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Abstract

This thesis describes the testing and results of the two pulsed DC large electrode
systems at CERN, as part of a collaborations with the Compact Linear Collider
(CLIC) and Linear Accelerator 4 (Linac 4) projects. The pulsed DC systems
consist of two precision machined electrodes placed parallel to one another, with a
gap between 60 m and 100 m, under high vacuum to observe vacuum breakdown
triggering mechanisms and conditioning.

Descriptions of the setup with be given, as well as changes to the electrode
drawings to improve reliability of machining with a reduced electric eld enhance-
ment. Additionally, a description of a new method of conditioning through pulses
rather than breakdowns will be discussed. The new conditioning method was
used to condition several di erent materials, including, TiAlgV,4, CuCriZr, Nb,
Cu OFE, Ta, and AlMgSi;, and observations of the characteristics observed are
given. This is followed by the same materials except AIMgSi; being irradiated
by a H beam, to observe the e ects of irradiation on the electric eld holding
capabilities and breakdown locations throughout conditioning.

Measurements of the eld emission current for each pair of electrodes tested
was conducted, using a constant DC supply. Analysis of the results gives the

eld enhancement factor, as well as comparisons between materials, polarity, and
irradiation e ects. During eld emission measurements an optical spectrometer
was attached to one window. The results are presented for the materials that
produced light, showing the correlation between the light intensity at di erent
wavelengths, with the voltage and eld emission current. This can also be
correlated with possible causes of light that would occur during eld emission.
Additionally fast uctuations in the eld emission current were measured and

possible interpretations with respect to mobile dislocations are given.
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Chapter 1

Introduction

1.1 High Field Accelerators

There are two di erent high eld linear accelerators (LINACs) that have had have
been linked to the following studies, these include the CERN Compact Linear
Collider (CLIC) and Large Hadron Collider (LHC) Linac 4 (L4). For this reason,

details of the background to each of these accelerators is given.

1.1.1 CERN Compact Linear Collider

The Compact Linear Collider (CLIC) is a linear electron-positron collider project
proposed by the European Council for Nuclear Research (CERN) [1], [2]. The
particle physics community is interested in an electron - positron collider for
precision measurements of Higgs and search for new particles. Use of lighter
particles allows for more accurate calculations of the energy and momentum, as
well as cleaner collisions. Figure 1.1 shows the setup of the accelerator with the
positrons and electrons being accelerated in opposite direction towards each other,
with the collision occurring in the centre.

A TeV circular e /e" collider machine is less practical as a result of synchrotron

1
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Figure 1.1: CLIC accelerator complex at 3 TeV [1]

losses that would occur [1]. Synchrotron losses are radiated energy particles lost
when the beam turns, and is given as:
E4

7 2
My

I:)Ioss /

(1.1)

Where, P,ss = power lost, E = particle energy, mg = particle rest mass, and

= bending radius. The rest masses of electrons and protons are 511 keV and
938 MeV, respectively [3]. From Equation [1.1] it can be seen that the heavier the
particles accelerated, the lower the synchrotron radiation power emitted, which
increases e ciency. For this reason a linear collider is used to avoid bending high-
energy beams.

One advantage of linear accelerators is the ability to extend them to reach
higher energies over time [1]. For CLIC the plan is to rst achieve 380 GeV, then
1.5 TeV, and a nal stage planned with energies of 3 TeV, with lengths of 11 km,
29 km and 50.1 km respectively, as seen in Figure 1.2. The nal parameters for

CLIC include a length of 50 km with an energy of 3 TeV. To achieve this high
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Figure 1.2: CLIC accelerator footprint showing energy stages of 380 GeV, 1.5
TeV and 3 TeV. Proposed to be built between Switzerland and France, close to
Geneva.[1]

energy a high accelerating gradient would be required in order to contain it within
a reasonable length. The accelerating gradient required to meet the parameters
given is 100 MV/m, this accelerating gradient would require peak surface eld

within the cavities up to 230 MV/m [4].

High electric elds in vacuum machines, lead to a phenomenon called vacuum
breakdown which is one of the main limiting factors of the CLIC accelerator [5].
Breakdowns decrease the luminosity of the accelerator, as when a breakdown
happens the magnetic eld from the arc kicks on of the beams transversely, causing
the beams not to collide. To have a level of control over the number of breakdowns,
the structures are conditioned to a speci ed breakdown rate. For CLIC this was
decided as a maximum of 1 breakdown anywhere along the linac per 100 pulses,

therefore theBDR 3 10 ’ BD/pulse/m. Additionally to reduce the likelihood
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of breakdowns, a total pulse length of 242 ns would be used [4], this is in accordance
with a study of the e ect of pulse length on the breakdown rate [6], giving a
dependence of:

BDR / 5 (1.2)

where BDR = Breakdown rate and = pulse length. This shows that the smaller
the pulse length used, the lower the breakdown rate which means higher elds can

be achieved.

1.1.2 Radio Frequency Quadrupole

The Large Hadron Collider (LHC) is the largest and most powerful particle
accelerator at the time of this report [3]. It is a circular collider and has a
circumference of 27 km, that consists of many superconducting magnets to control
the beam. As mentioned in the section on the CLIC project as this is a circular
collider the particles that are used are protons and ions. For the context of this
thesis only the initial stage of the proton acceleration will be covered. There are
several accelerating stage machines that are used to get the beam to the energy
required for the LHC. In the case of the LHC the protons used arel*, these
consist of Hydrogen atoms that have been stripped of their electrons.

Figure 1.3 shows the whole LHC accelerator complex with the di erent injection
points and storage rings for increasing the beam energy to di erent level [3]. The
rst stage is Linac4 (L4) that accelerates the beam from & source, from 45 keV
to an energy of 160 MeV. A charge-exchange injection scheme is used to combine
the H ions with the H™ beams already in the Proton Syncrotron Booster (PSB)
[7]. This is done by passing the H{ ions through a stripping foil to convert them
into protons, which can then be merged with minimal losses with the beam that

is already circulating within the PSB. The PSB accelerates the beam to energies
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Figure 1.3: The accelerator complex for the Large Hadron Collider (LHC) with
colour coded names for each segment [3]

of 2 GeV, with a radius of 157 m in circumference [3]. The PSB feeds the beam
into the Proton Syncrotron (PS) that accelerates the beam to an energy of 26 GeV
with a circumference of 628 m that then feeds into the Super Proton Syncrotron
(SPS) to accelerate to 450 GeV with a circumference of 70 km. After the SPS the
beam in injected in opposite directions around the two beam pipes of the LHC

where there are 4 di erent collision points for di erent experiments.

The initial stages of L4 are theH source feeding into a Low-Energy Beam-
Transport (LEBT) used for steering the beam. Then several accelerating stages
with the rst being a Radio Frequency Quadrupole (RFQ) that accelerates to
3 MeV, then drift tube linacs (DTLs) accelerating to 50 MeV, then coupled cavity
drift tubes (CCDTLSs) to reach 100 MeV, and nally Pi mode structures (PIMS)

to achieve an energy of 160 MeV.

An RFQ is a form of linear accelerator that focuses, bunches and accelerates a
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Figure 1.4: Cross section cut-out view of RFQ vanes showing the minimum and
maximum distances of the vane surface from the axis [8]

continuous beam of charged particles, providing low emittance increase, low beam
loss, and high power e ciency [8]. Figure 1.4 shows a cross section diagram of
an RFQ, from this the 4 electrode vanes can be seen where the beam dynamics
for the RFQ are determined by the geometrical parameter of the vanes. Where
focusing strength and acceptance of the beam are determined by the aperture, the
electric eld for acceleration is determined by the depth of modulation, and the
synchronicity of between the particles and the eld is determined by the distance

between the vane peaks and troughs.

The RFQ of L4 has an inter-vane peak surface electric eld of 34 MV/m
to accelerate the beam to the energy of 3 MeV, which is sucient to have

caused breakdowns to occur [9]. Originally when a breakdown occurred there was
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no implementation to detect the breakdown itself, therefore it did not respond
appropriately, and instead supplied additional power to the RFQ maintaining the
arc [10]. This led to interventions to X this, and to also investigate the cause of
breakdowns within the RFQ. An endoscopy was done of the RFQ and damage was
found in the form of blisters on the surface and breakdown craters. The blisters
were most likely the result of irradiation from the beam loss which contained

H , H neutral and electrons as a result dffi  being a relatively unstable ion. The
increased breakdown rate in uences the beam and the damage to vanes has caused
degradation over time. This in turn reduces the achievable electric eld holding

capacities of the structure.

1.2 What is Electrical Breakdown

Electrical breakdown is when current ows through an insulator or gas between two
electrodes with an applied electrical potential di erence. The higher the potential
between the two electrodes the higher the probability that the insulator will become
conductive. Breakdown can occur with di erent types of insulator whether they
are solid, liquid or a gas but breakdown should not be possible in a vacuum. For
breakdown to occur there must be a path of free electrons, making the insulator
conductive allowing current to ow between the two potentials [11]. The type of
breakdown to be explained is 'gas breakdown', as a gas becomes conductive when
ionised, which requires energy input. A voltage potential between plates gives an
electric eld, where the greater the potential di erence, the higher the amount of
ionisation that occurs. The breakdown voltage is the voltage potential at which
the insulator begins to conduct. For a gas, this depends on the species, pressure
and temperature, gap distance, and voltage potential.

Particle accelerators operate with a vacuum in order to avoid the beam colliding
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with gas, despite the ultra high vacuum breakdowns occurred, commonly known as
“vacuum breakdowns' [12]. In principle, breakdowns should not occur in a vacuum
as there should be no gas to ionise to generate an electrical connection. Therefore,
for there to be a breakdown in a vacuum there must be a source of gas, this then
becomes a gas breakdown. The process that leads to gas being introduced into
the system is not completely understood but the most prominent theories will be

discussed in more detail.

1.3 Gas Breakdown Process

1.3.1 Initial Breakdown

The rst stage that leads to a fully-

developed breakdown is background

lonisation, which is when the rst few

gas particles become ionised [13]. This

can occur naturally and on its own

is not enough to cause a breakdown

as there are insu cient free electrons.

Background ionisation is relatively low

and occurs at a steady rate. Causes

of this type of ionisation could be the

result of a small amount of energy Figure 1.5: Voltage vs. current diagram
showing the dierent phases of gas

transferred to particles causing the discharge [13]

electrons to become excited, increasing

the likelihood of emitting electrons. Figure 1.5 displays the voltage vs current curve

for an electrical breakdown. From this it can be seen that for a small voltage the
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current increases to the nA range and saturates. As the voltage increases the
current remains constant until the critical point at which avalanche breakdown
occurs.

When an electrical potential is applied, an electric eld is developed that leads
to increase in ionisation within the gas. Electrons that escape are then accelerated
towards the anode and will collide with other particles. Depending on several
factors including the ionisation energy of the gas species the energy of the free
electron, the collisions may cause more ionisation and thus a larger population of
free electrons.

At high voltages when the electrons start to escape and collide with other
particles, the increased voltage causes an increase in energy and speed of the
electron [13]. As the energy of the electrons increases, the probability that a
collision results in the emission of more electrons also increases. This generates
an avalanche aect and the number of free electrons increases rapidly, which is
called an avalanche or Townsend breakdown, named after John Townsend who
mathematically described the process of an avalanche breakdown. Townsend's

description begins from the di erential equation [13]:

dny, = ny dx; (1.3)

where x is the position along an axis perpendicular to two electrodesy is the
number of free electrons at positiorx, and is the primary ionisation coe cient
(number of secondary electrons produced per primary electron per unit length).

This di erential equation has the solution:

Ny = No€”* : (1.4)

where ng = ny, when x = 0. The solution shown in Equation [1.4] of the
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primary ionisation equation shows that the number of free electrons increases

exponentially with distance.

Townsend primary ionisation only considers the impact of electrons on the
ionisation of the gas. For this reason, he also introduced a secondary ionisation
coe cient to determine ionisation caused by ion impact (positive ions within the
gas colliding with neutral atoms and the electrode causing further ionisation),
as well as other ionisation mechanisms such as photoionisation. The Townsend
secondary ionisation coe cient is the number of electrons generated through
secondary mechanisms per electron produced in the primary avalanche. It can be

expressed as:

= .+

p + jons (1.5)

m

where is the the total number of electrons produced by secondary emission
processes, and ,, m, ion are the respective contributions from photons,

metastable particles, and ions respectively.

The current is given by Equation [1.6], assuming all the free electrons reach

the anode:

_ | oe* .
e D (1.6)

wherel, is the initial seed current produced by an external process, arndg is

the total current. Under this model, the condition:

(4 1)=1 (1.7)

implies in nite current. Practically, this represents the breakdown becoming

self-sustaining, due to secondary ionisation processes producing su cient seed
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current for the primary ionisation process. The gas quickly becomes a plasma

with the majority of the gas particles becoming ionised.

1.3.2 Discharge

Glow discharge is the phase in which the plasma emits a large number of photons
[13]. The reason for this is excited electrons return to their lowest energy state.
Also, the free electrons may recombine with positive ions causing the release
of more energy as light. When a glow discharge is occurring the ow of ions
accelerated between the plates, hit the cathode which causes further electrons to be
emitted. This continues repeatedly with each impact, causing further electrons to
be emitted, and this glow discharge phase is therefore considered as self-sustaining.
As the glow discharge is self-sustaining with a high current, the voltage across the

electrodes decreases.

This continues until a plasma sheath is generated that covers the surface of
the cathode. A cathode plasma sheath is a positively-charged plasma that screens
the negative charge of the cathode, creating a barrier. This causes a drop in the
voltage across the sheath, at which point the current stops increasing; to further
increase the current density, the external applied voltage needs to be increased.
The current density is constant and therefore the total current is dependent on
the spot size of the eld emission area [14]. For there to be an increase in current
emitter the surface area of eld emitters must increase, this can be the singular

spot increase or several eld emitters emerging on the surface.

The next stage that occurs is arc discharge. This is when an arc occurs between
a voltage potential gap and in general it is destructive causing damages the surfaces
leaving craters of melted material. This can occur if the power supplied is high

enough and the supply is capable of supplying enough current for an arc. An arc
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occurs straight after a high voltage breakdown when there is very little resistance
leading to a high current ow that is determined by the current capabilities of
the supply. The main di erence between glow and arc discharge is that for arc
discharge there is an increase in electrons emitted due to thermal emission as well

as eld emission.

As the arcs are powered by the supply to the system, the systems can be
powered down to extinguish the arc. Arcs that can be initiated and driven by
the power from the external supply will most likely have a very fast increase from
virtually no current to an arc with no time for the glow discharge to occur. This
is likely to be the case within high gradient accelerators due to the high powers

used, therefore the glow discharge cannot be used to predict breakdowns.

1.3.3 Paschen Curve

The Paschen curve describes the relationship between the breakdown voltage of a
gas and the product of pressure and distance between the electrodes [13]. From
Figure 1.6 it can be seen that, except for very low pressures, the breakdown voltage
increases with an increase in pressure and/or distance between the electrodes. A
Paschen curve can be used to determine the pressures and voltage for initiating or

reducing the likelihood of breakdowns.

At pressures approaching absolute vacuum the breakdown voltage tends
towards in nity as breakdown cannot occur without gas molecules [13]. The reason
the voltage tends towards in nity is that the particles in the gap have a relatively
large mean free path to accelerate due to the low pressure, it is possible that it
would not collide with another particle. If the particles were to hit with this high
velocity due to the eld applied, there is a large chance that they would excite

more electrons to escape, that will then go on to collide with another particle. The
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Figure 1.6: Paschen curve, giving the dependence of the voltage for a breakdown
to occur with respect to a function of the pressure and gap distance [13].

lower the pressure of particles within the volume the less likely they are to collide,

this reduces the chance of breakdown.

If the product of pressure and distance between the electrodes coincides with
the minimum voltage of the Paschen curve, it has the optimal conditions for
initiating a breakdown [13]. Meaning free electrons reach the ideal velocity
before hitting particles in the gas causing an avalanche. This principle is a main
contributor to the theory of breakdown in a vacuum system, were a relatively
high voltage is required dependent on the amount of gas present. If the material
experiencing a high eld is able to introduce electrons or gas particles either from
the material itself or contaminants on the surface, then a small amount of gas can

be present to cause breakdown.

The Paschen curve shows the relationship between the voltage that would cause
an electrical breakdown with respect to the function of the pressure and distance
[13]. Asthe product of the pressure and gap distance increases, the voltage required

for breakdown also increases. This is because with an increased pressure the
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particles within the area have a reduced mean free path to accelerate to a su cient
velocity to cause further emission. Therefore, a higher voltage needs to be applied

to deliver more energy to electrons to cause a greater acceleration.

1.4 Theories of Vacuum Breakdown

1.4.1 Introduction

For there to be a breakdown in a vacuum there must be a source of gas present,
allowing a plasma to be produced. There are several theories of the process leading
to a gas being introduced in a vacuum system. There are also several factors that
can impact the likelihood and a ect the number of breakdowns [15]{[22]. Some of

these theories relate to the material aspects of the system and some to the high

electric eld present.

In most electron emission mechanisms, an electron must gain energy from an
external source to escape the material. The energy can be provided by a number
of di erent mechanisms [23]. One of these is an increase in temperature causing
the electrons to become excited, allowing some of them to have enough energy
to escape, which is called thermal emission. The energy required to remove an
electron from the bulk of a material is called the work function, which is a material
property [24){[26]. Another mechanism is eld emission, which is the emission of
electrons that occurs when an electric eld is applied. It is unique among emission
mechanisms in that it does not need an external source of energy to occur as it
involves quantum tunnelling of the electron through the potential barrier posed
by the workfunction. Field emission requires electric elds of tens of Mv/m to be
measurable in practice. In the at-plate DC system at CERN the electric eld

is produced by applying a voltage between two electrodes that are a set distance
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apart, with the eld given as:

E = V=d; (1.8)

where E is the electric eld (V/m), V is the voltage (V) and d is the distance

between the cathode and anode.

1.4.2 Electron Emission

1.4.2.1 Field Emission

The Fowler-Nordheim equation was the original equation used to determine the
tunnelling probability of electrons, but this was later improved upon with the
Murphy-Good equation that included temperature e ects. This is an equation of
the current density of emitted electrons from the surface via quantum tunnelling
when a material is subject to a high electric eld [27]. For an electron to tunnel
out of a material it must pass the potential barrier between the material and the
vacuum [28] [29]. When the electron is just about the metal surface, a positive
image charge is induced in the metal, attracting the electron back. This modi es
the shape of the potential barrier. For strong electric elds, image charge e ects
can signi cantly decrease the height of the potential barrier and increase the

probability of tunnelling.

Figure 1.7 displays the electric potential, relative to the Fermi energy of the
metal, as a function of position for di erent circumstances. is the work function
of the metal and is the reduction in e ective work function due to image charge
e ects. With a higher electric eld, the potential in the vacuum has a steeper slope

and the width of the potential barrier for electrons to tunnel through decreases.

The current density depends on the work function and local surface electric
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Figure 1.7: Potential relative to the Fermi level for a metal-vacuum interface
subject to an external electric eld. The position is de ned with the interface at
zero, with positive values representing the vacuum. In this example, the eld is 3
GV/m and the workfuncion is 4.7 eV.

eld, and is can be modelled by the Murphy-Good equation [23] [1.9]:

P .
e %E? 8 " 2m v(y)
V= ght ) &P 3heE ! (1.9)

where J is the current density, e is the electron charge,E is the macroscopic
electric eld (V/m), s the eld enhancement factor,h is Planck's constant,me
Is the electron mass, and is the work function. v(y) and t(y) are elliptical integral

functions, with S

4 o
where g is the permittivity of free space. The Murphy-Good formulation reduces
to the Fowler-Nordheim formulation [30] wherv(y) = t(y) =1 is assumed. These

values correspond to an exactly triangular potential barrier, meaning that include
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temperature or image charge e ects are not included [29].

A eld enhancement is an area on the surface of a material with a higher
eld than the surrounding area as the result of an imperfection [31]. The eld
enhancement factor is the peak eld from the enhancement divided by the normal

idealised eld for a perfect surface, given as:

E
— local (1.11)

E macroscopic

where, is the eld enhancement factor, E\,cy IS the peak electric eld, and

E macroscopic 1S the normal electric eld.

To simplify Equation [1.9], the constants can be grouped together inside
and outside of the exponential to form two constants. These constants are
referred to as the Fowler-Nordheim constants and are denoted Aty and Bey .
Numerical values for these constants are given in Equation [1.12] and Equation

[1.13] respectively.

e A
Apny = —— =1:54124146 10 °— 1.12
FN T g Y, (1.12)
8 P 2m3 1
Ben = ——< =6:830676478 10°p—— (2.13)
3he evm

With the above simpli cations of t(y) = 1 and v(y) = 1, Equation [1.14] can be

obtained in terms of the two Fowler-Nordheim constants:

!

J p c

(1.14)

Using Equation [1.14], it can be seen that as the eld is increased the current
density increases exponentially. This current has a sudden onset with respect to

the electric eld, which means that once a few electrons are able to tunnel, other
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are also able to escape before reaching a limit. The other factors that the emitted
current depend on include the eld enhancement factor and the work function
of the material. In terms of the eld enhancement, the larger this is the higher
current density from the emission site. The work function is a material constant,
with a larger material work function implying a higher eld required for emission.

In practice, the eld enhancement factor and work function most likely change
during the process as the temperature increases and forces act on the enhancement
area [23]. Temperature increase is caused by collisions between the electrons in
the material, these collisions cause a release of energy in the form of heat; this
process is called Joule heating [32]. The higher the electron density the higher the
number of collisions and therefore the temperature increases with an increase in

current density.

Field enhancement on the electrode can be caused by protrusions from the
surface, with the highest eld found at the tip of the protrusion [31]. Figure
1.8 displays the relationship between the dimensions of a surface protrusion and
the eld enhancement factor for various types of protrusion geometry, with more

slender features resulting in higher eld enhancement factors.

If the eld-enhancing feature reaches the melting temperature of the material,
then it will start to melt and evaporate. Evaporation of the material leads to gas
emission that can form a plasma due to high elds and free electrons. Then as
a result of the presence of the plasma there is a breakdown within the system
that causes damage at the location of the eld emitter, leaving no trace of the

eld-emitting tip.

Measurements of the eld emission current as a function of the macroscopic

electric eld can be used to calculate the eld enhancement factor. This can be
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Figure 1.8: Field enhancement factor as a function of aspect ratio for various
protrusion shapes [31].

done by expressing Equation [1.14] as:

| = E% ~F; (1.15)

where:

. 3=2
_ 6:53 10 9 (1.16)

= Ao (1.17)
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Equation [1.15] can also be expressed in the form:

In 1 =In( )

=2 (1.18)

E!
By plotting In( I=E?) against 1=E in what is commonly known as a \Fowler-

Nordheim plot" and taking the gradient, can be obtained, which is related to

by Equation [1.16] [31].

1.4.2.2 Space Charge Limit

The Child-Langmuir Law, also known as Child's Law describes the space-charge-
limited current between two at parallel electrodes in a vacuum [33]. Though it
was rst applied to thermal emission, it describes the space-charge limit for any
emission mechanism. This is the maximum current density for a given electrodes
electrode spacing and potential di erence. The equation for Child's Law is:
" 1

JscL = % Zme 2Vg (1.19)
whereJsc, is the space-charge-limited current density, V is the potential di erence
between anode and cathode, D is the distance between anode and cathogas
the permittivity of free space, m is electron mass, and e is electron charge [34].

In terms of the physical meaning of these results, this is related to the space
charge between electrons [28]. As electrons have their own electric eld that has
a negative charge, this repels other electrons. Therefore, as an electron escapes
the surface of a material cancels out some of the surface electric eld. When the
space charge of the electrons becomes large enough, there is a point at which the
surface eld becomes zero and no more electrons can escape the material.

Increasing the voltage across the two electrodes causes the electron velocity to

increase [28]. This reduces the build-up of space charge near the surface of the
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material as each electrons spends less time close to the surface.

1.4.3 Materials

Several studies have been done to investigate possible causes to breakdown related
to the material condition or composition [15]{[22]. It is likely that breakdown is

in uenced by a multitude of di erent characteristics relating to each sample rather
than one singular property.

This section summarises the di erent material properties and characteristics
that could in uence breakdown behaviour. These include surface defects that
could occur as a result of stress on the materials, voids beneath the surface, crystal
structure. The e ect of surface coatings has been studied to observe whether the

number of breakdowns is decreased.

Figure 1.9: Dynamic atomistic model showing the formation of a sharp tip on
a tungsten surface when a high electric eld is applied [35], starting from a
hemispherical asperity as shown on the top left.

Atomistic molecular dynamics simulations [15] have shown that the surface
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atoms of a metal can migrate due to thermal e ects, as demonstrated in Figure
1.9. These simulations have shown that if the applied electric eld is su ciently
large, it becomes energetically favourable for the surface atoms to move to regions
of higher electric eld. This causes them to clump into eld-enhancing tips, whose
growth causes a further increase in eld enhancement factor and thus local electric
eld. The simulations also show eld evaporation (i.e. detachment) of atoms when

the eld on the tip becomes su ciently high.

Although sharp protrusions can cause local electric eld enhancement, features
irregularities of a su cient aspect ratio to explain the calculated from measure-
ments [36] have not been seen on the surface before or after being inserted into
a cavity or DC system where breakdowns occurred. This led to investigations
as to whether the irregularities could be caused by the stress of the electric eld
and then evaporate or be destroyed by a breakdown, if this is a fast process then
this would explain not having seen any in an SEM. An important point to note
is that eld emission is measured whenever a high eld is applied suggesting a
eld enhancement is present the whole time but breakdowns are only on some

occasions.

For a tip to develop there are most likely dislocations in the material moving,
causing a protrusion to emerge at the surface of the material [16]. Although a
dislocation can be formed at any point in the material (known as homogenous
nucleation), this has higher activation energy, and is therefore much less likely,
than nucleation at defects such as grain boundaries or other dislocations. Sub-
surface voids have also been proposed as possible dislocation nucleation mechanism
[16]. Ways in which a sub-surface void could form include oxidation on the
surface di using into the material by the Kirkendall e ect or mass transport of
material above the void [37]. Other possible causes proposed include technological

imperfection of the metal production or electromigration [38]. As a result of the
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dislocations that occur as a result of a void, this can lead to deformation of crystals
within the material.

Deformation of the material under the surface could cause several defects at
the surface due to movement of dislocations [16]. One of these includes the growth
of whiskers on the surface that then provide a eld enhancement. Voids are more
likely to cause dislocations if they are located close to the surface as they will be

subjected to the most stress.

Figure 1.10: Saturated electric elds achieved for di erent materials tested in the
tip to plate pulsed DC system, with annotations indicating the crystal structure
for each of the materials. The saturated eld indicates the electric eld after an
initial conditioning phase of 20-100 breakdowns [17], [18].

Studies have also been done, looking at how di erent materials can impact
breakdowns and conditioning [17]. These tests were done using the previous pulsed
DC system at CERN, with a 2 mm tip anode a variable distance from a at plate.
Each of the di erent materials was conditioned with pulses using the same setup
in order to determine the electric eld each materials could achieve. Figure 1.10
displays the breakdown eld for di erent material after conditioning and above

the di erent bars on the chart are terms to describe the crystal structures of each
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material. FCC is face centred cubic, BCC is body centred cubic, and HCP is
hexagonal closest packing. From Figure 1.10, there is a clear correlation between

the crystal structure of each and the average breakdown eld.

The di erent crystal structures have di erent values of ductility and dislocation
mobility [17]. FCC has the highest ductility and dislocation mobility meaning it
is the most likely to deform when subject to a force. HCP has the lowest and
therefore most likely to avoid voids collapsing and BCC is in the middle of these
two.

Other material characteristics that could in uence the breakdown eld include
the melting point, latent heat of fusion, thermal conductivity, electrical conductiv-
ity, vapour pressure, surface tension, and work function. A issue found that could
in uence the result given was gap instabilities that varied for di erent materials
[17], [18]. From the experiments it was found that the gap distance changed due
to a signi cantly large amounts of damage to the 2 mm anode tip after several
sparks, causing erosion of the surface and displacement of material. This led to
the distance changing by 50% for titanium and < 10% after 50 breakdowns
with copper or molybdenum.

Conditioning of the samples is done by increasing the voltage in steps until there
is a discharge and then kept at that voltage until it stabilises before increasing
the voltage further [19]. When a breakdown occurs, the eld is measured in
order to determine whether the sample is being conditioned or de-conditioned,
depending on whether it is increasing or decreasing respectively. From tests it has
been determined that breakdown performance depends on the cathode material
and processing used for preparation [18], [19]. It has also been found that the
amount damage caused during tests is dependent of the stored energy in the system
available to the breakdown. With higher energies there has been more signi cant

damage and the spot size tends to scale with the energy.
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Experiments have been performed in which di erent materials were subject
to a ramping eld until a breakdown occurred, at which point the eld was
reduced to zero and the ramping was restarted [18]. The maximum eld just
before breakdown eventually saturated, and it was observed that copper reached
saturation immediately but at a relatively low electric eld. The material with
the largest breakdown eld after conditioning was titanium but as mentioned
previously this had a larger gap instability. To improve the mechanical properties
of metals, they can be alloyed with other materials. Tests were done on copper
alloys to improve tensile and fatigue strengths, to observe there conditioning
performance and resistance to gap instabilities. The alloys performed worse that
the pure copper, which is thought to have occurred due to tensile and fatigue
strength properties arising from the micro structure of the material, a ected by

thermal processes [17].

Tests have been done on the e ect of oxide layers of copper and molybdenum
to observe the di erence in breakdown eld and conditioning [18]. Use of a copper
oxide layer improved the breakdown eld and was found to increase the work
function. Although initially less prone to breakdowns, after around 12-15 sparks
the oxide layer was completely eroded and the sample behaved like pure copper.
When a molybdenum oxide sample was tested this had a decreased performance
with a lower breakdown eld and a longer conditioning time. Other surface
treatments were tested with a copper sample and it was found that after 2-3 sparks
the sample performed the same as Cu, due to the surface layer being removed by
the spark. It can be determined that with the current treatments available, it is

not possible to use them for extended use.
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1.4.4 Statistical analysis

In more recent studies, work has been done on the statistics of vacuum breakdown
using data analysis and simulations. Looking at the probability of breakdown and
the possible factors that in uence them, with possible ways to predict when a

breakdown will occur.

1.4.4.1 Statistics of vacuum breakdown in the high-gradient and low-

rate regime

Figure 1.11: Plots the logarithm of probability density with respect to the number

of pulses between breakdowns. The left plot shows data from a CLIC X-band
accelerating structure, while the right plot shows data obtained from the LES.

In both gures, two distinct linear regimes can be identi ed, corresponding to

primary and secondary breakdowns. [20]

Figure 1.11 shows probability density functions (PDF) with respect to the
number of pulses between consecutive breakdowns [20]. This analysis was done for
both a CLIC x-band structure (TD26CC) and the pulsed DC system, producing
very similar results. Two regimes are visible, one for small intervals between
consecutive breakdowns and one for large intervals. Each regime corresponds to
a straight line on semi-logarithmic axes, which implies an exponential probability
distribution. The complete PDF is thus represented by the sum of two exponential

distributions, each with its own rate parameter, as shown in Equation [1.20]:
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f(n)= Aexp( n)+ Bexp( n); (1.20)

where n is the number of pulses between consecutive breakdowns,and
are the two rate parameters, andA and B are scaling factors. The two regimes
imply two di erent types of events, which are named primary breakdowns and
secondary or follow-up breakdowns. Follow-up breakdowns occur shortly after
a primary breakdown, and there can be multiple follow-up breakdowns for each
primary. Here, is the rate of primary breakdowns and is the rate of follow-up

breakdowns.

Follow-up breakdowns could be a result of
surface modi cations caused by primary break-
downs and a follow up breakdown could lead
to further follow-up breakdowns. This means
that follow-up breakdowns are not independent
events, and are a result of other variables.
Follow-up breakdowns generally occur in close
vicinity to the previous breakdown. Figure
1.12 shows the relationship between distance
between breakdowns and the number of pulses
between breakdowns in an RF accelerating
structure. This shows that when breakdowns

happen closer together in time they are alsoFigure 1.12: Two plots with an
X axis being the (log) number of
pulses between breakdowns. The
_ ) _ ) y axis of the upper plot shows
It is possible also to identify whether ig ihe longitudinal distance be-
tween breakdowns (units of sig-
nal travel time) and the lower
the exponential PDFs tted to experimental plot shows the (log) probability
density. [20]

closer together in space.

a breakdown is primary or follow-up from
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data. The number of pulses at which the two
distributions cross becomes the threshold, with
breakdowns above the threshold designated primary breakdowns. From Figure
1.11 the threshold of pulses would be approximately 3000 pulses, meaning if a
given breakdown occurred more than 3000 pulses after the previous breakdown, it

would be a primary.

1.5 Breakdown Nucleation

A possible source of protrusions on the surface could be the material deforming

under tensile electric eld stress, corresponding to dislocation motion [22].

(a) Conceptual illustration [39] (b) TEM image [40]

Figure 1.13: (a) Shows a conceptual image of dislocations protruding from the
surface causing a eld enhancements, leading to eld emission, heating and
material melting. (b) Shows FIB TEM images of physical dislocations surface
protrusions from fatigued Cu specimens.

A metal surface subjected to a high electric eld experiences a tensile stress
normal to the surface, which can cause the movement, creation, and trapping of
mobile dislocations. The applied stress is given by the Maxwell stress tensor, which

for a DC electric eld reduces to [41]:

NI

"oE?; (1.21)
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where is the stress perpendicular to the surfacé, is the permittivity of free
space anckE is the electric eld magnitude. For a 100 MV/m eld, this corresponds
to 44 kPa. With a eld enhancement factor of 50, the stress becomes comparable
to the yield strength of copper alloy (c. 30 to 300 MPa). This stress can cause
plastic deformation of the metal, and can result in ridge-like features appearing
on the surface, as seen in Figure 1.13a.

The dislocations within the material are organised into slip planes, and their
motion along these planes can result in features appearing on the surface. The
creation of mobile dislocations and their eventual trapping behaves stochastically,
and means that plastic deformation on small scales occurs in discrete random
steps. Therefore, when a metal surface is subject to a strong electric eld, a
eld enhancing feature can appear suddenly, and possibly trigger a breakdown.
This ties in with the random nature of breakdowns. Monte Carlo simulations and
theoretical analysis were used by Ashkenazy et. al. to determine the possible
relationship between dislocations and breakdown. The e ect of protrusions on the
surface has already been discussed but this looks at the probability distributions
and their correlation with other variables.

This model considers the dislocation density as well as the rate of formation
(_+) and the rate of trapping (_) dislocation densities with respect to time.
Dislocation density will increase with stress and decrease when they interact with
another dislocation or defect and become trapped. The deterministic dynamics
of the mobile dislocation density can be givenas= |, _ , where , and _
depend on material properties, applies stress and current value af In theory,
the mobile dislocation density uctuates around a stable value until it reaches a
critical point causing a runaway condition.

When _= 0 it outputs two variables given as and ., where the former is

the value that tends towards a stable xed point when decreasing () and the
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Figure 1.14: Equilibrium value of dislocation density, , and the critical value of
dislocation density at which breakdown is initiated, . vs. applied surface electric
eld E, according to the MDDF model. [22]

other is the critical limit ( ), which is an unstable xed point of unstable growth
leading to a breakdown when < . Figure 1.14 shows and . with respect to
the electric eld, this shows that for low elds the values are further apart making
the system less likely to experience a breakdown. At the point where =  this
Is the critical electric eld E., a breakdown would occur during a pulse E E;
[20]. There is also a nite probability that the dislocation density will reach the

critical value at any time and will lead to a breakdown.

A birth-death Markov process was used to model the behaviour of the
dislocation density as the dislocations were created and trapped [20]. This is
used because there can only be a whole number of dislocations, san only take
discrete values. Each state corresponds to a certain number of dislocations. The
birth ( ,)) and death ( ,)) rates are given with respect to n, which is= |, the

equations are given as:
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B,n
n=Bi(n+nC) % : .= - (n+nQC) (1.22)
C
Where =0:lm Y Ay=an ,By=hn. ,C=cHn, ), nc =
= and (n) = A;+ Axn=n;, ay; h, and c are material dependent. These

can then be used in Equation [1.23], giving the probabilityR, (t)) of n mobile

dislocation per cell at a given time t.

@E@(:) = q 1Pn 1(t) + 41 I::'n+1 (t) ( nt n) Pn (t) (123)

Measurements consistent with the mobile dislocation density uctuation
(MDDF) model were rst made in the CERN Pulsed DC System in 2019 [21].
In these experiments, a constant DC electric eld was applied to copper electrodes
while the eld-emitted current was monitored for high-frequency signals using
sensitive purpose-built electronics. Small impulses, occurring at random time
intervals, could be seen on the current signal, with an example shown in Figure

7.2

The measured distribution of the time intervals between consecutive events was
found to be consistent with a hypo-exponential distribution as predicted by the
MDDF model, rather than an exponential distribution which would have resulted
from independent random events. It was also found that, as the applied electric
eld was varied, the mean rate of events was proportional to the mean birth rate
of mobile dislocations as predicted by the MDDF model. Both of these results are
represented in Figure 1.15 These two pieces of evidence suggest that the measured
impulses were related to dislocation motion in the copper material. The relatively
low event rate measured, however, suggested that only a very small proportion
of all of the subsurface dislocation activity in the sample was observable in these

measurements.
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(a) Measured event rate.

(b) Probability density function of time intervals between events

Figure 1.15: (a) Shows the measured event rate per slip plang in st vs.
surface electric eld in MV/m. A threshold Ey, has been subtracted from the
surface eld value. Dierent colours represent di erent measurement runs [21].
(b) Shows the probability density vs. time interval between successive events
in s. The points represent measured data, the red dashed lines represent the
best- t exponential distribution, and the blue dashed lines represent the best-t
two-parameter hypoexponential distribution [42]
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(a) Far (b) Near (c) Density Comparison

Figure 1.16: (a) and (b) show TEM images of dislocation slip planes 1 mm away
from and on the high eld surface area respectively of an RF accelerating structure
[39]. (c) shows the correlation between the probability of distances between
dislocation slip planes from the near and far samples images given.

Figures 1.16 (a) and (b) show TEM images of the cross-sections of samples
taken from a high-gradient copper accelerating cavity [39]. The samples were
taken from two locations, one on the iris, labelled "near' and exposed to a high
peak electric eld, and the other from 1 mm away, labelled “far' and exposed to
a lower peak electric eld. Dislocations appear as diagonal lines that are visible
in both images. Figure 6.10 (c) shows a histogram of the spacing between lines
for each case, demonstrating a greater density of lines in the sample exposed to

higher electric eld.

This change in surface geometry can result in a change in the eld-enhancement
factor and thus a change in the eld-emitted current from the site. Since
dislocation motion events are believed to be very short in duration (on the order
of a few nanoseconds for stresses on the order of 100 MPa [43]) and occur at
random intervals, this implies that the total eld-emitted current in an experiment

undergoes a random walk of step-like changes.

Compounding of the eld enhancement factor would most likely occur due to

dislocations being proportional to the eld applied and a " eld enhancement area'
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would be the most prone to experiencing dislocations. The use of the term " eld
enhancement area’, is due to this possibly being an area of the surface with several
ridges forming a grating structure. Where, the grating structure is a series of
period ridges that are smaller than the wavelength that re ect speci c polarisation,
depending on the structure. If uctuations occur on a " eld enhancement area'
that provides some additional eld enhancement, the eld enhancement changes
due to the more recent dislocation movement will be compounded with the eld
enhancement of the " eld enhancement area' that was already present. This
would imply that measuring uctuations in eld-emitted current only provides
information about dislocation motion in this region, and not the entire surface as

the rest of the surface appears as noise in the data.

The mobile dislocation density uctuation (MDDF) model gives a quantitative
description of the statistics of the sub-critical uctuation events not causing a
breakdown imminently, and critical breakdown events given the applied eld and
material properties. Under the MDDF model, the process of conditioning alters
the mobility of dislocations in a material, and should therefore correspond to a

measurable change in dislocation properties.

SEM studies of samples that have undergone conditioning have shown no
di erence in the number of dislocations lines for a given area compared to those
that have not been conditioned. There are preliminary results suggesting that the
con guration of the dislocations is modi ed such that they become less mobile [39].
This can be seen in Figure 1.16c [39], where the distance between dislocations lines
is smaller for the sample taken from the high eld compared to the lower eld.
Another observation they made was a reduced amount of dissociation (bifurcation)

of dislocation lines for the low eld sample.
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1.6 Light Emission

Light emission has been observed during eld emission experiments in the rst
pulsed DC system at CERN [44]. This system consisted of a tip to plate setup
as opposed to the two large surface area electrodes in the current system, which
allowed for optical bres to be placed close to the high eld area. A high voltage
was applied across the gap with no breakdowns occurring, with light emission
persisting as long as the voltage was applied. Measurements of the spectrum of
the emitted light were conducted by Jan Kovermann, who concluded that it was
caused by Optical Transition Radiation (OTR) on the basis that the spectrum
was broad. A key feature of the emission spectrum noted by Kovermann was a
sharp drop in intensity above 2.1 eV, which was attributed to the presence of an
inter-band transition of this energy in copper.

There are a number of light emission mechanisms that could produce light
during eld emission experiments other than OTR, including blackbody radiation,
cathodoluminescence, and surface plasmons, all of which considered when con-
ducting measurements in the LES. Characteristics that could be experimentally
observed to evaluate possible emission mechanisms include the dependence of
the spectrum on the emitted current, electrode material and conditioning,

measurement angle, and voltage polarity.

1.6.1 Transition radiation

Transition radiation occurs whenever a charged particle traverses a sharp boundary
between media of di erent optical properties. For the case of a boundary between
vacuum and a perfect conductor, Frank and Ginsburg describe the energy
radiated over the solid angled and bandwidth d! at angle to the trajectory of

the particle by a non-relativistic particle of chargee moving with constant velocity
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v normal to the surface as:

2 airnl
:ezvsm did

dw o3 :

(1.24)

wherec is the speed of light [45]. Since there is no term in Equation [1.24],
the spectrum should be at over all frequencies. In a real metal, variation in the
permittivity with frequency and various energy loss mechanisms such as interband
transitions result in a non- at spectrum. Equation [1.24] shows a dependence of
emitted power on electron energy. Since electrons are emitted with relatively low
energy at the cathode, gain energy when crossing the gap, and arrive at the anode
with high energy, there should be much more light emitted by OTR from the
anode than the cathode. The emitted light intensity should therefore depend on

the applied voltage.

1.6.2 Black-body radiation

Field emission from copper surfaces into vacuum is known to occur on a number of
microscopic eld-emitting sites where there is a local enhancement of the surface
electric eld. Due to their extremely small size, the current density can be very
large, resulting in very high temperatures due to Ohmic heating [14]. Black-
body radiation could therefore be a possible cause of light emission. The spectral

intensity of black-body radiation is given by Planck's law [46]:

; (1.25)

where B is the light intensity, h is Planck's constant, c is speed of light in
vacuum, is the wavelength,k is Boltzmann's constant andT is the temperature.
The black-body emission spectrum has a strong dependence on temperature, and

the frequency of the peak can be used to deduce the temperature of the emitter. An
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experiment performed on a continuous-wave (CW) accelerating cavity at the High
Energy Accelerator Research Organization (KEK) showed light emission from a
number of small points on the surface of the cavity. The Planck formula showed
a good t to the measured emission spectra, and implied temperatures between

1000 C and 1500 C, above the melting point of copper [47].

The blackbody emission spectrum is broad and has a speci ¢ shape described
by Equation [1.25]. Unlike the other mechanisms, the light should be emitted
by the cathode where the emitting tips are located. A lower current density is
expected on the anode, as the emitted electrons will likely spread out as they cross

the gap, leading to less heating.

1.6.3 Cathodoluminescence

Cathodoluminescence is a light emission mechanism that occurs when a high-
energy electron beam strikes a material that has an electronic structure that has

a lled valence band and an empty conduction band separated by an energy gap
[48]. Incident electrons can collide with the valence electrons and promote them
to the conduction band, leaving a hole in the valence band. After a short time,

the electrons and the hole recombine, producing a photon of energy equal to the
band gap. Since a band gap is required, this cannot happen with pure copper.
However, if there are any non-metallic impurities or oxides on the anode surface,
cathodoluminescence can occur in principle. Since the band gap plays a signi cant
role in this process, it is expected that the emitted spectrum would have a peak

or shoulder at the wavelength corresponding to photons of this energy.
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Figure 1.17: Dispersion relation of surface plasmon-polaritons [49].

1.6.4 Surface plasmon resonance

Surface plasmon-polaritons (SPPs) are electromagnetic waves that can occur on
a metal-vacuum interface, which can be excited by an electron beam striking the
metal [50]. For a given frequency, SPPs have much shorter wavelengths than light
in free space (as can be deduced from the dispersion diagram in Figure 1.17), and
thus do not normally couple to light and remain con ned to the surface. In the
presence of surface features, such as a grating whose size is on the order of the SPP
wavelength, coupling between SPPs and light can occur. Since dislocation motion
is known to form periodic surface features on copper surfaces conditioned at high
elds [22], they are a potential light emission mechanism. Diraction gratings
are resonant structures, as their operation depends on their physical dimensions
being related to the wavelength. There should therefore be a peak in the light
spectrum the corresponds to the spacing of the surface features. Since ridges or
other features caused by from dislocation motion likely will not have as regular a
structure as speci cally engineered plasmon resonators, they will likely not have

as strong a resonance. Such a peak will therefore probably be broader and less
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prominent than normally seen for plasmons (with typical quality factors of 1 to a

few tens [51].

Figure 1.18: Absorption spectra caused by localised surface plasmon resonances
in nanopatrticles of di erent materials [52].

Localised surface plasmon resonances, which are generally observed with
individual nanometer-scale particles, could have a sharp resonant peak whose
wavelength is related to the plasma frequency of the material. On Figure 1.17,
this corresponds to the large values of wavenumbky and thus small wavelength.

In vacuum, the resonant frequency i$ p:p 2, where! , is the plasma frequency of
the material [49]. Such resonances are often observed in the absoprtion spectra of

metal nanoparticles [52].

1.7 Context of this work

The study of vacuum breakdowns is an active eld of research with frequent
advances in understanding of the problem. In addition to various high-gradient

RF cavity test stand at CERN [53], SLAC [54], and KEK [55], there are also the
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two DC LES setups at CERN which are the focus of this thesis, one LES at the
University of Helsinki [56], as well as a cryogenic setup in Upppsala [57].

Dislocations in the metal have been recognised to play an important role in
the early stages of breakdowns, as described by the MDDF model described in
Section 1.5. More recently, measurements of uctuations in eld-emitted current
indicative of dislocation motion consistent with the MDDF model have been made
in the LES [21].

Motivated by the need to experimentally investigate this and other models
relating material defects to breakdown [58], the cryogenic DC system in Upppsala,
allowing measurements of breakdown and eld-emission phenomena to be made
on a set of electrodes over a wide temperature range [57], has been recently
commissioned. In this system, signi cantly lower breakdown rates and much more
stable eld emission has been measured at cryogenic temperatures than at room
temperature, consistent with theoretical predictions.

Much e ort has also been put into attempting to understand the subsequent
stages of breakdown, and to explain how high eld enhancements come about
from small initial perturbations. This includes atomic-scale simulations of
electrodynamics and molecular dynamics which demonstrate how sharp eld-
enhancing tips can spontaneously form when a metal surface is subject to high
electric elds [59], explaining why such sharp tips are not seen in electron
microscope studies of experimental samples (see Section 1.4.3).

There has been a signi cant amount of work done to understand and improve
the conditioning process itself, and to understand how pulsing brings about the
ability to withstand higher electric elds without breakdown. For example, recent
studies have revealed dependencies on voltage polarity, repetition rate, and gap
size in the LES [60]. The e ect of di erent voltage ramping pro les has also been

studied [61]. The addition of cameras and specially-machined electrodes in the
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LES have allowed the exact location of each breakdown in sequence to be recorded

and correlated to post-mortem microscope images, which was not possible in this

or similar systems before.

Key contributions of this work to the state of the art in breakdown science,

brie y outlined above, include:

N

N

A systematic comparison of the breakdown behaviour of di erent materials,
using more re ned conditioning and analytical procedures than with previous

studies [18].

A detailed study of the e ect of irradiation on breakdown, which showed
a signi cant reduction in maximum stable eld, but not much correlation
between the locations of breakdowns and irradiation-induced blisters. This is
particularly relevant to relevant to accelerator applications where accelerator
components are subject to irradiation by beam loss. To the author's
knowledge, this is the rst systematic study of this type. These results also
provide experimental data on the e ect of sub-surface voids on breakdown.
Up to this point, only simulations have been performed on this speci c case

[62].

Novel measurements of eld-emitted current uctuations during pulsed
conditioning have been made, correlation between the stable electric elds
during pulsed conditioning and gap electric eld during eld emission
measurements, with the potential to be developed into a new method of

guantifying conditioning progress (see Chapter 7.5).

New measurements showing a weak or no dependence of breakdown rate on
pulse length for pulses between 100 us and 1 ms. This is in contrast to typical

fth-power dependence often seen for pulses below 200 ns in accelerating
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structure tests [63], [64].

A new algorithm to determine how the applied electric eld should be
changed during conditioning that has shown an improvement in the stability

of the eld over the previous iterations.

Optical spectroscopy measurements conducted in parallel with eld emission
current measurements which show a clear correlation between the current
and light intensity measured for Cu based materials, and not for other
materials, suggesting that a mechanism other than transition radiation may

be responsible for the light.



Chapter 2

Pulsed DC Large Electrode

System

2.1 Introduction

This section covers description of the pulsed DC large electrode systems (LES)
used throughout the experiments to be discussed in the following chapters. There
are two very similar systems at CERN and they are designed for studies of
conditioning, eld electron emission, and vacuum breakdown phenomenon. The
main focus of the systems are the precision machined electrodes that are tested in
pairs and changed. The electrodes are placed in the system, parallel to one another
and under high vacuum, then tested by applying a pulsed high eld. There are
several automated data-acquisition instruments to record breakdown properties.
Additionally, a Marx generator is used to supply pulses from 1s to 1 ms with
repetition rates from 1 Hz to 6 kHz, allowing the electrodes to be conditioned in
fast time scales of 3.5 days at 2000 Hz in the pulsed DC systems compared to 2
months for the T24PSI CLIC accelerating structure in Xbox 3. This time does

not include the time take to install new samples and achieve a suitable vacuum

43
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for conditioning. Conditioning plots comparing these can be seen in Figure 2.1
[65], [66]. Use of the pulsed DC systems allows for easier observations of light,
breakdown locations, pressure and changes in the voltage and current when a

breakdown occurs, and correlate the data with relatively high precision.

Figure 2.1: Conditioning curves for the T24PSI structure, S-band BTW structure
and the Cu OFE electrodes in the pulsed DC system [65]{[67]. Where a similar
number of pulses is required for the conditioning but due to the dierence in
repetition rates this takes di erent amounts of time from 2 months, 4 months and
3.5 days respectively.

The pulsed DC systems were designed and in use prior to this work [68], with
some adjustments made throughout studies described in this report, which will be
discussed where appropriate. The design of the system was done as part of the
PhD of Nicholas Shipman and the decisions behind certain aspects can be found
in the relevant thesis [68]. Additions to the control and analysis from the original
implementation include the cameras used to determine breakdown locations for
the system, found in reference [69]. Also the high-voltage supply system used was
a high performance Marx generator, developed for providing high voltage pulses

to the system, designed in collaboration with Energy Pulse Systems [70]. The
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LabVIEW code to control and record data for the di erent hardware was also
generated previously with only a few changes made throughout these tests [68].

The physical setup of the previously designed chamber will be discussed
including the precision machined electrodes to be conditioned and operated at
high eld , ceramics for setting the space between the electrodes, ceramics for
isolating from the chamber, high voltage feedthroughs to apply the voltage, vacuum
pump, cameras for breakdown locations, and power generation. Additionally
the procedure is described for calibration with use of the dummy load for both
calibrating the Marx and testing electronics.

One issue experienced during earlier work was an electric eld enhancement
causing a number of breakdowns around the edges of the electrodes during testing.
This section talks about the previous and more recent theories as to the cause of
this electric eld enhancement and the methods used to reduce this e ect. This
includes testing with a small anode to large cathode con guration to remove the
cathode electric eld enhancements caused by the machined edge of the electrodes.
Simulations of the electric eld for di erent edge designs and misalignment will be
shown.

Descriptions will be given of the data acquisition methods used throughout
the pulsed conditioning. This includes LabVIEW codes for control of the Marx
generator, and acquisition and display of pressure, oscilloscope and camera data
for each breakdown. Also, details will be given of the analysis of the breakdown
light intensity detected by the cameras with respect to voltage and the distance
from the cameras.

Two dierent conditioning methods will be described within the chapter,
with the inherited method of using the breakdown rate limit algorithm, and
the second method using this in a di erent way and controlled by the operator.

The breakdown rate limiting algorithm was used previously with a target electric
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eld set above the electric eld holding capabilities of the material, which led
to an asymptotic approach towards each materials electric eld limit. Whereas, a
di erent conditioning method was developed over the course of this thesis that used
the breakdown rate limiting algorithm, but with small steps in the target electric
eld to gradually increase the electric eld holding capabilities whilst limiting
the breakdown rate during the ramps between steps. This will be referred to as
the 'step-wise' conditioning method, and was the method used throughout the
experiments in this thesis, unless speci ed otherwise.

After the conditioning of the electrodes, a test of the pulse length dependence
on the breakdown rate can be performed. The method for conducting these tests

and analysing the data to be shown in Chapter 3.6, will be described.

2.2 Physical Setup

Figure 2.2 displays the electrode assembly inside the system (a) and a cross section
of the system containing the electrodes (b). The assembly consists of 2 high
precision machined electrodes (1), a ceramic spacer (2), and ceramics to isolate
the electrodes from the chamber (3). See Appendices A and B, for the drawings
of the electrodes used for tests, with a small anode to large cathode setup to
avoid cathode edge electric eld enhancements, to be discussed. The majority of
electrodes tested have an outer diameter of 80 mm, a cathode precision machined
surface of 60 mm diameter, and an anode diameter and therefore high- eld area
of 40 mm. There are a few due to material availability, that use a di erent sizes
of 60 mm outer, 40 mm cathode and 30 mm anode diameters. The drawing
speci es the tolerances that allow us to achieve small gaps between the electrodes,
as small as 20 m. This includes a surface atness and parallelism tolerance

of 1 m. Another important requirement to achieve a good surface roughness
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