.2.1.

It typically takes about 108 pulses and 1000 BDs for a pristine Hard Cu elec-
trode to reach the saturation electric field, which is close to 100 MV/m [37, 80].
Furthermore, there are great differences in the conditioning speed between Hard
Cu and Soft Cu. The latter is shown to take an order of magnitude longer to
perform the initial conditioning of a pristine electrode pair [79, 81]. An example
of conditioning curves for both Hard and Soft Cu are shown in Figure 4.2.

Figure 4.2: Typical conditioning curves of Hard Cu and Soft Cu. The solid lines show the electric
field as a function of pulses, while the dashed line show the number of BDs [Publication IV].

Although the experiments are highly reproducible, the exact mechanism of what
makes the electrodes to perform better after the exposure to the electric pulses
and BDs is still unclear [82]. It is also unclear whether it is the HV pulses or BDs
that play a more active role in the process. The phenomenon could be linked to
the cleaning of surface impurities and to surface hardening, which results in more
restricted dislocation movement [83, 84].

The conditioned state of an electrode persists as long as the sample remains
in the vacuum chamber and HV pulses producing BDs are applied regularly.
However, if the sample is exposed to air, the state is lost and it needs to be
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re-conditioned to reach the same breakdown field again. The re-conditioning is
typically much faster compared to the initial conditioning of pristine electrodes,
as noted in Publication IV. Additionally, also a prolonged time in vacuum with
no HV pulses or BDs weakens the conditioning state of the sample surface, thus
decreasing its breakdown resistance, as was shown in Publication II.

4.2 Pulsed DC System

The first version of the Pulsed DC System was developed at CERN in 2004 [32,
85]. It was designed to focus specifically on the BD characteristics, but to oth-
erwise function similarly to RF test stands [40, 80, 86]. The current version of
the Pulsed DC System consists of a vacuum chamber made out of stainless steel,
vacuum pumps and gauges, a pulse generator, a power supply, an oscilloscope and
control electronics. The full system is illustrated in Figure 4.3 alongside with a
detailed view of the vacuum chamber.

Pumping port
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Viewports

Cathode

Vacuum
feedthrough

Shoulder

Al2O3
spacer

feedthrough
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Figure 4.3: On the left: 3D illustration of the Large Electrode System vacuum chamber and
its parts [Publication I]. On the right: Full schematic of the Pulsed DC System with plasma
cleaning enabled [Publication IV]. Red lines depict the HV cabling, black lines gas & vacuum
piping while the other colors portray electric data signals between the devices.

The vacuum chamber, also known as the Large Electrode System (LES), has two
electrical vacuum feedthroughs to connect the electrodes. This allows changing
the polarity of the electric pulses during an experiment, although this capability
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was not used in the experiments of this work. The bottom electrode was usually
grounded to the chamber, making it the cathode, while the upper electrode, the
anode, was connected to the positive output of the DC power supply via a HV
pulse generator. Additionally, the chamber has four viewports to allow for visual
detection of the BD events. In the Pulsed DC System at CERN, this possibility is
utilized by two cameras situated at the viewports that are capable of locating in
real time where the BD occurred on the electrode surface. This allows connecting
the BD location to the other information of the BD event, such as the current
and voltage waveforms [76].

A turbomolecular pump with the backing of a diaphragm pump are used to
pump the vacuum chamber into high-vacuum. Typically, the BD experiments are
started when the vacuum pressure falls below 1× 10−7 mbar. The vacuum quality
is monitored by an ion gauge located around 30 cm away from the electrode gap.

A Marx generator [87, 88] is used to generate the electric pulses. The device
utilizes 16 SiC MOSFET based switches to convert the input voltage from a
DC power supply into microsecond square pulses with more than 10 times the
output voltage compared to the input. Typically, 1 µs pulses with a repetition
rate of 2000 Hz are used. The pulsing voltages can go up to 10 000 V which equals
167 MV/m across a gap of 60 µm. However, typically the voltages below 6000 V

(100 MV/m) are used to minimize wear in the HV cables and connections. The
microcontroller of the Marx generator is also used for detecting the BDs. The
generator also constantly monitors the current during a pulse. If the current
value rises above the value required to charge and discharge the electrodes, a BD
is detected and the pulsing is immediately stopped.

Voltage and current waveforms of the pulses are monitored using an oscilloscope,
which is also utilized to analyze the characteristics of a BD, including the peak
current and BD timing within the pulse. Example waveforms of a regular pulse
and a pulse with a BD are shown in Figure 4.4.

A LabVIEW-based software is used to control the electronics, automatize the
measurements and to collect the data from the pulsing periods and breakdown
events. The results and figures are produced by further analyzing the data with
a collection of MATLAB scripts.

4.2.1 Pulsing modes

The pulsing voltage of the breakdown experiments is determined by the operating
mode. Two pulsing modes are mainly used: a feedback mode and a flat mode.
Additionally, immediately after a BD event, the pulsing voltage is determined by
the voltage recovery parameters discussed in Section 4.2.2.

The feedback mode is used mainly for electrode conditioning, reconditioning or for
finding the optimal electric field that produces a desired BDR. The mode mimics
the operation of the RF experiments at the X-band test stands at CERN [76, 79].
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Figure 4.4: Current and voltage waveforms a) during normal pulsing and b) during a BD
[Publication I].

The experiment is typically started at a relatively low electric field that is known
to produce BDs only rarely. In the mode, the pulsing is performed in periods of
Nmax pulses. If no BD occurs during the pulsing period, the pulsing amplitude
(voltage) is increased by δV . The pulsing period can also be ended by a BD.
If the BD occurs during the early "safe" pulses (n < Nsafe), the voltage of the
next pulsing period is decreased by ∆V = −(1 − n/Nsafe)δV . Respectively, if
the BD occurs after the early pulses (Nsafe ≤ n < Nmax), the electric field is
kept constant for the next pulsing period. Typical values for the parameters
are: Nmax = 100 000 pulses, Nsafe = 1

5Nmax = 20 000 pulses and δV = 10 V

(0.17 MV/m with a 60 µm gap).

During the flat mode, the electric field is kept constant throughout the experi-
ment except for the voltage recovery after a BD (discussed in the next section).
However, there is still a short pause between the pulsing periods even if no BD
occurred. This mode is typically used after the electrode has been already con-
ditioned or re-conditioned using the feedback mode. The flat mode is used for
understanding the relationship between pulsing parameters. For example, in
finding the average BDR for a given electric field strength.

4.2.2 Voltage recovery after a breakdown

After a BD is detected by the system, the pulsing is immediately inhibited for
around 20 seconds to let the system cool down and to collect the data. After
this pause, the pulsing can not continue with the same electric field strength as
before the BD since this would result in an avalanche of secondary BDs, as shown
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in Publication II. Instead, the voltage is recovered in a so-called ramping mode
over a course of typically 2000 pulses.

The voltage recovery can be done either linearly or in step-wise stages. In either
case, the shape of the voltage increase mimics a curve which asymptotically ap-
proaches the target voltage Vtarget determined by the pulsing mode. The starting
voltage Vstart is typically set to 1

5Vtarget. The shape is determined by

Vi = (Vtarget − Vstart)

[
1− exp

(
−Pi

F × Pstage

)]
+ Vstart, (4.1)

where Vi and Pi are the corresponding voltage and pulse numbers at the beginning
of each ramping stage i. Pstage is the number of pulses per each stage and F

determines the curvature. Typically, values of F between 1 and 4 are used to
achieve the desired asymptotic shape, while values greater than 10 make the
voltage increase very close to linear. For the voltage recovery with a single slope,
the parameter F is meaningless, since the voltage gradient is simply determined
by the voltage difference and the number of ramping pulses.

For the voltage recovery scenarios performed step-wise and via multiple slopes,
a 20 s pause was required in the pulsing in between the steps or slopes to set the
new parameters for the power supply. Only in the case of linear ramping with
a single slope, the voltage recovery could be performed with no pauses in the
pulsing.

Two voltage recovery scenarios are used in the vast majority of the experiments:
one with 20 steps with Pstage = 100 and F = 4 and one with a single linear slope.
The target voltage is reached within 2000 pulses in each scenario. Five ramping
scenarios are visualized in Figure 4.5. The scenarios are compared in detail in
Publication II. More linear voltage recovery scenarios without pauses, using vari-
able voltage slopes and number of pulses, are further studied in Publication III.

4.3 Plasma treatment with the Pulsed DC system

The Pulsed DC System can be modified in order to allow plasma treatment of
the electrodes inside the vacuum chamber. The aim of the plasma treatment is
to ionize gas molecules between the electrodes to perform plasma cleaning which
detaches impurity atoms from the electrode surfaces, thus minimizing the effects
of such impurities inducing BDs.

As the standard system already has the ability to produce high electric fields,
all the modifications required to enable the plasma treatment were to allow gas
flow in the system and to enable control of that gas. When the plasma cleaning
is enabled, two of the vacuum chamber viewports are converted into a gas inlet
and outlet. Also, a bypass is added to circumvent the turbomolecular pump, as
the diaphragm pump is sufficient to produce the lower quality vacuum, optimal
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Figure 4.5: Five voltage recovery scenarios visualized [Publication II].

for the plasma generation. A schematic of the system used during the plasma
cleaning is shown in Figure 4.3b).

The plasma treatment was performed in the following steps:

1. Pump the LES chamber into high vacuum using the turbomolecular pump
(< 1× 10−5 mbar).

2. Fill the chamber with the chosen gas until the target pressure, determined
by the Paschen curve of that particular gas, is reached (typically between
10 mbar and 100 mbar).

3. Apply a (non-pulsed) DC voltage across the electrode gap and increase the
voltage until the electric field strength is high enough for the plasma onset,
which is determined by increase in current and visually by observing the
start of glow discharge. The voltage level depends on the used gas and is
determined by the Paschen curve.

4. Maintain a constant electric field and current to preserve the plasma for 10
minutes.

5. Switch off the DC voltage and use the turbomolecular pump to vent out
the gas and to achieve high vacuum again.

6. Repeat steps 2–5 if another gas is used for the treatment.

Oxygen and argon are the gases used during the plasma treatment. The former
since the oxygen ions are known to break hydrocarbon bonds on the surface,
and the latter, as it is inert and known to remove remnant oxygen from the
surface [89].

The effects of plasma treatment are discussed in detail in Publication IV.
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4.4 Electrode surface analysis

To better understand the surface modifications during the experiments, the elec-
trode surfaces are analyzed using various methods both before and especially
after the breakdown experiments. The methods include optical imaging with
digital cameras and microscopes, surface topography mapping using white light
interferometry and elemental analysis with ion beams.

In addition to simple digital cameras, adequate to image the whole electrode
surface at once with a resolution up to 30 pixels/mm, both static and scanning
optical microscopes are used to focus on finer details on the surface with resolution
up to 4 pixels/µm [90]. Additionally, machine vision algorithms are used to detect
the locations and sizes of BD craters on the electrode surface.

The surface topographic mapping is performed using SWLI [75], a non-invasive
technique that enables nanometer depth resolution over a macroscopic scanning
area.

Elastic Recoil Detection Analysis (ERDA) [91] is used for surface elemental anal-
ysis. The technique uses an ion beam to sputter recoil atoms out of the sample.
The recoil atoms are characterized and their relative proportions and flight speeds
can be converted to the concentrations of each elements as a function depth be-
low the surface. Typical impurities seen on the electrode surfaces are hydrogen,
carbon, nitrogen, oxygen and sulphur, with carbon and oxygen being the most
prominent. This is not surprising, as copper is known for its high reactivity
with oxygen and hydrocarbons are famous for being difficult to remove from the
surfaces [4].

Examples of the various surface imaging techniques are presented in Figure 4.6.
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b)

Figure 4.6: a) A camera image of the full surface of a Soft Cu cathode (d = 60mm). BD
craters are visible as white dots on the part of the surface that was against the smaller anode
(d = 40mm).
b) A tile of a scanning microscope mosaic with the BD craters being detected by a machine
vision algorithm on a Soft Cu cathode [Publication I].
c) A 3D topography mapping of a BD crater and the surrounding area on a Hard Cu cathode
produced by a SWLI scan [Publication IV].
d) A static optical microscope image showing three BD craters on a Soft Cu cathode.



Chapter 5

Results and discussion

In this chapter, we present the key findings of the Publications I–IV.

5.1 Breakdown classification into primary and sec-
ondary events

Pivotal characteristics of BDs can be understood by studying their stochastic
nature. In the case of the BD events produced by the Pulsed DC System, this
essentially means analyzing the BD frequency, i.e., how many pulses there were
between two events. The statistical studies can also include analysis of other
measures, such as BD location, current and pressure peak height and BD timing
within the pulse.

Through binning the number of BDs by the number of pulses between the events,
it is possible to see the short and long term relationships between the BD events.
Such a graph is presented in log–log scale in Figure 5.1, in which the events
are grouped in bins with an equal number of BDs in each. The bin heights are
normalized by the amount of pulses the bin covers to form a probability density
function (PDF). In the inset of the figure, the data points are presented on a
linear x-axis. A step-wise voltage recovery scenario with 2000 pulses over 20 steps
and with F = 4 was used in the measurement.

In the PDF plotted in log–log scale, we see that the data can be visually divided
into four distinct regions.

A: < 1100 pulses, ramping period with a sawtooth pattern.

B: 1100− 2500 pulses, rapidly decreasing linear PDF

C: 2500− 2× 105 pulses, steadily decreasing linear PDF

D: > 2× 105 pulses, linear trend ends

25
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Figure 5.1: Probability for a BD to occur at each number of pulses between BDs for the voltage
ramping scenario with 20 steps and F = 4 on a log–log scale. Vertical dashed lines separate
the different regions [Publication II]. The inset shows a double Poisson fit to the data points
after the period heavily affected by the ramping (> 1100 pulses) on a semilogarithmic scale.

Region A is heavily affected by the ramping steps. We see the peaks of the
sawtooth pattern during the first pulses after the ramping voltage was changed.
The effect is strongest during the intermediate ramping steps, where both the
absolute value of the voltage and the relative voltage increase between the steps
are large. Consequences of these peaks are discussed in more detail in Section 5.2
and in Publication II.

The boundary between regionsB andC is more subtle on the log–log scale, but on
the semilogarithmic scale, it is shown that there is a clear difference between the
exponential slopes of the two regions. Within the region B, the PDF decreases
much more rapidly than within C. The region B includes BDs that occurred
during the late parts of the ramping period and shortly after the period was
ended. During this time, the voltage was already above 90 % of the target value.

Region C covers a vast range of pulses, over which the shape of the PDF decrease
remains linear. Such a power–law behaviour is seen in various seemingly unre-
lated phenomena, such as avalanche size distribution, earthquake frequency and
dislocation mobility [92, 93]. The universality across several magnitudes hints
to a stochastic nature of the events. However, the universality yields at above
2× 105 pulses between BDs, as the rate of PDF decay increases again. Yet, it is
overly rare to have BDs in the region D.

Regions B and C are the most important for understanding the relationships
between BD events. In Publication I, it was shown that those BDs that oc-
curred shortly after the previous event, in terms of pulses, were generally also
spatially correlated. The most common distance between two consecutive BDs
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was 100 µm, which happens also to be the average radius of a BD crater, as seen
in the microscopy images of Figure 4.6. Thus, these BDs seem to be heavily
correlated with the previous events, and can therefore be called secondary break-
downs (sBDs), as introduced in [94] and further discussed in Publication II. The
BDs in the region C occurred with at least a few thousand target voltage pulses
(and the voltage recovery period) after the previous event and were mostly spa-
tially uncorrelated. Such events are thus called primary breakdowns (pBDs), as
they appear independently of the previous events on the surface.

In [94], the two BD classes were associated with a two-term exponential model:

PDF (n) = A exp(−αn) +B exp(−βn), (5.1)

where n is the number of pulses between BDs, A and B are fitting parameters and
the exponential coefficients correspond to the BDR of each region, i.e., α to the
BDR of pBDs and β to that of sBDs. This model is fitted into the PDF data in
the inset of Figure 5.1. Such a model suggests that there is a different stochastic
process responsible for the production of pBDs compared to the production of
sBDs. The cross-point Ncross between the two exponentials therefore sets the line
that divides the sBDs from the pBDs. In Publication III, it was found that the
Ncross typically follows around 2000 pulses (1 s) after pulsing reaches the target
voltage after the voltage recovery.

In Publication I, it was also found that the BD statistics differ somewhat be-
tween Hard and Soft Cu measurements. It was found that on Hard Cu, the
secondary BDs are highly localized near the previous event (within a 300 µm ra-
dius), whereas the primary events were uniformly distributed across the electrode
surface. On Soft Cu, the secondary BDs were similarly distributed near the pre-
vious BD spot, but also the primary BDs were localized within a millimeter from
the previous one.

The above observation may sound counter-intuitive, but is actually in line with
the general characteristics of Hard and Soft Cu. The major difference between
the Cu types is the grain size of the material, which also explains the difference in
the distance distributions. For Hard Cu, the average grain diameter is some tens
of micrometers, which means that a single BD event destroys the entire grain
surface. On Soft Cu, the average grain diameter was 1.3 mm, so for whatever
reason this area on the surface became the most prominent for the BDs, one event
was not enough to destroy the whole grain, and other primary events may yet
occur in the vicinity. This strengthens the hypothesis of material properties, such
as dislocation mobility having an effect in the BD generation, as the dislocation
mobility is dependent on the grain size of the material [27]. Moreover, this
observation cannot be explained solely by surface contamination, as those do not
depend on the surface grain size and hence, the experiment should have resulted
in very similar behavior.
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5.2 Significance of the voltage recovery after a BD

As a BD is registered by the Marx generator, the pulsing is immediately stopped
and the waveform and other data of the event are collected. After a cool-off
time of around 20 s, the pulsing is started again with Vtarget determined by the
pulsing method (feedback algorithm or flat mode). However, the pulsing cannot
start directly at Vtarget, as this would result in an avalanche of sBDs. Instead,
a voltage recovery algorithm needs to be used to slowly ramp up the voltage, as
described in detail in Section 4.2.2.

Various voltage recovery scenarios were examined in Publications II and III.
The former focused on understanding the effect caused by pauses in the puls-
ing between the voltage recovery steps, which was observed as an increased BD
probability in Publication I. The latter publication revolved around optimizing
the parameters for linear voltage recovery without any steps or pauses during the
ramping. Here, we summarize the most important results of these two studies.
The voltage recovery scenarios covered are listed in Table 5.1. For each scenario,
a flat mode experiment of 1000 BDs was performed to gather statistics on the
BD generation, focusing on the number of sBDs. The voltage increase within
the scenarios i–v are visualized in Figure 4.5 while the others are presented in
Figure 5.2.
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Figure 5.2: . Measured voltage curves for the voltage recovery scenarios 1–5, I–IV and A–D
listed in Table 5.1 [Publication III].

Performance of the voltage recovery scenarios were evaluated based on the fol-
lowing criteria: lowest BDR, lowest fraction of sBDs (NsBD) and the smallest
average number of BDs between two pBDs (including the pBD) (µsBD). This is
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Table 5.1: Voltage recovery scenarios covered in detail in this work. Scenarios i–v were studied
in Publication II, while the others were the subject of Publication III. Scenarios v and 2, as
well as 5 and IV are essentially identical, apart from the slight difference in the voltage slopes.
Curvature F of the ramping voltage is given for the scenarios i–iv with multiple steps or voltage
slopes, while the voltage gradient is presented for the others with only a single voltage slope.
The scenarios A–D additionally included a stage with pulsing at a constant, non-zero voltage
before the start of the voltage increase.

Id Npulses Vstart/Vtarget Scenario type
i 2000 20 % 20 stair steps, F = 4

ii 2000 20 % 5 stair steps, F = 1

iii 2000 20 % 5 slopes, F = 1

iv 2000 20 % 3 slopes, F = 0.5

v 2000 20 % 1 slope, 4080 V/s

1 500 20 % 1 slope, 15 360 V/s

2 1000 20 % 1 slope, 7680 V/s

3 2000 20 % 1 slope, 3840 V/s

4 4000 20 % 1 slope, 1920 V/s

5 8000 20 % 1 slope, 960 V/s

I 2000 80 % 1 slope, 880 V/s

II 4000 60 % 1 slope, 880 V/s

III 6000 40 % 1 slope, 880 V/s

IV 8000 20 % 1 slope, 880 V/s

V 10 000 0 % 1 slope, 880 V/s

A 6000+4000 60 % Flat voltage + 1 slope, 920 V/s

B 4000+6000 40 % Flat voltage + 1 slope, 920 V/s

C 6000+4000 40 % Flat voltage + 1 slope, 1380 V/s

D 8000+2000 40 % Flat voltage + 1 slope, 2760 V/s

in line with the CLIC accelerating structure development, where the criterion is
the shortest down time due to BDs. Additionally, the scenarios were judged by
comparing their PDFs on the number of pulses between consecutive BDs (de-
scribed in Section 5.1), as shown in Figure 5.3.

In Publication II, it was found that the best performing scenarios were i and v,
i.e., the step-wise scenario with the smallest changes in voltage during the later
steps and the linear single-slope scenario with no pauses during the voltage ramp.
Interestingly, we determined that scenarios ii and iii performed almost equally
well, despite the former being a scenario with 5 voltage steps and the latter one
with 5 voltage slopes. The worst performer was scenario iv, which had a very high
number of sBDs. In Figure 5.3, we again notice the strong correlation between
the PDF and the ramping steps. Clear peaks in the PDF can be observed for all
the scenarios during the first pulses of each ramping step or slope. Again, the
scenarios ii and iii overlap almost perfectly.

The results confirm that, first of all, the voltage recovery is crucial for reducing
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Figure 5.3: PDF as a function of the number of pulses between BDs for the voltage recovery
scenarios i–v [Publication II].

the overall BDR and especially NsBD. Scenario iv has the first change of slope,
and crucially, a pause of 20 s, at a relatively high voltage (Vstart/Vtarget ≈ 90 %),
which nearly equals to having no ramping at all. There are two factors that
can cause the increased BD probability during the change of the voltage step or
slope: the change in the voltage or the pause in the pulsing. The similar results
of scenarios ii and iii indicate that the pausing is more important, since there
is no change in the voltage during the slope change. The effect of the pause is
discussed in more detail in Section 5.3.

However, the good and almost equal performance of scenario i (20 steps) com-
pared to scenario v (single slope) shows that also the voltage change does have
an effect. Scenario i performed well even when it had the most pauses in the
pulsing, thus the asymptotic shape of the voltage curve seems to help in reducing
the number of sBDs.

Based on the success of scenario v and development in the power supply control, a
new study of Publication IIIwas launched to better understand the performance
of the linear voltage recovery without pauses. Thus, measurements of scenarios
1–5 were designed to examine the effect of the slope of the voltage ramp, while
scenarios I–V were used to explore the importance of the starting voltage with
an unchanged voltage gradient. Scenarios A–D were then devised to construct an
optimal voltage recovery scenario, based on all the gained knowledge. PDFs of
these scenarios as a function of the number of pulses between BDs are presented
in Figure 5.4.

The PDF peaks during the voltage recovery steps of scenario i were further
analyzed in Publication III. The decay of the PDF peaks was examined for those
steps that occurred between 600 and 1200 pulses, i.e., when both the absolute
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Figure 5.4: PDF as a function of the number of pulses between BDs for the voltage recovery
scenarios 1–5,I–V and A–E [Publication III]. The numbers in the legend describe the shape of
the probability peak of each scenario in full width at half maximum (FWHM).

voltage value and the relative voltage change were large enough to cause BDs.
It was found that the probability of all the peaks decays exponentially, with a
half-life of 3 pulses or 1.4 ms.

The results of the first measurement set of Publication III (scenarios 1–5 ) showed
that a larger number of pulses, i.e., a smaller voltage slope, during the voltage
recovery consistently resulted in a better performance, with scenario 5 being the
best, achieving the lowest BDR, NsBD and µsBD. Also, it was found that con-
trolling very rapid changes in the voltage, required in the fast voltage ramps,
is rather imprecise, due to resistor–capacitor (RC) coupling between the power
supply and the rest of the system. The second set of measurements (scenarios
I–V ) demonstrated that, when the voltage slope is kept constant, starting the
ramping at a lower voltage (thus using more pulses to reach Vtarget) is advanta-
geous. However, there were very minor differences in the key figures of scenarios
III, IV and V, respectively starting at 0 %, 20 % and 40 % of Vtarget. Starting
the voltage recovery at 80 % of Vtarget was found detrimental, as again, this is
relatively close to using no voltage recovery at all. In each scenario, it was found
that the BDs start frequently occurring once the pulsing voltage reaches 90 % of
Vtarget.

The PDF of Figure 5.4 shows that the probability peaks are highly correlated
with the number of ramping pulses in the scenario. The peak probability was
consistently observed 2000 pulses (1 s) after Vtarget was reached. Also the peak
height and width (FWHM) depend on the voltage recovery mode: the scenarios
with a higher voltage slope generally focus the BDs near the end of the ramping,
while with a lower slope, the peaks are broader. Furthermore, it was found out
that the value of peak probability in the PDF decays exponentially as a function
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of the total energy Etot that is inserted into the system during the ramping pulses,
which is calculated by summing the energy of each ramping pulse i:

Etot =

NPulses∑
i=1

1

2
CV 2

i , (5.2)

where C = 650 pF is the capacitance and Vi the pulsing voltage at the ramping
pulse i. This is shown in Figure 5.5.
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Figure 5.5: Peak probabilities from Fig. 5.4 for each voltage recovery scenario as a function of
the total energy of the ramping pulses of that scenario [Publication III].

The results suggest that the voltage recovery pulses play an important role in
short-term conditioning of the electrode surfaces, i.e., cleaning the surfaces of
impurities that are deposited from the particles in the vacuum and of sharp fea-
tures formed in the aftermath of the previous BD. There are several mechanisms
that can cause cleaning during the pulsing, for example the vibrations caused
by the electric pulses detaching atoms from the surface [95] and ultraviolet light
or electron stimulated desorption breaking bonds of the impurity atoms [96, 97].
Assuming the hypothesis of field emitters leading to BDs, it is also probable that
pulsing at low voltages can be used to exhaust such emitters without entering a
runaway process that eventually leads to a full BD.

The observations were tested with one more set of scenarios (A–D), each starting
with pulsing at a constant nonzero voltage, only after which the ramping to
Vtarget started. It was found that scenario A had too high a starting voltage
(60 % of Vtarget), which resulted in a rather poor performance. Scenarios B–D
each started pulsing at 40 % of Vtarget, with different voltage gradients after the
flat voltage. Surprisingly, scenario D with the steepest voltage slope performed
the best, although the difference compared to scenarios B and D was not large.
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The latest result further strengthens the hypothesis of the HV pulses performing
short-term surface conditioning. For this, the pulsing voltage must be low enough
not to cause BDs during the process, but sufficiently high to be able to perform
the cleaning. The fast decay of the PDF peaks of scenario i suggests that the
cleaning occurs already within the first pulses. It was found that using a suitable
flat voltage (e.g. 40 % of Vtarget) in the beginning of the voltage recovery, the
later part of the ramping can be performed rather quickly without sacrificing the
performance. A higher strain rate produced by the rapidly increasing voltage
may even increase the yield strength of the metal, making it more difficult for
the field emission to lead to a BD [98, 99].

5.3 Impact of idle time between HV pulses

There are two factors which could theoretically cause the the increased BD prob-
ability at the beginning of the ramping steps with the step-wise voltage recovery:
the height of the voltage increase and the length of the idle time between the
steps. The fact that the increased probability was observed also with the scenar-
ios with variable slopes indicates that the idle time must play a large role in the
effect, since, in between the slopes, the voltage remains unchanged but yet there
is the same 20 s pause in the pulsing.

Thus, the effect of the idle time between HV pulses was another focus point
of Publication II. It was studied directly by applying a predetermined pause,
ranging from 10 s to 105 s, in between two pulsing periods. Initial BD probability
was measured after the pause by calculating the fraction of pulsing runs, which
resulted in a BD within the first second of pulsing (2000 pulses) at a constant
voltage. The results can be seen in Figure 5.6, which shows that the probability
of initial BDs increases as the pause time increases. In the publication, a similar
experiment was also performed using an RF test stand. This also resulted in a
similar conclusion that a longer idle time increases the BD probability within the
first pulses after the pause.

On smaller time scales, the idle time effects were studied by running the Pulsed
DC System with different repetition rates ranging from 10 Hz to 6000 Hz (which
correspond to idle times between 0.1 s and 167 µs in-between the pulses). The
results shown in Figure 5.7 once more show that a longer idle time constantly
resulted in a higher BDR. A similar increase was also seen in the fraction of
sBDs out of all BDs, NsBD, as the repetition rate decreased, suggesting that the
increase in the BDR is caused mostly by the increased number of sBDs. It was
also found that the average number of consecutive sBDs in a series (between two
pBDs), µsBD, also goes hand in hand with NsBD.

Additionally, the effects of the variable BDR were studied by swapping the BDR
between 100 Hz and 2000 Hz after every 100 pulses and by changing the rate after
every pulse. Also this experiment showed that a longer pause between consecutive



34 CHAPTER 5. RESULTS AND DISCUSSION

10
1

10
2

10
3

10
4

10
5

Pause between pulsing [s]

0

5

10

15

20

25

30

35

P
ro

b
a
b
ili

ty
 o

f 
in

it
ia

l 
B

D
s
 [
%

]

Figure 5.6: BD probability within the first second of running (2000 pulses) after a predetermined
pause between pulsing runs, not preceded by a BD, with a pulsed dc system. The horizontal blue
bars indicate the range of the pause length values where the data were averaged. The vertical
red error bars, again, indicate the uncertainty as the standard error of the mean [Publication II].
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Figure 5.7: Measured BDR (left y-axis) and fraction of sBDs (right y-axis) as a function of idle
time between two consecutive pulses, which again inversely correlates to the used repetition
rate [Publication II].

pulses in the measurements resulted in a higher BDR.

Therefore, all the measurements showed that any idle time between HV pulses
increases the BD probability or the BDR. The longer the time, the higher the
increase in the probability. The trend was also similar when a comparable ex-
periment was performed with the RF test stands. This suggests that the BD
generation is linked to the surface impurities of the electrodes. Pulsing is known
to cause vibration, stresses in the electrodes, as well as secondary particles and
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radiation in the vacuum, which may help in detaching impurity atoms from the
electrode surfaces. Any pauses in the pulsing allow the residuals in the vacuum
to deposit on the surface, thus weakening its conditioning state. Figure 5.6 hints
of a stepwise increase in the initial BD probability after 100 seconds, which is
also roughly the time in which a monolayer of vacuum residuals is deposited on
the surface at the pressure of 8× 10−8 mbar [100]. It was also found that both
NsBD and µsBD decrease as the repetition rate increases, suggesting that the idle
time influences specifically the sBDs. This fits the vacuum residual hypothesis,
since the metal ripples around a BD crater are highly reactive to any impurities
right after the previous BD.

5.4 Effects of plasma cleaning on the Cu surfaces
and the breakdown generation

As the surface purity of the electrodes was found to be a major concern in BD
generation in Publications II and III, a new study was designed to reduce the
effect. The Pulsed DC System and the electrode shape were originally designed
to match the size of the CLIC accelerating structure, making them rater bulky for
many other experimental methods. Thus, it would be very complicated to clean
the electrode surfaces from any impurity atoms and install them into the vacuum
chamber without exposing the surfaces to air in between. In the previous section,
it was shown that even a short exposure to air, or to poor vacuum, is guaranteed
to form an impurity layer on the Cu surface. Therefore, a plasma treatment pro-
cedure was devised to allow cleaning of the electrode surfaces without removing
the samples from the LES vacuum chamber.

Publication IV reports the plasma treatment experiments performed with two
gases: oxygen and argon, using the procedure described in Section 4.3. The
purpose of the publication was to confirm the effect of surface cleaning with the
technique and to study its impact on high field performance, in particular condi-
tioning, achievable field and breakdown rate. In the publication, it was confirmed
that the used parameters, i.e., the voltage and current and pressure during the
treatment, were actually in the correct region for glow discharge plasma. With
too low a voltage, the gas atoms can not be ionized, thus no plasma is formed in
the first place. If again the voltage is too high, the probability for arc discharges,
i.e., actual BDs , in the vacuum becomes significant.

The effects of the plasma treatment on the electrode surface were studied using
optical microscopy and elemental analysis with ERDA. Trace amounts of hy-
drogen, carbon, nitrogen, oxygen and sulphur were found on the Cu surfaces.
The ERDA results showed that the combined plasma treatment with O and Ar
actually cleans the surfaces, especially on the cathode, but the cleaning effect is
nullified in a few days even when the electrodes are stored inside the LES cham-
ber under high vacuum (5× 10−7 mbar). It was difficult to study the effect of
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the O and Ar cleaning separately, since exposing the surface to air after plasma
treatment with O was found detrimental to the surface. The oxygen-rich surface
is supposedly highly reactive after the treatment, thus attracting a vast amount
of impurities especially when exposed to air. However, treating the surface with
Ar immediately after the O reportedly resulted in reducing the amount of surface
impurities.

Imaging the full cathode surface during the different stages of the plasma treat-
ment, as shown in Figure 5.8 strengthened the results of ERDA. Comparing the
pristine surface of Figure 5.8a) to the one plasma treated with Ar in Figure 5.8b),
we see a clear color change exactly in the D = 40 mm area where the anode was
closest to the cathode in this geometry of 40 mm anode against 60 mm cathode.
The color of the area has shifted towards a lighter hue, suggesting the reduction
in the oxidized patina layer on the Cu surface. Figure 5.8c) is the same surface
after a plasma treatment with O. Here we see a very slight shift in the contact
area color towards red, hinting to more oxidation on the surface after the treat-
ment. There are also a few highly reflective spots appearing on the surface. In
Figure 5.8d), we again see the same surface after the combined plasma treatment
with O and Ar, followed by an initial conditioning with HV pulses and around
5000 BDs. The numerous white spots visible on the surface are BD craters.

Figure 5.9 shows microscopy pictures of the same soft Cu electrode and in the
same stages as in Figure 5.8. Here there is no noticeable difference between the
pristine surface and the one treated with Ar plasma. However, after the treatment
with O plasma, a highly reflective spot appears on the surface. Further analysis
confirms that it is one of those spots observed in Figure 5.8c). The last part of
the Figure shows that the spot has grown during the combined O and Ar plasma
treated and that there are several BD craters in this area.

The effect the plasma treatment on the BD generation was studied by performing
an initial conditioning for plasma treated (O+Ar) pairs of Hard Cu and Soft
Cu and comparing the conditioning curves to respective electrode pairs with no
plasma treatment. The conditioning experiment followed immediately after the
plasma treatment, without exposing the electrodes to air in between. The results
are presented in Figure 5.10.

The conditioning curves shown in Figure 5.10 exhibit clear differences between
the plasma treated samples compared to the same electrode type without the
treatment. Looking at the conditioning curves of the Hard Cu pairs, we see
that the one with plasma treatment performs extremely well in the beginning,
but the conditioning slows down and starts declining after around 1× 108 pulses
(1000 BDs). As the pulsing voltage is determined by the feedback algorithm
described in Section 4.2.1, the rapid increase in the beginning of the conditioning
means that very few BDs occur during the early pulses. The sudden change
in the conditioning slope indicates that a threshold was reached, after which
the BDs start occurring at a stable, but high rate even as the voltage is slowly
decreased. The Hard Cu without plasma treatment conditions slightly slower in
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Figure 5.8: Optical imaging of a full Soft Cu cathode surface during different stages of the
plasma treatment: a) pristine surface, b) after plasma treatment with O, c) after plasma
treatment with Ar and d) after combined plasma treatment with O and Ar, followed by the
initial conditioning with ∼ 5000 BDs [Publication IV].

the beginning, but continues the upward trend much longer.

The difference is not as remarkable for the Soft Cu pairs. The plasma treated pair
conditions initially faster, but the rate slows down gradually. The non-treated
pair conditions at a relatively constant rate so that the two curves eventually
overlap near 5× 108 pulses. In general, it is seen that the Soft Cu electrodes are
conditioned much slower compared to Hard Cu, as has been observed already
earlier [79].

Re-conditioning measurements were additionally performed for the plasma treated
Hard Cu pair. The conditioning measurement was performed after variable
lengths of exposure to vacuum and air. Remarkably, all the re-conditioning
curves were very similar, with the saturation voltage being reached at about
4× 107 pulses. The saturation level was around 80 MV/m, which is very close to
the final value of the initial conditioning.

In overall, the results show that the plasma treatment is actually able to clean
the Cu surfaces from impurities. The nature of the reflective spots visible on
the Cu surface after O plasma could not be confirmed with the used equipment,
but their shape and color suggest that they are a result of O ions affecting more
certain areas on the surface. They also showed that the plasma cleaning reduced
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Figure 5.9: Optical microscopy of the same spot on a Soft Cu cathode surface during different
stages of the plasma treatment: a) pristine surface, b) after plasma treatment with O, c) after
plasma treatment with Ar and d) after initial conditioning [Publication IV].
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Figure 5.10: Initial conditioning measurements for two pairs of Hard Cu and two pairs of
Soft Cu. One pair of each type was treated with O and Ar plasma prior to the conditioning.
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the number of early BDs during the initial conditioning of an electrode, especially
improving the electric field strength until the first BD, which was more than 90 %

higher after the plasma cleaning for both electrode types.

This suggests that the long-term conditioning of an electrode does not only de-
pend on the intrinsic state of the material, such as the dislocation mobility near
the surface, but also on its extrinsic surface state. Other explanation would be
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that the plasma cleaning affects the intrinsic properties, although the mechanism
of such an effect would be unknown.

The de-conditioning seen with the Hard Cu after plasma cleaning might be due
to surface activation by the plasma [101], i.e., the cleaned Cu surface attracting
impurities from the vacuum and atom clusters from the BD craters, making it
more vulnerable for further BDs.

5.5 Discussion on the results

The common thread in all the results discussed in this work is the implication
of two separate processes contributing to BD generation. On the other hand,
we see that the surface condition of the electrodes is crucial for avoiding BDs,
especially sBDs. Even a short exposure to vacuum residuals weakens the surface
state and increases the BD probability. Yet, we see that the BDs cannot be fully
eliminated, even if the surface is thoroughly cleaned by plasma and pulses. Thus,
we call the BD triggering source related to the surface state extrinsic. We refer
to the other triggering source as intrinsic, since it has to do with the underlying
material properties, even though there is no direct evidence of this.

The two BD triggering sources also suggest that there must be extrinsic and
intrinsic conditioning mechanisms. Our studies focused mostly on the extrinsic
type, where we further found long-term and short-term conditioning effects. It
seems that the large effect of the plasma cleaning on the start of the initial con-
ditioning is due to the plasma removing or exhausting any features and impurity
regions on the surface, that would have otherwise acted as nucleation sites for
the BDs already at low voltages. This long-term extrinsic conditioning does not
deteriorate easily when the surface is exposed to impurities, such as air molecules
at NTP.

A similar effect, although on a smaller time scale, is seen during the voltage
recovery after each BD. The most effective recovery scenario was found to be the
one with 4 s of pulsing at 40 % of Vtarget, after which the actual ramp to Vtarget is
performed within 1 s. We believe that this exposure to relatively low, but nonzero,
voltage pulses in the beginning of the recovery, cleans and exhausts a majority of
the impurities and features formed on the surface during the previous BD or the
20 s idle time after it. This effect is thus called short-term extrinsic conditioning,
as its impact is lost within seconds of no pulsing even in high vacuum.

The clearest evidence of the intrinsic BD generation is seen in the two-exponential
model (Equation 4.1) fitted to the right-hand side of the PDF for the number
of pulses between BDs, such as the one seen in Figure 5.1. After the immediate
effects of the voltage ramp in the region A of that figure, the BD probability
decays rapidly throughout the region B, which is associated with sBDs. After a
cross-point, the probability decay slows down in the region C and the decay rate
remains constant throughout several magnitudes of pulses. The latter region
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is associated with pBDs. These events are statistically independent from the
previous events and also occur on a random spot on the electrode surface, as is
seen in Publication I. Therefore, the observed pBDs always occur on a surface
which is well smoothened and cleaned by a great number of HV pulses. Yet, they
still occur at relatively constant voltages (after the electrode has experienced the
initial conditioning), suggesting that this is the maximum electric field strength
that the pure material surface can withstand without continuously causing BDs.
As the surface irregularities have been cleaned out, the only factors that can
affect the BD generation are the material properties, i.e., how easily the surface
can be locally deformed, giving rise to nucleation of a new field emitting spot,
which may develop into a full BD event.

Another indication of the intrinsic material properties playing a role in the BD
generation is the difference between the Hard Cu and Soft Cu, As seen also in
this work, Hard Cu is conditioned to the saturation voltage much faster com-
pared to Soft Cu. The main distinction between the Cu types is the difference in
the average grain size. The smaller grain size of Hard Cu particularly affects the
dislocation movement, as the dislocations are hindered by the grain boundaries.
Dislocation movement below the electrode surface is one explanation that could
lead to the protrusions on the surface which develop to field emitters and even-
tually to full BDs. Thus, the increased dislocation movement in Soft Cu could
explain the more frequent BD production during the initial conditioning.



Chapter 6

Summary

In this dissertation, we addressed the BD generation on Cu surfaces by exper-
imentally studying processes and factors which may affect the BD probability.
We used Pulsed DC Systems at the University of Helsinki and at CERN to gen-
erate vacuum arc BDs in a micro-gap between Cu electrodes. We described the
hypothesized BD generation mechanism and compared it to the experimental
results.

By studying the statistics of BDs generated with two types of Cu electrodes, Hard
Cu and Soft Cu, we were able to classify the events into primary and secondary
BDs. The primary ones are statistically independent from any previous events
on the surface, while the sBDs generally occur close to the previous event, both
in terms of HV pulses and physical distance.

Analyzing the effect of different voltage recovery scenarios after a BD provided us
important information on how to minimize the number of sBDs when the voltage
is ramped up to the target value after a previous BD event. It was found that it is
beneficial to use relatively low voltage pulses to relax the electrode surface after
the previous BD . Subsequently, the voltage can be ramped up quickly without
producing excess amount of sBDs.

Considering the impact of idle time between HV pulses showed that the surface
condition can be weakened in a fraction of a second, even in high-vacuum, if the
surface is not cleaned by frequent HV pulsing. The longer the idle time, the
higher the probability for a new BD to occur within the first pulses after the
pause.

Cleaning the electrode surface using oxygen and argon ions was shown to reduce
the number of surface impurities. This also improved the initial conditioning of
the Cu electrodes, by increasing the value of the electric field strength that can be
reached before the first BD by more than 90 %, compared to the samples without
plasma cleaning.

41



42 CHAPTER 6. SUMMARY

In general, this work sheds light on the understanding of the vacuum arc break-
down formation and the mechanisms impacting the breakdown generation. The
knowledge learned in this study suggests ways for reducing the impact of break-
downs in such high electric field devices where the occurrence of breakdowns is a
limiting factor of the application.
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