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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 µm and 100µm, 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 field 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 different materials, including, TiAl6V4, CuCr1Zr, Nb,

Cu OFE, Ta, and AlMgSi1, and observations of the characteristics observed are

given. This is followed by the same materials except AlMgSi1 being irradiated

by a H− beam, to observe the effects of irradiation on the electric field holding

capabilities and breakdown locations throughout conditioning.

Measurements of the field emission current for each pair of electrodes tested

was conducted, using a constant DC supply. Analysis of the results gives the

field enhancement factor, as well as comparisons between materials, polarity, and

irradiation effects. During field 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 different

wavelengths, with the voltage and field emission current. This can also be

correlated with possible causes of light that would occur during field emission.

Additionally fast fluctuations in the field 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 different high field 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:

Ploss ∝
E4

m4
0ρ

2
(1.1)

Where, Ploss = power lost, E = particle energy, m0 = particle rest mass, and

ρ = 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 efficiency. 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 first achieve 380 GeV, then

1.5 TeV, and a final 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 final 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 field

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

High electric fields 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 field 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 specified breakdown rate. For CLIC this was

decided as a maximum of 1 breakdown anywhere along the linac per 100 pulses,

therefore the BDR ≤ 3×10−7 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 effect of pulse length on the breakdown rate [6], giving a

dependence of:

BDR ∝ τ 5, (1.2)

where BDR = Breakdown rate and τ = pulse length. This shows that the smaller

the pulse length used, the lower the breakdown rate which means higher fields 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 are H+, these

consist of Hydrogen atoms that have been stripped of their electrons.

Figure 1.3 shows the whole LHC accelerator complex with the different injection

points and storage rings for increasing the beam energy to different level [3]. The

first stage is Linac4 (L4) that accelerates the beam from a H− 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 different collision points for different experiments.

The initial stages of L4 are the H− source feeding into a Low-Energy Beam-

Transport (LEBT) used for steering the beam. Then several accelerating stages

with the first 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 (CCDTLs) to reach 100 MeV, and finally 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 efficiency [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 field for acceleration is determined by the depth of modulation, and the

synchronicity of between the particles and the field is determined by the distance

between the vane peaks and troughs.

The RFQ of L4 has an inter-vane peak surface electric field of 34 MV/m

to accelerate the beam to the energy of 3 MeV, which is sufficient 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 fix 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 of H− being a relatively unstable ion. The

increased breakdown rate influences the beam and the damage to vanes has caused

degradation over time. This in turn reduces the achievable electric field holding

capacities of the structure.

1.2 What is Electrical Breakdown

Electrical breakdown is when current flows through an insulator or gas between two

electrodes with an applied electrical potential difference. The higher the potential

between the two electrodes the higher the probability that the insulator will become

conductive. Breakdown can occur with different 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 flow 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 field, where the greater the potential difference, 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

Figure 1.5: Voltage vs. current diagram
showing the different phases of gas
discharge [13]

The first stage that leads to a fully-

developed breakdown is background

ionisation, which is when the first few

gas particles become ionised [13]. This

can occur naturally and on its own

is not enough to cause a breakdown

as there are insufficient 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

transferred to particles causing the

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



1.3. GAS BREAKDOWN PROCESS 9

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 field 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 affect 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 differential equation [13]:

dnx = nxαdx, (1.3)

where x is the position along an axis perpendicular to two electrodes, nx is the

number of free electrons at position x, and α is the primary ionisation coefficient

(number of secondary electrons produced per primary electron per unit length).

This differential equation has the solution:

nx = n0e
αx, (1.4)

where n0 = nx, 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

coefficient 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 coefficient γ is the number of electrons generated through

secondary mechanisms per electron produced in the primary avalanche. It can be

expressed as:

γ = γp + γm + γion, (1.5)

where γ is the the total number of electrons produced by secondary emission

processes, and γp, γm, γion 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:

I =
I0e

αd

1− γ(eαd − 1)
, (1.6)

where I0 is the initial seed current produced by an external process, and I0 is

the total current. Under this model, the condition:

γ(ead − 1) = 1 (1.7)

implies infinite current. Practically, this represents the breakdown becoming

self-sustaining, due to secondary ionisation processes producing sufficient 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 flow 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 field emission area [14]. For there to be an increase in current

emitter the surface area of field emitters must increase, this can be the singular

spot increase or several field 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 flow that is determined by the current capabilities of

the supply. The main difference between glow and arc discharge is that for arc

discharge there is an increase in electrons emitted due to thermal emission as well

as field 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 infinity as breakdown cannot occur without gas molecules [13]. The reason

the voltage tends towards infinity 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 field 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 field 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]. As the 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 sufficient

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 affect the number of breakdowns [15]–[22]. Some of

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

electric field 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 different 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 field emission, which is the emission of

electrons that occurs when an electric field 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 fields of tens of Mv/m to be

measurable in practice. In the flat-plate DC system at CERN the electric field

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

E = V/d, (1.8)

where E is the electric field (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 effects. 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 field [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 modifies

the shape of the potential barrier. For strong electric fields, image charge effects

can significantly 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 different circumstances. Φ is the work function

of the metal and ∆ϕ is the reduction in effective work function due to image charge

effects. With a higher electric field, 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 field. The position is defined with the interface at
zero, with positive values representing the vacuum. In this example, the field is 3
GV/m and the workfuncion is 4.7 eV.

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

J =
e3β2E2

8πhϕt2(y)
exp

(
−8π

√
2meϕ

3/2v(y)

3heEβ

)
, (1.9)

where J is the current density, e is the electron charge, E is the macroscopic

electric field (V/m), β is the field enhancement factor, h is Planck’s constant, me

is the electron mass, and ϕ is the work function. v(y) and t(y) are elliptical integral

functions, with

y =

√
e3E

4πϵ0

1

ϕ
, (1.10)

where ϵ0 is the permittivity of free space. The Murphy-Good formulation reduces

to the Fowler-Nordheim formulation [30] when v(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 effects are not included [29].

A field enhancement is an area on the surface of a material with a higher

field than the surrounding area as the result of an imperfection [31]. The field

enhancement factor is the peak field from the enhancement divided by the normal

idealised field for a perfect surface, given as:

β =
Elocal

Emacroscopic

(1.11)

where, β is the field enhancement factor, Elocal is the peak electric field, and

Emacroscopic is the normal electric field.

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 at AFN and BFN .

Numerical values for these constants are given in Equation [1.12] and Equation

[1.13] respectively.

AFN =
e

8πh
= 1.54124146× 10−6 A

eV
(1.12)

BFN =
8π
√

2m3
e

3he
= 6.830676478× 109

1√
eVm

(1.13)

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

obtained in terms of the two Fowler-Nordheim constants:

J =
AFN (Eβ)2

ϕ
exp

(
−BFNϕ

3
2

Eβ

)
(1.14)

Using Equation [1.14], it can be seen that as the field is increased the current

density increases exponentially. This current has a sudden onset with respect to

the electric field, 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 field enhancement factor and the work function

of the material. In terms of the field 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 field required for emission.

In practice, the field 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 field found at the tip of the protrusion [31]. Figure

1.8 displays the relationship between the dimensions of a surface protrusion and

the field enhancement factor for various types of protrusion geometry, with more

slender features resulting in higher field enhancement factors.

If the field-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 fields 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 field emitter, leaving no trace of the

field-emitting tip.

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

electric field can be used to calculate the field enhancement factor β. 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:

I = ξE2e−γ/E, (1.15)

where:

γ =
6.53× 10−9× ϕ3/2

β
(1.16)

ξ = Ae
1.54× 10−6β2

ϕ
e10.41ϕ

−1/2

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

ln

(
I

E2

)
= ln(ξ)− γ

E
, (1.18)

By plotting ln(I/E2) against 1/E in what is commonly known as a “Fowler-

Nordheim plot” and taking the gradient, γ can be obtained, which is related to β

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 flat parallel electrodes in a vacuum [33]. Though it

was first 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 difference. The equation for Child’s Law is:

JSCL =
4ε0

9D2

(
2e

m

) 1
2

V
3
2 (1.19)

where JSCL is the space-charge-limited current density, V is the potential difference

between anode and cathode, D is the distance between anode and cathode, ϵ0 is

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 field 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 field. When the

space charge of the electrons becomes large enough, there is a point at which the

surface field 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

influenced by a multitude of different characteristics relating to each sample rather

than one singular property.

This section summarises the different material properties and characteristics

that could influence breakdown behaviour. These include surface defects that

could occur as a result of stress on the materials, voids beneath the surface, crystal

structure. The effect 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 field 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 effects, as demonstrated in Figure

1.9. These simulations have shown that if the applied electric field is sufficiently

large, it becomes energetically favourable for the surface atoms to move to regions

of higher electric field. This causes them to clump into field-enhancing tips, whose

growth causes a further increase in field enhancement factor and thus local electric

field. The simulations also show field evaporation (i.e. detachment) of atoms when

the field on the tip becomes sufficiently high.

Although sharp protrusions can cause local electric field enhancement, features

irregularities of a sufficient aspect ratio to explain the β 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 field

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 field emission is measured whenever a high field is applied suggesting a

field 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 diffusing into the material by the Kirkendall effect 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 field 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 fields achieved for different materials tested in the
tip to plate pulsed DC system, with annotations indicating the crystal structure
for each of the materials. The saturated field indicates the electric field after an
initial conditioning phase of 20-100 breakdowns [17], [18].

Studies have also been done, looking at how different 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 flat plate.

Each of the different materials was conditioned with pulses using the same setup

in order to determine the electric field each materials could achieve. Figure 1.10

displays the breakdown field for different material after conditioning and above

the different 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 field.

The different crystal structures have different 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 influence the breakdown field 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

influence the result given was gap instabilities that varied for different materials

[17], [18]. From the experiments it was found that the gap distance changed due

to a significantly 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 field 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 significant

damage and the spot size tends to scale with the energy.
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Experiments have been performed in which different materials were subject

to a ramping field until a breakdown occurred, at which point the field was

reduced to zero and the ramping was restarted [18]. The maximum field just

before breakdown eventually saturated, and it was observed that copper reached

saturation immediately but at a relatively low electric field. The material with

the largest breakdown field 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, affected by

thermal processes [17].

Tests have been done on the effect of oxide layers of copper and molybdenum

to observe the difference in breakdown field and conditioning [18]. Use of a copper

oxide layer improved the breakdown field 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 field 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 influence 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 figures, two distinct linear regimes can be identified, 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) = A exp (−αn) +B exp (−βn), (1.20)

where n is the number of pulses between consecutive breakdowns, α and β

are the two rate parameters, and A and B are scaling factors. The two regimes

imply two different 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, α is the rate of primary breakdowns and β is the rate of follow-up

breakdowns.

Figure 1.12: Two plots with an
x axis being the (log) number of
pulses between breakdowns. The
y axis of the upper plot shows
is the longitudinal distance be-
tween breakdowns (units of sig-
nal travel time) and the lower
plot shows the (log) probability
density. [20]

Follow-up breakdowns could be a result of

surface modifications 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 also

closer together in space.

It is possible also to identify whether

a breakdown is primary or follow-up from

the exponential PDFs fitted to experimental
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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 field 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 field enhancements, leading to field 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 field 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 field reduces to [41]:

σ =
1

2
ε0E

2, (1.21)



1.5. BREAKDOWN NUCLEATION 29

where σ is the stress perpendicular to the surface, ε is the permittivity of free

space and E is the electric field magnitude. For a 100 MV/m field, this corresponds

to 44 kPa. With a field 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 field, a

field 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 effect 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 ρ as well as the rate of formation

(ρ̇+) and the rate of trapping (ρ̇−) 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 given as ρ̇ = ρ̇+ − ρ̇−, where ρ̇+ and ρ̇−

depend on material properties, applies stress and current value of ρ. In theory,

the mobile dislocation density fluctuates around a stable value until it reaches a

critical point causing a runaway condition.

When ρ̇ = 0 it outputs two variables given as ρ∗ and ρc, where the former is

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

other is the critical limit (ρc), which is an unstable fixed point of unstable growth

leading to a breakdown when ρ < ρc. Figure 1.14 shows ρ∗ and ρc with respect to

the electric field, this shows that for low fields the values are further apart making

the system less likely to experience a breakdown. At the point where ρ∗ = ρc this

is the critical electric field Ec, a breakdown would occur during a pulse if E ≤ Ec

[20]. There is also a finite 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, so ρ can only take

discrete values. Each state corresponds to a certain number of dislocations. The

birth (λn)) and death (µn)) rates are given with respect to n, which is ρ/∆ρ, the

equations are given as:
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λn = B1 (n+ ncC)σ2eασ ;µn =

(
B2n

nc

)
(n+ ncC)σ (1.22)

Where ∆ρ = 0.1µ m−1, A2 = a2nc∆ρ, B2 = b2nc∆ρ, C = c/(nc∆ρ), nC =

ρc/∆ρ and σ (n) = A1 + A2n/nc, a2, b2, and c are material dependent. These

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

dislocation per cell at a given time t.

∂Pn (t)

∂t
= λn−1Pn−1 (t) + µn+1Pn+1 (t)− (λn + µn)Pn (t) (1.23)

Measurements consistent with the mobile dislocation density fluctuation

(MDDF) model were first made in the CERN Pulsed DC System in 2019 [21].

In these experiments, a constant DC electric field was applied to copper electrodes

while the field-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

field 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 plane λ0 in s-1 vs.
surface electric field in MV/m. A threshold Eth has been subtracted from the
surface field value. Different colours represent different measurement runs [21].
(b) Shows the probability density vs. time interval between successive events
in µs. The points represent measured data, the red dashed lines represent the
best-fit exponential distribution, and the blue dashed lines represent the best-fit
two-parameter hypoexponential distribution [42]



1.5. BREAKDOWN NUCLEATION 33

(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 field 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 field, and the other from 1 mm away, labelled ‘far’ and exposed to

a lower peak electric field. 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 field.

This change in surface geometry can result in a change in the field-enhancement

factor and thus a change in the field-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 field-emitted current in an experiment

undergoes a random walk of step-like changes.

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

dislocations being proportional to the field applied and a ‘field enhancement area’
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would be the most prone to experiencing dislocations. The use of the term ‘field

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 reflect specific polarisation,

depending on the structure. If fluctuations occur on a ‘field enhancement area’

that provides some additional field enhancement, the field enhancement changes

due to the more recent dislocation movement will be compounded with the field

enhancement of the ‘field enhancement area’ that was already present. This

would imply that measuring fluctuations in field-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 fluctuation (MDDF) model gives a quantitative

description of the statistics of the sub-critical fluctuation events not causing a

breakdown imminently, and critical breakdown events given the applied field 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

difference 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

configuration of the dislocations is modified 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 field compared to the lower field.

Another observation they made was a reduced amount of dissociation (bifurcation)

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

Light emission has been observed during field emission experiments in the first

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 fibres to be placed close to the high field 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 field 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 different optical properties. For the case of a boundary between

vacuum and a perfect conductor, Frank and Ginsburg describe the energy dW

radiated over the solid angle dΩ and bandwidth dω at angle Ω to the trajectory of

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

dW =
e2v2 sin2 θ

π2c3
dωdΩ, (1.24)

where c is the speed of light [45]. Since there is no ω term in Equation [1.24],

the spectrum should be flat 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-flat 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 field-emitting sites where there is a local enhancement of the surface

electric field. 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]:

B(λ, T ) =
2hc2

λ5

1

exp
(

hc
kλT

)
− 1

, (1.25)

where B is the light intensity, h is Planck’s constant, c is speed of light in

vacuum, λ is the wavelength, k is Boltzmann’s constant and T 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 fit 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 specific 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 filled 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 significant

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 confined 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

fields [22], they are a potential light emission mechanism. Diffraction 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 specifically 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 nanoparticles of different 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 wavenumber kx and thus small wavelength.

In vacuum, the resonant frequency is ωp/
√
2, where ωp 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 field 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 fluctuations in field-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 field-emission phenomena to be made

on a set of electrodes over a wide temperature range [57], has been recently

commissioned. In this system, significantly lower breakdown rates and much more

stable field emission has been measured at cryogenic temperatures than at room

temperature, consistent with theoretical predictions.

Much effort has also been put into attempting to understand the subsequent

stages of breakdown, and to explain how high field enhancements come about

from small initial perturbations. This includes atomic-scale simulations of

electrodynamics and molecular dynamics which demonstrate how sharp field-

enhancing tips can spontaneously form when a metal surface is subject to high

electric fields [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 significant 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 fields without breakdown. For example, recent

studies have revealed dependencies on voltage polarity, repetition rate, and gap

size in the LES [60]. The effect of different voltage ramping profiles 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,

briefly outlined above, include:

• A systematic comparison of the breakdown behaviour of different materials,

using more refined conditioning and analytical procedures than with previous

studies [18].

• A detailed study of the effect of irradiation on breakdown, which showed

a significant reduction in maximum stable field, 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 first systematic study of this type. These results also

provide experimental data on the effect of sub-surface voids on breakdown.

Up to this point, only simulations have been performed on this specific case

[62].

• Novel measurements of field-emitted current fluctuations during pulsed

conditioning have been made, correlation between the stable electric fields

during pulsed conditioning and gap electric field during field emission

measurements, with the potential to be developed into a new method of

quantifying 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

fifth-power dependence often seen for pulses below 200 ns in accelerating



42 CHAPTER 1. INTRODUCTION

structure tests [63], [64].

• A new algorithm to determine how the applied electric field should be

changed during conditioning that has shown an improvement in the stability

of the field over the previous iterations.

• Optical spectroscopy measurements conducted in parallel with field 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, field 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 field. There are

several automated data-acquisition instruments to record breakdown properties.

Additionally, a Marx generator is used to supply pulses from 1 µs 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 difference in
repetition rates this takes different 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 different 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 field , 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 field 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 field enhancement and the methods used to reduce this effect. This

includes testing with a small anode to large cathode configuration to remove the

cathode electric field enhancements caused by the machined edge of the electrodes.

Simulations of the electric field for different 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 different 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 different way and controlled by the operator.

The breakdown rate limiting algorithm was used previously with a target electric
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field set above the electric field holding capabilities of the material, which led

to an asymptotic approach towards each materials electric field limit. Whereas, a

different 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

field to gradually increase the electric field 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 specified 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 field 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-field area

of 40 mm. There are a few due to material availability, that use a different sizes

of 60 mm outer, 40 mm cathode and 30 mm anode diameters. The drawing

specifies the tolerances that allow us to achieve small gaps between the electrodes,

as small as 20 µm. This includes a surface flatness and parallelism tolerance

of 1 µm. Another important requirement to achieve a good surface roughness
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(a) (b)

Figure 2.2: (a) Electrodes assembly with (1) being the copper electrodes, (2) a
ceramics for setting the gap between the electrodes and (3) isolating the electrodes
from the chamber and (b) Pulsed DC Large Electrode System cut-through, showing
(4) the perpendicular cameras, (5) and (7) are the upper and lower high voltage
feedthroughs respectively, and (6) is the vacuum pump outlet [60].

average, specified as Ra 0.025 (µm) for copper, and is achieved using diamond

machining. We will later see tests of a variety of materials. Diamond tools could

not be used for all of them, and in these cases the surface finish was somewhat

worse. To achieve a mirror finish surface without polishing electrodes, diamond

machining was done using machining fluids that required cleaned off afterwards,

this may influence the surface due to contamination. The electrodes also have tight

tolerances for the shape of the edge and the distance of the critical surface to the
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shoulder of the electrode. The most important part of the edge is the initial drop

off from the high field surface and this generates an electric field enhancement,

therefore specific edge designs are used to reduce this effect, to be discussed. The

distance to the shoulder is important, as it in part determines the distance between

the electrodes and therefore to get the correct distance between the electrodes, the

height must be precise.

In order to obtain different gap spacing, a selection of ceramic spacers of

different thicknesses are used. The ceramic is placed between the 2 electrodes,

and makes contact with the shoulders of each. Each electrode has a shoulder

height of 10 mm, and the ceramic height is equal to 20 mm being the height of

both shoulders, plus the distance of the gap between 20 µm and 100 µm. Due to

the small distances of the gap on the micrometer scale, the ceramic is also required

to be tight tolerance of 1 µm. As it can be seen from figure 2.2, the ceramic in

the centre has 4 slits, that enable visual observation of the electrode gap from the

windows.

Figure 2.3: 2 cameras are placed
perpendicular to the chamber
to view the gap, these are
able to determine the breakdown
locations in the x and y axis to
give coordinates [69].

There are 4 windows 90 degrees to one

another around the chamber. An optical system

based on two cameras installed at 90 degrees

from each other is used to determine breakdown

position through triangulation. Figure 2.3

shows a cut of the setup showing two

perpendicular windows and the cameras with

respect to electrodes in the centre [69]. The

light emitted during breakdown is imaged

on the charge-coupled device (CCD) cameras

through narrow slits. Each camera contains an

array of 1920 pixels along the vertical axis and
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from knowing the distance between the centre

of the electrode and the distance to the CCD

camera it is possible to determine the coordinates of the breakdown in the

transverse planes of the electrodes. Measurements from the CCD camera also

give a value for the intensity that can be used in post testing analysis.

There are 2 pulsed DC large electrode systems (LES) at CERN with the

main difference being that one system (LES 3) has a 10 kV rated high voltage

feedthrough at the top and bottom of the chamber making connection with the

electrodes as seen in Figure 2.2b, labelled as (5) and (7). For the other system

(LES 2), there is only a feedthrough to the top electrode, with the bottom electrode

in contact with the chamber connecting it directly to ground. With respect to the

components seen in Figure 2.2a, LES 3 used all as seen whereas LES 2 does not

use the bottom ceramic to make contact with the chamber.

A metallic plate is placed on top of the assembly and secured with 4 screws

using a torque screw to maintain equal force on each screw to improve the reliability

of the gap. Once the force is applied to the electrodes, the capacitance is measured

to determine that the gap is as expected. Equation (2.1) gives the equation for

capacitance for a given area, this case determined by the anode area and the gap

distance determined by the ceramic spacer used. Depending on the system used,

stray capacitance of the system also need to be taken into consideration.

C =
εA

d
+ Cstray (2.1)

Where, C = Capacitance (F), ε = ε0 × εr, with ε0 being the permittivity free

space and εr being the relative permittivity of the material between the surfaces,

A is the surface area (m2), d = gap (m). Cstray is the stray capacitance of the

chamber measured to be around 65 pF, this was determined by measuring the
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capacitance of the isolated electrodes and then grounding the bottom electrode to

the chamber and measuring the difference. This value also agrees relatively well

with the difference between the expected value for the electrodes to the measured

value for the system where the electrodes are not isolated and therefore grounded

to the chamber. Whilst it is an option to add the grounding of the chamber for

LES 3, it is permanently grounded in LES 2 due to not having a ceramic at the

bottom to isolate the cathode. Whilst the accuracy of these measurement is not

fully known, there is a measurable difference in capacitance between a 60 µm and

100 µm gap, it also highlights if there is a short between the electrodes.

After comparing the measured capacitance to the value calculated from the

expected gap, it is possible to draw a conclusion as the whether the gap is correct

or if something is wrong. In the case that the capacitance does not correspond

to the expected value, it can be determined whether the gap is larger or smaller

than it should be with a smaller capacitance meaning a larger gap. A smaller

gap could suggest an issue with machining causing the electrodes to not be within

tolerance. This has been seen in the case that the radius on the shoulder of the

electrodes was not within tolerance and did not fit with a specific ceramic spacer

due to interference between the corresponding edges. Or an issue with the spacer,

which could be a result of the wrong spacer or damage to the spacer.

The first possible cause to check is evidence of dust on the surface as this can

easily be fixed by blowing this away. Determining whether the issue is with the

spacer can be tested using a pair of electrodes that have been proven to be correct

or use of a micrometer. If the gap is too large then this could be the same as with

a small gap or due to a issue with the assembly and may be fixed by re-installing

the same electrodes.

For all of the results shown a nominal gap was used for the calculations of the

electric field throughout of 60 µm. The drawing for the 60 µm cathode and 40 µm
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high field area anode electrodes can be found in Appendices A and B respectively.

These electrodes are machined to tight tolerances for the roughness and flatness

in order to be able to obtain gaps as small as 20 µm. This includes a surface

roughness Ra value of 0.025 µm, and flatness of 0.001 µm, full details can be

found in the drawing in Appendix A. As mentioned, during the assembly of the

system for each pair of electrodes a capacitance measurement is done to verify

that the gap is correct. Despite this there is still some level of difference in the

gap because machining can never be to ideal tolerances. Metrology measurements

of each electrode was done to determine the shoulder height, to calculate the gap.

With these measurement the height does vary over the whole surface. Approximate

values from the metrology can be used to calculate the electric fields alongside the

nominal electric field values to be given. From these values an error of around +/-

5 % of the nominal electric field is possible. A table can be found in Appendix

R. of all the electric field values for the nominal and metrology gaps for each of

the electrode pairs tested. This difference in the electric field has not affected the

order of performance for each of the materials.

Once the capacitance measurement is correct the rest of the system can be

assembled. The lid to the chamber can be placed on top with a copper gasket and

secured using several bolts. It is important to tighten the bolts by going back and

forth between the different sides and tightening a small amount each time, this

is to achieve an even surface contact for good vacuum. Once this is secured the

high voltage feedthroughs are inserted to make contact with the electrodes. The

drawing for the upper feed through can be found in Appendix G, this shows the

external high voltage female Kings connector and the internal connection. Design

of the internal connection was increased in diameter compared to the off the shelf

component, in order to make 2 perpendicular cuts allowing the tip to be splayed for

a better contact with the whole in the electrode. As mentioned one of the systems
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has a feed-though at the bottom, the other system has three ports that are covered

with end plates but could be used to attach other equipment if required.

Figure 2.2b, label (6), indicated the vacuum pump outlet to which a Pfeiffer

vacuum Hi cube turbo pump is attached [71]. Between the outlet as shown and the

pump is a vacuum gauge to determine the pressure throughout pumping down and

testing of the systems. Test are normally conducted once a minimum pressure of

1× 10−7 mbar is achieved and continues to decrease during conditioning reaching

pressures as low as 3 × 10−9 mbar. Starting measurements at a higher pressure

allows to start earlier, reducing the time taken for individual tests. Where as

a decreased pressure should decrease the likely hood of breakdowns as a higher

voltage potential would be required.

The system consists of hardware external to the chamber, including a FuG

power supply and Marx generator, as seen in Figure 2.4. The FuG power supply

can provide a voltage up to 1 kV with the Marx generator multiplying the voltage

supplied by 10 [70]. The generator supplies pulses to the chamber to replicate

pulses similar to that of the CLIC X-band structures. The RF structures are

powered by klystons [1], using short pulses to reduce heating and the breakdown

rate for the given power level of the pulses [72]. Whilst the pulse lengths for the X-

band structures are in the 100s of ns range, for the pulsed DC systems generators,

the pulse length can range from 1 µs to 1 ms. Other parameters of the Marx

generator include repetition rates in the range of 1 Hz to 6 kHz and voltages up

to 10 kV. Control of these setting and running of the Marx generator and FuG is

done from a computer, to be discussed later in this chapter.

The data acquisition setup consists of a LeCroy oscilloscope that records various

outputs from the Marx generator. There are four inputs to the oscilloscope and

these can record the synchronous signal indicating pulse timing and length, short

circuit signal from the Marx generator indicating when a breakdown has occurred,
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Figure 2.4: Shows a flow diagram of the different hardware components and
connections displayed as arrows between each.

charging and discharging current, output voltage and for the most recent Marx

generator also the electric field emission current during the pulse. For all pulsed

conditioning tests this was set to record the waveform when a breakdown occurred,

triggered by the short circuit output of the Marx generator.

As well as the physical setup and components of the system the Marx generator

also requires calibrating for the different gap capacitance. This is required because

the charging current during pulses changes for different load capacitance values.

The value for the peak charging current of a normal pulse is used to determine

whether a breakdown has occurred, as a breakdown causes the current to exceed

the charging current by a significant amount. This will be described in more detail
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(a) Circuit (b) Image

Figure 2.5: Capacitance box with ability to change the capacitance to match the
pulsed DC system for calibration of the Marx generator and use as a dummy load
for testing electronics.

in Section 2.3, on the operation and control of the systems.

For calibration, a capacitance load equal to that of the LES is attached to the

Marx high voltage output. Figure 2.5 shows a circuit diagram and image of the

capacitance load used. The circuit diagram from Figure 2.5a shows the overall

capacitance for the array of capacitors seen in Figure 2.5b. Each of the individual

capacitors has a capacitance of 100 pF and rated for 10 kV, these are arranged in

parallel to sum the values and in series to halve the values in accordance with the

parallel and series capacitance equations shown in Equation 2.2 and Equation 2.3

respectively:

C = C1 + C2 + C3 + ...+ Cn (2.2)

1

C
=

1

C1

+
1

C2

+
1

C3

+ ...+
1

Cn

(2.3)

Where, the total capacitance is calculated as a function of the each of the

capacitance values in parallel or series. Different configurations of the capacitors

were implemented to create capacitance values of 12.5 pF, 25 pF, 50 pF, 100 pF,

200 pF and 400 pF. These can be used in a similar manner as binary to produce

any capacitance between 12.5 pF and 787.2 pF with a resolution of the smallest
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value, by changing the capacitors connected to the negative terminal. Figure 2.5a

shows capacitance lines 200 pF and 50 pF connected to the negative terminals,

these are changed using the banana jacks, as shown in Figure 2.5b. Additionally

there are two high voltage outputs that allow it to be used in similar ways to LES’s

but if only one connector is used then a connection to the ground, which is the

containment box of the electrics that is made of steel.

Once the capacitance is set this can be used in place of the LES as mentioned

and high voltage pulses applied. During the pulses, waveform measurements of

the supplied current and voltage are measured on the oscilloscope are recorded at

different steps in the voltage. The average charging current and flat voltage at

the output are determined for the supplied voltages from the FuG power supply.

The relationship between the FuG voltage and the voltage at the output of the

Marx generator can be described by a linear line equations and for the current a

quadratic equation can be used. These values for the different relationships are

used in the code to correct for the error in the supplied voltage from the FuG to

applied voltage from the Marx generator for conditioning. The charging current

measured is used to determine when a breakdown occurs, to be discussed in more

detail in the next section.

2.3 Operation and Control

The system is controlled and monitored using multiple LabVIEW (Laboratory

Virtual Instrumentation Engineering Workbench) codes [73]. LabVIEW is a

system-design platform using visual programming language named ’G’ which

was developed by National Instruments. LabVIEW is most commonly used

for data acquisition and instrument control, it is also the program used for

the running of the CLIC X-band structures [72]. LabVIEW has a front panel
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and block diagram setup, the front panels is essentially a GUI (Graphical User

Interface) for the operator and the block diagram contains the actual code. Along

with hardware, LabVIEW was used to communicate with different hardware to

send, receive, and record information. There are 4 codes used for the general

running of the pulsed DC system, these include the main control of the generator,

recording breakdowns from the cameras, recording pressure throughout running,

and recording breakdown waveforms from the oscilloscopes.

Operation of the system is through the main code that controls the fug power

supply and Marx generator. This code sets the FuG power supply to the specific

voltage required and communicates with the generator to set all the parameters

specified. The parameters to be set are contained within the front panel and can

be changed whilst the code is running.

For conditioning of electrodes the user must specify the start voltage, a target

voltage, step size, pulses per step, breakdown rate, repetition rate and pulse length.

The program will then start from the start voltage and increase by the step size

every given number of pulses until it reaches the target or until is reaches the

specified maximum breakdown rate. If it is able to reach the target voltage it can

be set to stop pulsing or to continue pulsing at the target voltage. In the case

that it reaches the specified breakdown rate then code will change the electric field

applied to maintain the breakdown rate close to the specified value.

(a) Normal Pulse (b) Breakdown Pulse

Figure 2.6: (a) Normal and (b) breakdown pulses measured by an oscilloscope [60]
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The code is designed to protect the electrodes from accumulating damage that

compromises the voltage holding capability of the electrodes. Whilst the pulsed

DC system can detect and shut off the power when an arc is detected, the RF

structures do not as they receive the full pulse from the klystron [74], therefore

a delay of 600 ns before stopping applying power from the Marx generator is

implemented to replicate the impact of maintaining an arc for an amount of time.

As discussed previously in this Chapter, the calibration of the Marx generator as

part of the setup is to measure the charging current at different voltages for a given

capacitance, if the current exceeds this by a specific amount, the Marx triggers

as a breakdown and follows the procedure for a breakdown. Figure 2.6 a and b

show the waveforms for a normal and breakdown pulse respectively. From the

figure it can be seen that for a normal pulse, there is a positive charging current

and a negative discharge current. The charging current is the value used for the

calibration and a threshold above this is set so that if the supply current exceeds

this value as seen in Figure 2.6b then the Marx generator registers as a breakdown.

When the Marx generator detects a breakdown it reacts by maintaining the power

supplied for 600 ns, after which the power is stopped. After a short period on the

second scale with no pulsing, the voltage is ramped up exponentially starting from

20 % of the target voltage, with 100 pulses at each voltage. When the system

reaches the target voltage minus a given amount specified in the code, normally

set as 10 V, the voltage will ramp linearly to the target voltage for a given number

of pulses specified in the front panel. After the linear ramp it remains at the target

voltage for specified number of pulses before either stepping up or moving onto

the next period of pulses at the same voltage.

There are several outputs from the Marx generator that are measured

on an oscilloscope and saved through LabVIEW. These outputs include, a

breakdown trigger, synchronous signal, supply current and a electric field emission
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measurement for the more recent Marx. A probe is also attached to the ground

and high voltage within the Marx with a 100:1 ratio. The breakdown trigger

and Synchronous signal can be used to trigger the oscilloscope to save specific

waveforms, the breakdown trigger is used to save every breakdown waveform

during conditioning. These waveforms along with the pressure breakdown counter

can be used to determine whether the generator is triggering on breakdowns

correctly. The oscilloscope data can determine the current during the breakdown

and when in the pulse the breakdown occurred to analyse the distribution in time

of the breakdowns during the pulse.

(a)

(b)

Figure 2.7: Images recorded from the (a) x-axis and (b) y-axis cameras respectively
for determining the breakdown location.

For the breakdown location detection the LabVIEW code records images taken

by the cameras. An exposure time of 3 seconds, with the resulting image being

analysed in LabVIEW to determine if there is a breakdown. The breakdowns

look like a thin vertical line of white light as seen in Figure 2.7. Its location

from left to right indicates the x or y coordinate depending on the camera. The

LabVIEW programme saves the image and a plot of the intensity over the length

of the image, where the position of the peak is used to determine the location.
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Using triangulation of the x and y positions given by the camera, it is possible to

determine the location of breakdowns and correlate this to other data. Depending

on the intensity or number of breakdowns this can vary the images detected on

the camera. At low voltage intensities it is possible the breakdown will not be

detected in one or both of the camera, and therefore it is not possible to determine

the location. If there is more than one breakdown then there are multiple lines

and it is not possible to uniquely determine the location of each breakdown. If

there is one breakdown and both cameras detect it, then the coordinate can be

determined.

Figure 2.8: Camera light intensity for the x and y axis cameras with respect to the
voltage with the indication on the distance from the cameras given as blue being
the closest to yellow being the furthest away. This shows correlations of an increase
in the light with higher voltages and the closer to the camera the breakdown is.

It was noticed throughout testing of different samples that the light from a

breakdown showed a dependence of the voltage and distance from the windows. To

quantify the observation and show the relationship between these variables Figure

2.8 is given. This is taken from a Cu OFE set of electrodes with a 60 µm gap, but

was seen in most cases. Figure 2.8 shows the breakdown light intensity with respect

to the gap voltage on the x-axis and distance from the camera displayed using a

colour gradient. There is a clear dependence on the light intensity to the voltage

supplied as shown in Figures 2.8. This can be seen as the increase in intensity

with the increase in voltage with a fitted curve of V 2 to the data. The dependence
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on the light from the breakdown detected by the camera has a dependence on the

distance from the breakdowns seen in Figure 2.8, this is seen as the variation from

dark blue as the closest breakdowns to yellow as the furthest away. It can be seen

the the yellow colours are clustered lower on the y-axis compared to the blue being

the highest with the highest intensity and closest to the camera.

Figure 2.9: The same data as Figure 2.8 with the x-axis given as the voltage
squared giving a linear relationship to the light intensity measured.

Figure 2.9 shows the same data as Figure 2.8 with the x-axis given a V 2 to

match the fit shown in Figure 2.8. From this it can be seen that the data has a

linear relationship between V 2 and the light intensity giving V 2 ∝ Light Intensity.

Figure 2.10: Filtered breakdown pressure spike recorded in LabVIEW to observe
breakdown timing and pressure within the chamber.

The pressure gauge connected to the outlet of the vacuum pump is connected

to the computer and the data is recorded via LabVIEW to a text file. On the
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front panel of LabVIEW it is possible to see the pressure and in a digital format

as well as a live plot of the pressure that can be used to determine if a breakdown

happens. A threshold can be set in the code to count the number of times the

pressure rises above that pressure value, indicating a breakdown occurred. This is

not ideal as the pressure can change over time from the initial pump down making

the threshold less accurate. For this reason a moving threshold was implemented

into the code that uses the average pressure over an amount of time and if the

pressure rises a certain amount above this then it would count as a breakdown.

Figure 2.10 shows an example of the pressure recorded to the text file, from this it

can be seen that a Gaussian filter has been used on the data making the pressure

appear to last on the order of several second when in fact this would happen faster.

2.4 Conditioning

Previously the breakdown rate limiting conditioning algorithm was used for

the pulsed DC systems, and was designed to replicate the X-box test stand

conditioning, to make comparisons of the conditioning done in the pulsed DC

system with the RF structures. This conditioned the electrodes whilst limiting

the breakdown rate, which lead to the samples being conditioned with a constant

breakdown rate and observing the point at which the field saturated. This resulted

in the electric field exceeding the capabilities of the materials and causing clusters

that reduced the field, and the code repeatedly pushing the field beyond its limit

and causing further cluster. After a number of pulses with electric field essentially

hitting a ’brick wall’ of its field holding capabilities for the given breakdown rate, a

deconditioning of the electrodes is seen with the field holding capabilities reduced.

Deconditioning can be described as the reduction in the electric field holding

capabilities with continued pulsing, observable as an increase in the breakdown
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rate for a given electric field, and is most likely the result of damage to the surface.

This can be seen as a gradual decrease in the electric field for a given breakdown

rate or a cluster of breakdowns temporally causing a sharp reduction in the electric

field. In some cases the surface can be reconditioned after deconditioning to recover

the electric field holding capabilities.

A step-wise conditioning method was developed and tested during this thesis

work. The objective of the step-wise method is to condition in a more safe way

for the electrodes, to reduce the occurrence of deconditioning. This utilised the

breakdown rate limiting algorithm but with target fields set at intermediate field

with a number of pulses at each step. Details of these are given in the following

sections.

2.4.1 Breakdown Rate Limit Conditioning

Figure 2.11 shows a flow diagram of the most important aspects of the breakdown

rate limiting conditioning algorithm, that play a role in the conditioning process.

An example conditioning flow using this method can be seen in Figure 2.12. On

the left of the flow chart in Figure 2.11 is the general conditioning process that is

looped if no breakdowns occur, determining whether to increase the voltage after

each series of pulses depending on the breakdown rate and target voltage. The

right side of the flow diagram shows what happens in the event of a breakdown.

There are several parameters that need to be set before and can be changed if

necessary during the tests, these include the voltage to condition to (Target V),

the step size for the voltage (V step) that occurs every specified number of pulses

(LoopPulses), repetition rate (Rep Rate) of pulses of a specific pulse length (Pulse

Length), breakdown rate limit (breakdown ratelim), and the voltage reduction

after a breakdown (Voltage reduction).



2.4. CONDITIONING 63

Figure 2.11: Flow diagram showing the relevant steps of the breakdown rate
limiting conditioning algorithm, which was designed to replicate the conditioning
of the CLIC X-box cavities.

To condition to a specified breakdown rate the system will pulse at a single value

of voltage step for a set number of pulses, if no breakdowns occur during set number

pulses it is below the breakdown rate. If breakdown occurred previously then the

code will take into account the breakdown rate additionally before increasing the

applied voltage. For the materials tested, a breakdown rate limit of 1× 10−5 was

used, meaning there were 1× 105 pulses per step to maintain this breakdown rate.

If no breakdowns happen throughout conditioning, after each set of pulses in the
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Figure 2.12: Example of conditioning of the pulsed DC system using the breakdown
rate limiting algorithm for the CLIC X-band structures.

loop it compares the current voltage to the target voltage and if below then it

would increase periodically to bring the measured breakdown rate closer to the

target value. When the applied voltage reaches the target voltage it maintains the

same voltage and continues the loop until stopped.

When a breakdown happens, the supplied power is held high for 600 ns to

replicate an RF accelerator reaction time, then the pulsing is inhibited for a

few seconds to allow the vacuum to recover. After this the voltage ramps up

asymptotically from 20 % of the current voltage to the current voltage minus the

breakdown reduction, normally set to 10 V for the following tests. It pulses at 20

different intervals with 100 pulses for each, as seen in Figure 2.13a. The values for

each step are calculated using the equations:

Vout = Vprev + (Vtarget − Vprev)/Factor (2.4)
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(a) (b)

Figure 2.13: (a) shows the exponential ramp increase from the voltage after a
breakdown and (b) is the ramp of the final 10 V over 2000 pulses with a step of
10 V after 100000 pulses.

Where Vout is the voltage to apply for the current step (up to 8 kV), Vprev is

the voltage applied in the previous step, Vtarget is the voltage achieved before the

breakdown minus 10 V and Factor is the amount the difference between the current

and target voltage is divided to make the asymptotic increase to the target voltage.

The Factor value for the measurements shown was set to 4 throughout all tests to

be discussed in this thesis.

After completing the final step of the ramp seen in Figure 2.13a, the voltage is

ramped linearly for a number of pulses given as 20000 pulses in Figure 2.13b

and then continues pulsing at the target voltage until the final pulse when a

step in voltage is made. After the breakdown recovery algorithm, the code

proceeds into the main loop as described. If a breakdown occurs during the

ramp after a breakdown then a further reduction of the target voltage is made

and the breakdown protection loop starts again. When a large temporal cluster

of breakdowns occurs this can lead to the breakdown rate exceeding the specified

limit in the parameter. As a result of this, a number of cycles of pulses will occur

without an increase in the electric field, until the breakdown rate as calculated by

the code no longer exceeds the threshold.
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Figure 2.14: Conditioning plots of various electrodes in the LES [60]. The black
plot labelled ‘Hard Cu’ shows an example of a cycle of repeated breakdown clusters,
resulting in damage to the surface and a gradual decrease in maximum field.

One of the issues of this code for conditioning is that the voltage will eventually

be ramped beyond what the material is capable of withstanding. When the system

reaches a voltage which exceeds the limiting value, a cluster of breakdowns will

occur. This then results in the code reducing the operating voltage to try to

maintain the breakdown rate below the specified value. Once the breakdown rate

goes below the limit, the code ramps up again until the and the cycle repeats

indefinitely. Over time this causes more significant damage to the surface through

breakdowns and a degradation of its performance can be observed. An example is

shown in Figure 2.14.

2.4.2 Step Wise Conditioning

As mentioned, during the conditioning of more recent materials a more careful

step-wise approach was taken whilst conditioning. The step-wise approach may
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Figure 2.15: Flow diagram showing the general format of the step-wise
conditioning method whilst controlled by the operator, utilising the breakdown
rate limiting conditioning algorithm for pulsing during ramps and flat sections
using different parameters.

also provide insight into the conditioning process. The implementation of this

new approach has been ’manual’ for the data shown in this thesis. At a later

stage this could be programmed into the LabVIEW code to make the results more

comparable, details of this are given in Chapter 8.3.7.

Figure 2.15 displays a flow diagram of how the previously explained breakdown

rate limiting code was utilised to condition the following pairs of electrodes, in a

step wise manner. The first stage of the step-wise conditioning process shown

in Figure 2.15, was an initial ramp to a set voltage as specified by the user.
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Figure 2.16: Theoretical plot of the electric field vs. the number of pulses for the
step-wise conditioning method. Showing the initial ramp in voltage, a series of
flat pulses and small ramp increases, then smaller changes in voltage, a cluster in
breakdowns leading to a reduction in field, and finally reconditioning.

Once electric field reaches the specified target electric field it stops increasing.

It then pulses at a constant electric field for an amount time before setting the

parameters to increasing the electric field further. Figure 2.16 shows an example

of conditioning using steps and several pulses at each step. When the system was

stable larger steps were used and as it became more unstable a smaller step was

applied. If a temporal cluster in breakdowns occurred then the user would set a

lower field as the target and recondition from this point.

Previous studies have shown that conditioning appears to be more correlated to

the number of pulses than to the number of breakdowns [75]. Prior to that study,

it was thought that the way to condition electrodes was through breakdowns,

and that the breakdowns would remove the surface defects. When comparing the
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conditioning field for different structures against the number of pulses and the

number of breakdowns, it was seen that the closer correlation was through the

number of pulses. There is also evidence that the breakdowns themselves can

lead to degradation of the structures and therefore the achievable field, with each

breakdown either making the surface worse or better and if worse this can lead

to follow up breakdowns [76], [77]. This suggests that it would be possible to

condition a structure with the minimal number of breakdowns, but currently it is

unknown how to predict when a breakdown would happen or how to stop them

from happening.

When the system is set to run with a fixed target breakdown rate, is it possible

that the conditioning algorithm can increase the field setting beyond the limit

of the material and cause a deconditioning affect. The aim of the proposed new

method is to ensure the sample is conditioned effectively without bringing it to the

point of deconditioning. For this reason, at the different steps the breakdown rate

was observed for signs of reducing and the surface improving before initiating a

different step. This ability to ‘settle’ at different field suggest it is conditioning over

these pulses and that another step may be possible. With the aim to avoid setting

the field above the field holding capabilities of the material certain characteristics

were observed at each step to try to determine whether another step was possible,

as increasing the field beyond the material capabilities could degrade the surface.

These characteristics include the breakdown rate, clusters in breakdowns, and

multiple breakdowns during a single pulse determined by the cameras. Generally,

clusters in the breakdowns and multiple breakdowns during a single pulse are signs

of instability, suggesting a proximity to the limit of the material.

Two phrases will be used throughout this thesis; these are ‘maximum field’

and ‘stable field’. The ‘maximum field’ is the maximum field achieved throughout

the whole conditioning, this means that it would have conditioned up to that field
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using the breakdown rate limiting algorithm. In the cases that the maximum

field is not the same final stable field it will be explained. For example with the

example given in Figure 2.16, the maximum would be the electric field before the

drop due to a large cluster. It should be emphasised that the maximum field has

to be reached by the conditioning algorithm and not set manually. This means

that the electrodes must have undergone at least 105 pulses at this field level with

at most one breakdown. The other term, ‘stable field’, is the final electric field

that is deemed to be stable, but that another step in the electric field could lead to

a breakdown cluster, degrading the material. This decision varies due to it being

made by human judgement and not programmed but is based on the breakdown

rate and its ability to stabilise at the different electric field steps, the existence,

regularity and size of breakdown clusters, and the existence of multiple breakdowns

during a single pulse. Each target field was set manually, and for most cases was

not increased unless the pair showed signs of the breakdown rate settling and being

able to reach around 1×107 pulses without a breakdown. In some cases the stable

field is the same as the maximum as the field did not exceed the field holding

capabilities of the material. It is possible that these could have been conditioned

to higher electric field, but doing so could have caused a deconditioning effect and

to condition like this would most likely require several tests of each material to

know how much it can be pushed before degrading.

2.5 Breakdown Rate Error Calculation

After conditioning of the different materials, a measurement of the pulse length

dependence on the breakdown rate was conducted. Pulse length dependence

measurements were done once the electrodes were considered fully conditioned. For

each pulse length tested the electrodes stated at a reduced field between 5 MV/m
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and 10 MV/m to recondition to the target electric-field. The field was maintained

for an amount of time at each pulse length in order to determine the breakdown rate

before changing to the next pulse length step. The breakdown rate was calculated

for each by dividing the number of breakdowns by the number of pulses. An error

term was also considered, given by equation (2.5), which gives an indication of

the errors as a results of the amount of breakdowns with respect to the number of

pulses for each pulse length.

SE =
σ√
n
=

breakdownrate√
No.BD

(2.5)

where, SE = standard error of the sample, sigma = sample standard deviation,

n = number of samples, breakdown rate = Calculated Breakdown Rate and No.BD

= Number of Breakdowns in sample.

2.6 Electrode Edge Electric Field Enhancement

(a) (b)

Figure 2.17: (a) Shows a cut out from the drawing of the CLIASTND0185
electrodes given in Appendix A, showing the cross section of the electrode design,
and (b) shows the zoomed view of the details of the edge, where ”NOTE 1” says
”Dimensions which are not visible on the drawing should be extracted from the
3D-model.”.
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Electrode designs to avoid the electric field enhancement on the edge had been

a consideration when designing the system. Initial electrode designs used a simple

1 mm radius [68], but it was seen that there were many breakdowns around the

edge of the electrodes. For this reason, studies were done to try and reduce the

electric field enhancement by changing the shape of the edge. Simulations were

done using COMSOL to create an edge, using an iterative code to optimise the

location of consecutive points along the edge [78]. The drawing used for this could

only be described by the individual points, which was often misinterpreted from the

drawings. There was no equation for this edge and only a set of points which made

this difficult to convey to machining companies, this detail can be seen in Figure

2.17. The drawing specifies dimensions that can be read as an ellipse and the note

specifies to refer to the 3D model, which lead to the electrodes being machined

incorrectly on some occasions. This edge when machined as desired, also did not

solve the problem of the breakdowns around the edge of the electrodes [60].

Figure 2.18: Physical shape of edges for Euler spiral, Euler spiral approximation,
ellipse and a 1 mm radius.

Whilst an ellipse was never intended to be the shape of the edge, from the

drawing seen in Appendix A, it looks like an ellipse, which caused confusion with
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Figure 2.19: Normalised electric field on the anode for electrodes the same size
and with an offset of 0.5 mm to replicate a small anode to large cathode for the
different edge shapes, Euler spiral approximation, ellipse and a 1 mm radius.

machining and metrology companies. Due to still having issues with the edge of the

electrodes during tests and with machining due to the ambiguity of the drawing,

it was decided to generate an equation for the edge. Figure 2.19 displays the

different edges including the 1 mm radius, an ellipse, Euler spiral and Euler spiral

approximation. To limit the field enhancement, use of a Euler spiral equation was

chosen, with the normalised expression given as [79]:

x =

∫ L

0

cos(s2)ds,

y =

∫ L

0

sin(s2)ds, (2.6)

where x = x-axis position, y = y-axis position, L = length of the curve, s = distance

along the curve.
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The Euler’s spiral was decided due its curvature beginning at zero and varying

linearly as a function of curve length [79][80]. The most important part of the curve

is the initial decrease in height from the critical surface, as this is when the electric

field enhancement occurs. Due the the Euler equation giving a tangential transition

from the critical surface and gradually changing the curvature this should maintain

a low electric field enhancement at the edge. Due to the equations for Euler spiral

shown in equation (2.6) not being of the form x as a function of y, an approximate

equation was produced, which is useful for inputting into a CNC machine, given

as [80]:

y = 2.252551272

(
(3x)

1
3 − (3x)

1
3

10

)
(2.7)

Figure 2.20: Physical shape of edge using the Euler equation and approximation
equation and the difference in height for each value of x

The Euler equations and the approximation were compared, both for shape

and for resulting field enhancement. Figure 2.20 shows the results curve from the

Euler equation (2.6), the approximation equation (2.7) and the difference between

the 2 curves. It can be seen that the different is minimal at the critical point of the

curve where the field enhancement is the highest. Both curves shown are scaled

to achieve a longer range on the x-axis, to closely match the previous drawing and

to decrease change in height per machining step. For the approximate equation
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the x values range from 0 to 2
3
43−1, which is the point at 90 degrees to the critical

surface that is connected to the edge, the y value this gives is 2.143. It is also worth

noting that even with the perfect edge in simulations to remove the electric field

enhancement completely, machining will never achieve the same. Simulations given

of the electric field enhancement for the different edge shapes give an indication of

the difference in field enhancement, but when machined will most likely have an

increased enhancement due to machining tolerances and roughness.

Figure 2.21: Breakdown clusters on the edge of half of the electrode [81]

Figure 2.21 shows a microscope image of a copper electrode tested as a pair

of the same size, using a previous edge design [81]. There is a visible difference

between the number of breakdowns on one side compared to the other. Previous

explanations for this characteristic was that the electrodes were placed at an angle
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leading to a higher field on one side compared to the other [60]. Whilst this would

explain such a result, the design of the system should reduce this possibility with

the use of the high precision ceramic between electrodes and securing the sandwich

of electrodes and ceramic through compression. To secure this setup four screw

are tightened using a torque screw driver, with curved washers and alternating

between screws to avoid over tightening one side compared to another.

Figure 2.22: Misalignment of electrodes causing electric field enhancements on the
Anode and Cathode on different sides

A more recent theory as to the cause of the breakdown locations clustering

on one side would be misalignment of the electrodes. Observations of the electric

field during between the transition from the high-field area are dependent of there

being a surface of a sufficient distance to cause a significant field enhancement. If

the electrodes are misaligned this could lead to a field enhancement on the cathode
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on one side and the anode of the opposite side of the misalignment. Figure 2.22

shows an exaggerated example of a misalignment between the cathode and anode

if they have the same area. Labels show the points at which the electrodes most

misaligned and whether this is a peak electric field enhancement on the anode

or cathode, where the peak is on the inner edge, being the edge of the electrode

that is parallel to the opposing electrode rather than on the over hang with a

reduced electric field. There is also a point where the two electrode edges are

aligned and the electric field are also equal. There is evidence that breakdowns are

initiated on the cathode [82], [83], therefore having a electric field enhancement

on the cathode is more likely to lead to breakdowns. In this case the electric

field enhancement around the edge of the electrodes would increase between the

maximum misalignment on one side to the other, like the peaks seen in Figure

2.23. This increase appears to also correlate with the breakdown density shown in

Figure 2.21.

Figure 2.23 shows a plot of the electric field enhancement for different

misalignments between electrodes. Starting from 0 µm if the electrodes were

perfectly aligned, or different values of misalignment between the electrodes, up

to a misalignment of 140 µm. The purpose of these simulations was to determine

the point at which the electric field enhancement saturates to determine the likely

field enhancement in the experiment. From Figure 2.23 it can be seen that the

enhancement saturates at around a 80 µmmisalignment. The reason for saturation

is that mechanical drop off of the electrode edge becomes far enough from the flat

surface of the opposing electrode that it is essentially a flat surface to the smaller

electrode. There is evidence that the electrodes were misaligned more that 100 µm

using central breakdowns, to be shown in Chapter 3.6, Figure 3.17, suggesting

this is a plausible reason for such breakdown characteristics. The electric field

enhancement present around the edges of the electrodes, corresponds to the peaks
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Figure 2.23: Edge electric field on the inner and outer edges of electrodes for
different steps in the misalignment

from the lowest misalignment value line to the highest depending on the physical

misalignment of electrodes and it will saturate either side if misalignment is large

enough.

Table 2.1 displays the maximum normalised electric field as seen in Figure 2.23,

highlighting the enhancement for different values of misalignment for electrodes

with the Euler approximation edge. This highlights that the electric field

enhancement saturates at around a 80 µm misalignment and that the electric

field does not exceed the chosen surface electric field value for a misalignment

more than 20 µm from the opposing electrode. As the Euler approximation edge

was used for these simulations, the electric field enhancements given are relatively

small. Earlier versions of electrodes had the 1 mm circular radius edge which

would increase this electric field enhancement and effect as seen in Figure 2.19,

machining will also play a role in this result.
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Misalignment
(µm)

Normalised
Inner E-Field

Normalised
Outer E-Field

0 1.000669 1.000669
5 1.000811 1.000502
10 1.000933 1.000313
15 1.001036 1.000098
20 1.001123 1
25 1.001195 1
30 1.001255 1
35 1.001303 1
40 1.001343 1
50 1.0014 1
60 1.001436 1
80 1.001471 1
100 1.001484 1
120 1.001489 1
140 1.001491 1

Table 2.1: Normalised electric field enhancement for the range of misalignments
as shown in Figure 2.23

After simulating different edge shaped with the purpose of being able to provide

exact edge details on the drawing it was decided to use the Euler approximation

equation (2.7). This produced a lower electric field enhancement compared to the

radius and ellipse, whist providing a specific equation to define the edge in drawing

to avoid confusion during machining.

Another issue that is also considered is if the electrodes are parallel as this

would also make an uneven electric field. This non-parallelism could arise from

a ceramic that is not parallel, but also from an uneven amount of pressure when

securing the assembly in the system. Appendix F displays the drawing for the

ceramic which specifies a flatness and distance from the reference surface defining

the parallelism both as 0.001 mm. These become important values when talking

about 20 µm to 100 µm gaps where this difference in machining can vary the gap

from 5 % to 1 % respectively which directly influences the electric field as given
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in Equation [2.8]

E =
V

Nominal Gap
× (Gap Error)−1 (2.8)

Where E = electric field (V/m), V = gap voltage, Nominal Gap = intended gap

of the spacer (m), and Gap Error = the percentage difference of the real gap from

the nominal gap. In one case of having ceramics machined the flatness was within

tolerance but they had an angle of 0.02 degrees which for a 40 mm diameter would

equate to a height difference of approximately 13.96 µm from one side to the other.

For a gap voltage of 6000 V and a central gap at 60 µm the electric field would

range from around 90 MV/m to 113 MV/m. This was considered unusable due

to the large difference in electric field and therefore was re-machined but is an

example of the importance of tolerances of the ceramic.



Chapter 3

Conditioning of Different

Materials

3.1 Introduction

Both theoretical simulations and physical experiments have been conducted to

study the effects of different materials, limiting the field holding capabilities. The

main observation from this was that the conditioning field appeared to depend on

the crystal structure of the material [17]. These prior physical tests used different

parameters for the different materials making them difficult to compare and

potentially introducing errors of interpretation. The results shown here attempted

to keep the conditioning parameters for each material as similar as possible for a

better comparison.

The most common material tested in the pulsed DC system is Cu OFE as this

is the most common materials used in RF structures. A more recent collaboration

with the Linac 4 RFQ project led to the testing of multiple materials in the pulsed

DC system. Cu OFE was tested either hard as machined or with different methods

of heat treating. Each of the materials have different material properties that could

81
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determine their performance.

The motivation for choosing these materials will be discussed in the Chapter

4.6. The materials tested for the RFQ project include Titanium Alloy (TiAl4V6),

Niobium (Nb), Copper OFE (Cu), Tantalum (Ta) and Copper Chromium

Zirconium (CuCr1Zr). In addition to the RFQ motivated program, an Aluminium

Alloy (AlMgSi1) was also tested with this choice of material being related to the

spectroscopy measurement to be discussed in Chapter 6.5. This chapter will focus

on the materials and their electric field holding performance isolated from the

other tests conducted which will be covered in detail in the following chapters.

The results for the individual pairs of electrodes of different materials will be

discussed in the order of performance with respect to the stable field achieved.

There are two pairs of Nb electrodes shown, one as-machined and the other having

undergone Buffer Chemical Polishing (BCP), due to issues during conditioning of

the non-polished pair, to be discussed in more detail.

Measurements of the pulse length dependence on the breakdown rate are given

for pulse lengths between 100 µs and 1 ms for each material tested. As this did not

appear to display a pulse length dependence an additional test with pulse lengths

of 1 µs and 100 µs is also shown with a clear increase in the electric field holding

capabilities for the 1 µs.

Additional observations made during tests are also presented in isolation to

the results. There include oxidation of heat treated Cu OFE and the transfer of

contamination on the surface during high field testing. Another observation made

from the CuCr1Zr electrodes, was a melted flower type shape, that is possible

evidence of self organising plasma as the result of a central tip from machining

and influenced by machining lines.
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3.2 Conditioning Results and Discussion

3.2.1 Titanium Alloy (TiAl6V4)

(a) Conditioning Ti (b) BD Locations Ti

Figure 3.1: Shows the conditioning of the TiAl6V4 where, (a) gives the electric field
in red and the breakdown count in green and (b) shows the breakdown locations
detected by the camera with the first to the last breakdown indicated with colours
dark blue through to dark red.

The Ti alloy achieved the highest stable electric field. One issue with the

program used for conditioning is its ability to detect large clusters in breakdowns

that may lead to deconditioning of the electrode pairs, as seen in Figure 3.1a. The

conditioning of the Ti alloy is a good example of a cluster in breakdowns. Where

66 breakdowns occurred in 7× 106 pulses reducing the electric field and a process

of reconditioning was used to recover the electrodes. It is not always possible to

recondition the electrodes. Reconditioning consists of lowering the target voltage

to see if the algorithm can correct whatever effect caused the deconditioning. The

cause of a cluster like this is not completely understood and while we cannot

predict the cluster, detecting it earlier may allow for the user to reduce the amount

of damage caused. After a large event like this there can be a significant change to

the surface and reconditioning can help to improve this in a more controlled and

less destructive manner.
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3.2.2 Copper Chromium Zirconium (CuCr1Zr)

1

2

4
3

65

(a) Conditioning CuCr1Zr (b) BD Locations CuCr1Zr

Figure 3.2: (a) Conditioning of CuCr1Zr with boxes to highlight the initial ramp,
small ramps where breakdowns occurred after a number of steps, ramps with
breakdowns throughout, small clusters in breakdowns, additional ramps without
issues after clusters, and a large cluster with a recovery process used. (b) Shows
the breakdown locations with dark blue to dark red indication the first to last
breakdown respectively.

A good example of the conditioning method used can be seen in figure 3.2a

showing the conditioning of CuCr1Zr. Also included in this image are numbered

boxes to highlight different phases of conditioning and breakdown behaviour seen

in the conditioning in order of the initial ramp, smaller ramps where breakdowns

occurred after a number of steps, ramps with breakdowns throughout, small

clusters in breakdowns, additional ramps without issues after clusters, and a large

cluster with a recovery process used. Box one from this plot shows the initial

step with very few breakdowns observed. The second box highlights the following

steps of 5 MV/m where a trend develops of the breakdown rate starting low and

increasing on each ramp to the point of flat running. This suggests that some form

of conditioning was occurring whilst running flat at a fixed voltage, that allows

the next step to occur with a reduced number of breakdowns.

Box three shown in Figure 3.2a displays a larger number of breakdowns
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throughout the step. This increased number of breakdowns appears to be related

to the larger cluster in the breakdowns further on in the conditioning, this could

mean breakdowns during a ramp in the electric field could be used as an indicator

of a possible cluster that could occur. Visible in the following step highlighted as

box four, are two relatively large clusters in breakdowns with respect to time. This

caused a reduction in the electric field, after the cluster the electrode pair were

able to recover to the previous stable electric field. The electric field was then

held constant to determine the stability of the electrode pair before increasing

the electric field further. Once it was determined that the electrodes were able to

maintain the electric field stably, conditioning was continued as highlighted by box

five. After a large cluster reducing the electric field significantly from 85 MV/m

highlighted by box six, the target electric field was reduced manually to 75 MV/m

to obtain a stable electric field before reconditioning. It was able to recover to

the previous maximum electric field, but the breakdown rate did not appear to

settle and consisted of a number of cluster in breakdowns and therefore was not

conditioned higher than this.

The conditioning of CuCr1Zr may be further evidence of conditioning being

a function of the number of pulses rather than breakdowns and could be a good

method of conditioning for this reason [75]. This result is for CuCr1Zr but where

this conditioning method appears to be beneficial but there is evidence that this

method is less effective for other materials, for example Nb to be discussed.

With regard to the breakdown locations, there are a few small clusters on

the surface that did not seem to dominate the breakdowns. An observation was

also made using the breakdown locations over time and pulses, this showed that

breakdowns clustered spatially during a temporal cluster. It can also be seen that

the breakdown locations are asymmetric over the surface, which was most likely

the result of non-parallelism between the electrodes.
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3.2.3 Niobium (Buffer Chemical Polished)

(a) Conditioning Nb BCP (b) BD Locations Nb BCP

Figure 3.3: Shows the conditioning of the Nb BCP pair where, (a) gives the
electric field in red and the breakdown count in green and (b) shows the breakdown
locations detected by the camera with the first to the last breakdown indicated
with colours dark blue through to dark red.

During each step with Nb BCP the breakdown rate was relatively high without

settling over time, for other materials this would have indicated being close to the

limit of the material. When the field was increased the breakdown rate did not

significantly change and was relatively regular without large clusters. The method

used to try to determine whether a pairs of electrodes was close to their electric-

field limit was to pulse at at a constant electric-field for each step, to determine

if the breakdown rate would decrease. For some materials this seemed to work,

with the breakdown rate decreasing at each electric field and then increasing to

the next electric field. As mentioned this was not the case for Nb, but it appeared

to have stable but relatively high breakdown rates at each step. This suggests that

the pulsing was not aiding in the conditioning of the Nb. At around 9.8 × 108 in

pulses it can be seen that the conditioning changes in appearance. At this point

the breakdown rate limiting conditioning algorithm with a target field beyond the

capabilities of the material was used to condition more efficiently. This increases
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the electric field whilst maintaining the set breakdown rate, to observe the field

at which it saturates. Using this method showed a saturation of the electric field

at around 90 MV/m, from this point a more stable electric field was found. From

Figure 3.3a, it can be seen seen there there are several reductions in the electric

field to observe whether that electrodes are conditioned at lower electric field and

in this case a reductions in the breakdown rate can be seen with a decrease in the

electric field.

Figure 3.4: Nb pair electric field reductions to find a stable electric field with
reduced clustering.

Figure 3.4 shows the transition from the breakdown rate controlled conditioning

to a set lower electric field to establish a stable breakdown rate. The first block

in the figure shows the saturation of the electric field at around 90 MV/m for a

breakdown rate of 1 × 10−5. The second block was with a set electric field of

85 MV/m but at this electric field the electrodes experienced a number of cluster

in breakdowns reducing the electric field temporarily. Due to the number of cluster

the electric field was reduced further to 80 MV/m, at this electric field it can be

seen that the breakdown rate is more stable with much less clustering.
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(a) Conditioning Cu OFE (b) BD Locations Cu OFE

Figure 3.5: Shows the conditioning of the Cu OFE pair, where, (a) gives the
electric field in red and the breakdown count in green and (b) shows the breakdown
locations detected by the camera with the first to the last breakdown indicated
with colours dark blue through to dark red.

3.2.4 Oxygen Free Electronic Copper

The Cu OFE electrodes conditioned stably to 80 MV/m without any detrimental

clusters in the breakdowns deconditioning the electrode pair, the conditioning plot

is shown in Figure 3.5a. This pair of electrodes were left in vacuum, not pulsing for

several weeks just after 2 × 108 pulses and then reconditioned before continuing.

Conditioning was stopped at this electric field as it was estimated that it would not

reach the next step due to the number of small temporal clusters in breakdowns.

As this pair of electrodes was not conditioned to an electric-field beyond what it

is capable of maintaining stably, the electric field did not need to be reduced.

3.2.5 Tantalum

Figure 3.6 shows the conditioning of the Ta electrodes conditioned to 60 MV/m.

This pair of electrodes were conditioned in advance of the Nb BCP electrodes

and at this point it was not considered that they should be conditioned using

the breakdown rate limiting algorithm to push the electrodes to a higher electric-
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Figure 3.6: Shows the conditioning of the Ta pair, where the electric field is given
in red and the breakdown count in green. No breakdown locations are given due
to the ceramic used not having holes to allow for camera observations.

field. Due to the hardness of Ta, it is possible that it would have performed

in a similar way to Nb [84]. As seen with the Nb BCP each step has a similar

breakdown rate, this may be the result of breakdowns not being able to remove

the defects leading to the breakdown, making it beneficial to have a higher energy

to remove surface defects. This material most likely could have reached higher

electric fields without becoming unstable and further tests would be required for

this. This results possibly suggests a different physical mechanism is responsible

for conditioning for the two cases. One being pulses and the other requiring

breakdowns or that they need breakdowns at higher electric field to condition

and reduce the electric field enhancements causing breakdowns at lower electric

fields. To summarise, these results suggest that the Ta electrodes would condition

more efficiently using the breakdown rate limiting algorithm as opposed to the

step-wise conditioning method, as seen with the Nb electrode pair. Whilst this

is not completely understood and is not explained in the scope of this thesis, it
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could be useful for the argument that there are two different behaviours when

conditioning that are material dependent. This includes that softer materials

seem to require more pulses at steps to allow them to condition, where as harder

materials may condition better from having the breakdowns occur to change the

physical properties of the surface.

3.2.6 Aluminium Alloy (AlMgSi1)

(a) Conditioning AlMgSi1 (b) BD Locations Al

Figure 3.7: Shows the conditioning of the AlMgSi1 pair, where, (a) gives the
electric field in red and the breakdown count in green and (b) shows the breakdown
locations detected by the camera with the first to the last breakdown indicated
with colours dark blue through to dark red.

The conditioning plot from the Aluminium alloy electrodes can be seen in figure

3.7a. The conditioning of Al was more unpredictable than other materials, possible

as a result of several characteristics of Al. The characteristics observed include a

reduced number of breakdowns during the initial conditioning and then a number

of clusters after a single breakdown. There were a number of temporal clusters

in the same area of the electrodes, this was possibly due to one relatively large

breakdown causing a electric field enhancement that attracted several breakdowns

until the surface state improved, allowing further conditioning. At 85 MV/m

a number of breakdowns occurred in the same area as previously that greatly



3.2. CONDITIONING RESULTS AND DISCUSSION 91

reduced the achievable surface electric field. Many of the breakdowns with the

Al alloy occurred in a spatially concentrated area. The aluminium alloy showed

similar behaviour to an insulator coated material [82], this is able to increase the

achievable electric field until a breakdown occurs when the material underneath is

exposed decreasing stable electric field, therefore leading to more breakdowns. A

possible reason for this effect, is the characteristic of Al to form surface oxide layers

that form a protective coating over the material [85]. If the layer is removed it is

able to reform in the presence of oxygen which may be possible if transferred from

somewhere else on the electrode pair, evidence of this will be shown in Section 3.4.

3.2.7 Niobium

Figure 3.8: Shows the conditioning of the Nb pair, where the electric field is given
in red and the breakdown count in green.

Figure 3.8 displays the conditioning of the first set of Nb electrodes that were

not polished. The very low level of achieved field, combined with the observation

of a poor surface finish, motivated BCP polishing the second pair previously

shown. From the plot shown it can be seen that the electrode pair reached around
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Figure 3.9: Image taken with a camera, of what appears to be damage from a
number of breakdowns in the centre of the electrodes.

10 MV/m maximum but had a large cluster in breakdowns and could not maintain

a electric field of 5 MV/m.

Figure 3.9 shows an image of the electrode after testing where there was a

visible discolouration in the centre due to multiple breakdowns. This suggests the

most likely reason these electrodes were unable to reach high electric fields was

due to the peak in the centre due to machining. All electrodes were machined by

turning, this is done by keeping the tool moving at a relatively constant speed over

the surface. To do this the speed is gradually reduced as it approaches the centre

of the electrode, to the point of almost having zero speed. Due to this reduction in

speed the material experiences more of a smearing effect that produces a protrusion
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in the centre. It is possible that this could have been removed using high voltage

pulses but this was not tried and polishing was used to improve the surface state

after machining. It is important to note that it is possible that the machining may

have played a role in the conditioning performance of other pairs of electrodes but

in a less obvious way.

3.2.8 Summary and Comparison of Conditioning

A summary of the different materials tested using the step-wise conditioning

method as chosen for the RFQ program, can be seen in Figure 3.10. This

plot shows the maximum electric field and final stable electric fields reached for

each of the materials tested. Instead of conditioning using only the breakdown

rate limiting algorithm to determine the saturation field for a given breakdown

rate, the following conditioning increases the electric field using a step-wise

method, to a stable point at which a further step increase in the electric field

may result in a deconditioning effect. Different materials tested were considered

conditioned using several factors in relation to the breakdowns occurring. These

include the breakdown rate, clusters in breakdowns with respect to pulses, cluster

rate, occurrence of multiple breakdowns within a single pulse determined by the

cameras, and proximity to a previous limit causing a large cluster. Any of these

individually are a sign of instabilities and have a dependence on the electric field

applied and depend on the proximity to the limit of the materials.

In figure 3.10 the materials are ordered for the highest stable electric field to the

lowest. The Ti alloy achieved the highest electric field even after a large cluster in

breakdowns that required reconditioning. CuCr1Zr had the second highest stable

electric field with no unpredictable clusters causing a reduction from the maximum

electric field achieved. The BCP Nb and Cu OFE had the same final stable electric
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Figure 3.10: Summary bar chart of the final stable electric field of all materials
tested.

field. For the Nb (BCP) the electric field was reduced from a higher electric field

due to the higher breakdown rate it was experiencing during pulsing. The Cu did

not exceed the stable electric field as it was showing signs of being close to its limit

having a number of small clusters and multiple breakdowns. The Aluminium alloy

had an increased breakdown rate shortly after reaching the maximum value given

and this gradually reduced the electric field to a stable point. The Ta electrodes

achieved a stable electric field of 60 MV/m but after testing other materials it has

become clear that these electrodes should have been tested similar to Nb (BCP)

and could have reached a higher electric field than recorded, this will be discussed

in more detail in the results.

Differences can be seen between the degradation of TiAl6V4 and AlMgSi1,

Figure 3.11 shows the degradation of the two materials respectively. The TiAl6V4

electrode pair experienced a cluster of around 100 breakdown in around 1 × 107

of pulses. When a lower electric field was set the breakdown rate decreased and

was able to recover much of the field without any additional large clusters. At this
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(a) (b)

Figure 3.11: (a) and (b) show the breakdown cluster events from TiAl6V4 and
AlMgSi1 electrode pair conditioning, leading to a decrease in the electric field.
This shows a brief increase in the number of breakdowns for TiAl6V4, that was
recoverable. Where as for AlMgSi1, there is a continuous increase in breakdowns
causing a large unrecoverable decrease in the electric field holding capabilities.

point due to an increase in the breakdown rate during the last step to 101 MV/m,

it was decided not to increase further in case of incurring an additional large cluster

short period with cluster of breakdowns.

A more gradual deconditioning effect can be seen in Figure 3.11b of the AlMgSi1

electrode pair. This has a breakdown rate higher that the threshold set, leading to

a decrease in the electric field over time, from 86.7 MV/m to 65 MV/m. After a

decrease in the field manually the breakdown rate settles. Similar to the TiAl6V4,

steps to recondition the surface can be seen, but a following cluster in breakdowns

was observed. Due to the additional cluster the electric field was reduced again to

the previous stable step, but it can be seen to have a higher breakdown rate than

previously.

It can be seen in both the Figures 3.11 (a) and (b), that the materials had

previously been stable at a higher electric field. The materials may have been able

to operate at higher fields, if this electric field had not exceeded the electric field

holding limits of the material. Therefore avoiding exceeding the limits may lead

to better performance of materials and reduced degradation over time.
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Figure 3.12: Relevant materials
from the previous study of con-
ditioning capabilities of different
materials [17]

Machining capabilities of each material

varied due to their respective hardness, leading

to different roughness’s and in some cases a

physical tip in the centre. The electrodes

were machined using turning where the material

of the tool varied depending on the electrode

material. For the Cu and Al electrodes a

diamond tool was used by an external company

and they were able to produced a mirror finish

surface. For CuCr1Zr, TiAl6V4 and Nb an

aunsteel korloy CCGT09304-AK carbide tool

with a radius 0.4 mm was used [86]. Due to the

hardness of Ta, these electrodes were machined using kennametal CCGT09T302HP

tool of radius 0.4 mm, that experienced a significant amount a wear during

machining. As the tool moved from the outer diameter of the electrode to the

centre it reduces in speed to almost zero and this causes worse surface finish from

smudging and possible tip formation in the centre of the electrodes seen with

microscope observations [87]. Also due to damage of the machining tool whilst

machining the different materials there is a large difference in the overall surface

roughness. It is believed that the Nb as-machined that achieved very low electric

field was a result of the central tip left from machining, this is the reason for the

BCP (Buffer Chemical Polishing) process used on the subsequent Nb electrodes.

Relevant materials from the study conducted in the previous pulsed DC system

at CERN can be seen in Figure 3.12 [17]. This aligns well in terms of the order

of the material from the best performing to the worst. There is a large difference

in the field recorded for each materials but the tests shown were performed in a

different system using a different method. During the study shown in Figure 3.12,
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the power was ramped linearly from zero for each pulse and stopped when an arc

occurred, meaning a breakdown occurred every pulse. This means that this was

not conditioned to a breakdown rate as done during the experiments within this

thesis, and therefore this did not limit the field achieved in the previous studies.

Additionally the previous studies used a small anode with a diameter of 2 mm

that was often destroyed and would have changed the gap throughout testing.

The Titanium alloy used in this study consisted of Ti, Al and V elements and for

the previous study Ti and V were the best performing materials. CuCr1Zr aligns

with Cr from the previous study but not the CuZr alloy tested. It was realised

after, that the Ta electrodes may have reached a higher electric field holding if they

had been conditioned in the same way as the Nb pair. One difference in results

from the two studies, is the electric fields achieved for the different materials and

the proportional difference in performance. This may be a result of the differences

between the way the materials were tested, with differences including the shapes of

samples used and difference in the conditioning algorithm and parameters used. It

was noted previously that this order of material performance also correlated with

the their primary metallic crystalline structures of hexagonal close packed (hcp),

body center cubic (bcc), face centered cubic (fcc) [17]. See Appendix O, for values

of the hardness of different materials.

3.2.9 Quantitative Analysis of Conditioning

As all of the conditioning was controlled partially by human judgement, with

variations between the different materials, this makes the results less comparable

than if it was a more quantitative process, further details as to how this could

be done will be covered in Chapter 8.3.7. However, they do appear to reflect

the likelihood that the optimum conditioning process is material dependent. To
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summarise the materials, the majority were conditioning without exceeding the

stable electric field, TiAl6V4 and AlMgSi1 had a reduction in electric field due to

a cluster of breakdowns and Nb BCP was conditioned past a stable electric field

using a different algorithm before being reduced to find a stable electric field. The

stable electric fields for each materials were determined by the breakdown rate as

well as the occurrence of clusters in breakdowns and multiple breakdowns during

an individual pulse.

In order to compare the conditioning results of the different electrode pairs,

despite differences in their testing histories, the electric field was normalised using

the scaling law:

Enorm = E

(
BDRref

BDR

)1/n

, (3.1)

where Enorm is the normalised electric field, E is the original electric field, BDR is

the measured breakdown rate, BDRref is the reference breakdown rate, and n is a

constant. The measured breakdown rate is the breakdown rate averaged between

the final voltage step and the end of the experiment. A value of 30 was used for

n, in accordance with the empirical relation:

BDR ∝ E30, (3.2)

observed in high-gradient RF accelerating structures [75], [88]. Measurements with

DC electrodes in the LES have been conducted previously and gave a dependence

with an exponent around 30 [68]. These were all done using Cu OFE, which

could make an impact on the correlation. The final values for the breakdown rate

were within the range of 3.17 × 10−7 to 2.38 × 10−6. Due to the differences in

the materials and no data of the dependence for each, Equation [3.1] was used to

normalised fields, shown in Figure 3.13b (b), for the final stable electric fields and

the corresponding breakdown rates given in Figure 3.13a.
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(a)

(b)

Figure 3.13: (a) Final stable electric field for each material shown in blue, and
the breakdown rate at that field shown in red. (b) Electric field normalised to a
reference breakdown rate of 1×10−6, using the electric fields and breakdown rates
given in (a) and Equation [3.1].

The results of normalising the pulsed conditioned electric field to a reference

breakdown rate of 1 × 10−6 for each material shown in Figure 3.13 allow their
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breakdown performance to be compared more easily. As the Nb BCP and Cu RFQ

achieved the same electric fields during conditioning but with Nb BCP having the

higher breakdown rate this would change the order from what is shown in previous

plots. Whilst this plot still gives Ta as having the lowest electric field, it is believed

that this could achieve a higher electric field and that breakdowns for this material

may require a higher electric field to condition and improve the surface with respect

to defects.

3.3 Pulse Length Dependence

After conditioning every set of electrodes a study of pulse length dependence was

done over the range from 100 µs being the pulse length of conditioning to 1ms

being the pulse length used for the RFQ, to be discussed in Chapter 4.6. Previous

studies of pulse length dependence focused on the 100s of ns range which gave a

relatively large dependence of BDR ∝ τ 5, with τ being the pulse length [6].

For this the electrodes were kept at a constant field chosen to be low enough to

give a stable breakdown rate, and pulsed for a period of time before increasing the

pulse length in the order of 100 µs, 250 µs, 500 µs and 1 ms. For the majority of

materials only one scan of the pulse lengths was done, this allows for the possibility

that the materials condition throughout causing the breakdown rate to decrease

as the pulse length increases. For a more thorough study more time would need

to be taken to increase and decrease the pulse length. Previous measurements, all

below 100 µs showed a distinct pulse length dependence [6]. It appears from these

results that above for pulses longer than 100 µs, a pulse length dependence on the

breakdown rate is no longer observed.

Figure 3.14 shows the breakdown rate as a function of pulse length for the

different materials. The pulse lengths within this range, did not appear to make
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Figure 3.14: Puled DC system results of pulse length dependence studies for
different materials, giving the breakdown rate at 100 µs, 250 µs, 500 µs, and
1 ms with standard error bars as described in Equation [2.5]

much or any difference to the number of breakdowns. For less stable materials the

results seemed to suggest a random breakdown cluster characteristic that most

likely was not a result of the pulse length change. Therefore it is possible that

some points have a higher breakdown rate that was due to a cluster that may

have occurred randomly had the electrodes remained at the same pulse length

throughout.

Appendix N, shows a table of the number of pulses and breakdowns for each

part material and pulse length, used to calculate the breakdown rate. This is given

to show the statistical accuracy of these measurements, as this was only done once

for each it is not very reliable. To improve the pulse length could be increased and

deceased several times and tested on more than one pair.

A short test changing between a 1 µs and 200 µs pulse lengths shows a

significant change in the field reached suggesting that there is a dependence in
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this range and that 100 µs is more likely beyond the range in which the pulse

length has an effect on the breakdown rate. Figure 3.15 shows the data from the

conditioning for the different pulse lengths where the electrodes were conditioned

to a breakdown rate and the observed stable field that they reached. It can be

seen that when the pulse length was shorted the electrodes were able to achieve

higher fields and stable running fields beyond the achievable field for the longer

pulse lengths.

Figure 3.15: Puled DC system, pulse length dependence test between 1 µs and
200 µs. Blue is the electric field applied for eah pulse, red is the number of
breakdowns with the slope indicating the breakdown rate and green shows the
pulse length. Showing a decrease in the achievable field with the longer pulse
length due to the higher breakdown rates.

3.4 Electrode Oxidation

Evidence of a form of transfer of contamination has been seen with Cu and shown

in Figure 3.16. Seen often with heat treated copper electrodes is discolouration of

Cu if not kept in vacuum. In one case as seen in Figure 3.16, one of the electrodes

most likely had a non-visible contamination but after high-field testing and then
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being stored in nitrogen for an amount of time developed a discoloured region

that is seen on both electrodes. As the electrodes are tested facing each other

this produces a mirror image that can be seen as a flipped version of the same

contamination between Figures 3.16a and 3.16b. This discolouration looks very

similar to other samples and due to this not being visible previously it is not known

on which electrode the contamination originated.

(a) Cathode (b) Anode

Figure 3.16: Possible contamination transfer, creating mirror image from one
electrode to the other during high-field testing.

3.5 Self Organising Plasma

After testing CuCr1Zr electrodes a feature was observed that only occurred for this

one pair, this is shown in Figure 3.17 where a flower like pattern with a diameter

of around 50 µm can be seen [89]. The flower matches the location of the centre

suggesting it was cathode related and most likely previously looked similar to the

centre of the anode as seen. This centre deformation is an effect of the machining

as discussed previously and if it had melted then may have generated a relatively
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large density of plasma in the gap. From the appearance there are suggestions

that the plasma was influenced by the machining lines of both the anode and

cathode. The cathode machining line would generate the radial lines seen on the

anode central to the cathode centre and in the area of the anode centre machining

this generates more interference that can be seen more clearly on the cathode.

The large machining line from the anode seen going through the flower appears to

remove one of the segments but also has additional circles around the diameter of

the line coming from the flower area as though the plasma was following this line.

There is research into self organising plasma that forms flower shapes like seen in

this result and may be good evidence of that phenomenon and explain the results

[90].

(a) Cathode (b) Anode

Figure 3.17: Cathode and Anode images of CuCr1Zr after conditioning with a
flower pattern that is central to the cathode and mirrored on the anode with the
image flipped [89].



3.6. CONCLUSIONS OF DIFFERENT MATERIAL CONDITIONING 105

3.6 Conclusions of Different Material Condition-

ing

The majority of materials performed well reaching stable fields between 60 MV/m

and 100 MV/m. There was a variability between electrodes in terms of

the machining quality that in some cases appeared to have generated a field

enhancement limiting the achievable electric field, and in other cases may have

been compensated for during conditioning by the hardness of the material allowing

for higher electric fields to be achieved. Values for the different elements of the

materials used can be found in Appendix O . In general they follow the same order

in terms of field reached as previous tests of the same materials, but with less

difference in the field achieved, most likely because of the difference in the testing

method used.

The experience gained in testing electrodes of different materials resulted in new

insights into optimising the step-wise conditioning process. Conditioning using

steps appears to be a good conditioning method for the majority of electrodes

tested, giving a good indication of the electrodes proximity to their field limit

based on their stability. Where the number of breakdowns occurring on each step

tends to increase the closer to the limit and the breakdown rate at each step

increasing and becoming less stable, as discussed with respect to the conditioning

of CuCr1Zr. The Ti alloy and CuCr1Zr achieved the highest stable electric fields

of all materials tested. They displayed a possible characteristic of sudden large

breakdown clusters causing deconditioning, however, the electrodes were able to

recondition and recover their electric field from before the breakdown cluster.

The effect of improving over a number of pulses allowing for a step with fewer

breakdowns, appears to have had more of an impact on softer materials than the

harder materials tested. For harder materials specifically seen for the Nb and Ta
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is that increasing in steps and pulsing at intermediate fields does not show the

settling of breakdown rates at each field and as seen by Nb was able reach higher

fields compared to Ta, whilst maintaining a breakdown rate of around 1 × 10−5.

Therefore for conditioning these harder material it may be more effective to use

the previous method of using the breakdown rate liming algorithm of conditioning

to a breakdown rate to an electric field saturation point.

Aluminium was a very different material to condition acting different to the

other materials, this was most likely due to the softness of the material and

ability to form an oxide layer. Aluminium performed in a way similar to coated

materials with breakdowns occurring at higher field than expected and a sudden

change in the breakdown rate. Due to the softness there appears to have been a

significant crater that dominated the breakdowns causing a significant reduction

in the achievable feed for a given breakdown rate of 1× 105.

No clear dependence of BDR (evident from the slope of plots of cumulative

number of breakdowns as a function of the number of pulses) on pulse length

was observed during measurements between 100 µs and 1 ms for each of the

materials tested. Only one sweep of the different pulse lengths was done for each

material reducing the reliability but it was the case for the different materials

suggesting that the dependence is very low if there is one. There is also the

effect of conditioning on breakdown rate over the number of pulses that would

naturally lead to a reduced breakdown rate whilst applying longer pulses with

the expectations of an increased breakdown rate. Also, during tests there were

a number of random clusters that could skew the results depending on which

pulse length they occurred on whilst not being an effect of pulse length. There is

evidence of pulse length dependence between 1 µs and 200 µs but further studies

are required.



Chapter 4

Effects of H- Irradiation

4.1 Introduction

After beam generation in an H- ion source, there are several stages of acceleration

before the beam is injected into the Large Hadron Collider (LHC), in order these

include LINear ACcelerator 4 (Linac4) [91], Booster, Proton Synchrotron (PS),

Super Proton Synchrotron (SPS) and then the LHC [3]. The first stage of the

acceleration in Linac4 after the H− source consists of the Low Energy Beam

Transport (LEBT) and the Radio Frequency Quadrupole (RFQ). The main focus

in this chapter is the effect of beam loss and material choice related to the RFQ and

investigating a range of materials to compare their voltage holding capabilities,

both without and following irradiation with 45 keV protons. Breakdowns in

the RFQ were first noticed when the fields in the RFQ suddenly collapsed on

certain pulses, to which the cavity feedback system responded by increasing the

RF power in an attempt to keep the fields at the set level. This was followed up

by endoscopic imaging of the RFQ vanes that showed a large amount of damage

from breakdowns and evidence of blisters caused by irradiation, as seen in Figure

4.1b. The concern emerged that accumulated H- beam loss on the vanes degraded

107
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the voltage holding capability of the RFQ. Therefore, calculations were done to

determine an approximate amount of irradiation the vanes of the RFQ would have

received over a year of operation, giving a value of 1.2× 1020 H− p/cm2 [92].

(a) L4 RFQ (b) Vane Damage

Figure 4.1: (a) Image of the Linac4 RFQ and (b) endoscopy image of the vane
damage after operation [10].

In order to determine the effects of irradiation from beam loss of the voltage

holding capabilities, tests were done in the pulsed DC system at CERN. The

pulsed dc system is particularly well adapted for an investigation of the effect of

irradiation because it allows for measurements of the conditioning and breakdown

locations throughout conditioning to make observations of the effects of irradiation

on the process of conditioning. Due to conditioning being cathode dependent, the

cathode of different materials was irradiated with the equivalent of 10 days of

irradiation of the RFQ at around 1.2× 1019 H− p/cm2, with an energy of 45 keV

from the source. The material used for the RFQ is heat treated Oxygen-Free

Electronic Copper (Cu OFE) which is known to form blisters when irradiated.

A pair of Cu OFE electrodes was tested to compare to the performance of the

RFQ. The expectation at the beginning of the tests was that the blisters would

be the main cause of breakdowns and therefore materials that should not form

blisters where considered. Two criteria for material choice were adopted. One

was for increased solubility of hydrogen in order to decrease bubble formation and
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the other was increased mechanical strength in order to resist the formation of

blisters. For the first criteria, CuCr1Zr was chosen, which was the material used

for previous RFQ used as part of the accelerator chain for the LHC [3]. For the

second criteria the materials chosen were Niobium (Nb), Tantalum (Ta) and a

Titanium Alloy (TiAl6V4).

Figure 4.2: Flow diagram for the procedure for each material tested with the blue
lines showing the steps for a non-irradiated pair and orange for the irradiated pair.
Additionally the dotted lines indicate the extra step of heat treatment for the Cu
OFE electrode pairs.

Figure 4.2 shows the sequence for the irradiation experiments, with the blue

and orange line indicating the sequences of the non-irradiated and irradiated

pairs respectively. Only Cu OFE electrodes were heat treated. The irradiation

took place in a H− test stand at CERN with the same initial stages and

energies as L4, with the electrode placed of the output of the LEBT receiving

a 45 keV beam directly on the surface of the electrode. Following irradiation

of the electrodes, scanning electron microscope (SEM) observations were done to

study the physical surface changes to determine if blisters had formed. Optical

microscope observations were also performed to record physical deformities and

discolouration on the surface. Observations were also made after conditioning

with the system to observe the breakdown craters.

For each material irradiated and tested, another electrode of the same material

was tested without being irradiated for comparison. The high-gradient testing

protocol for each of the different materials was aimed to be as close as possible

for comparison. The testing protocol also followed the RFQ operation as closely
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as possible, however, parameters for conditioning and flat running were chosen

to compromise between the parameters used for the RFQ and the amount of

time spent conditioning each material. This led to a decreased pulse length and

increased repetition rate but with a test of pulse length dependence when at the

end of conditioning each material. Additionally, a ceramic spacer for a 60 µm gap

was used for all pairs of electrodes tested to reduce the effects of gap dependence.

4.2 Irradiation

Irradiation was carried out in the linac4 ion source test stand. The test stand

consists of a H− ion source followed by a LEBT, producing 45 keV energy beam.

Electrodes to be irradiated were placed directly in the path of the beam coming

out of the test stand. The LEBT is used to steer and focus the beam and in this

case is directed perpendicular to the electrode. As seen in Figure 4.3, electrodes

were placed on the output of the beam from the LEBT in a position roughly

the equivalent position as the front end of the RFQ in Linac4. [9]. To do this

a chamber and end plate were designed to fix the electrode a set distance from

the output of the beam pipe of the H− source test stand. Only the cathodes

of each material were irradiated, as there is significant evidence that breakdowns

are cathode dependent. Evidence of this was seen when testing pairs of different

materials, the field holding capabilities lined up with that of the cathode [66].

Another test with a scratch on the anode and cathode showed a mirror image of

the scratch from the cathode and not from the anode [83]. For the purpose of

steering the beam and determining the instantaneous and accumulated dose, the

current to the electrode was measured by a current measurement through a wire

connected to the end cap. To isolate the electrode from ground it was mounted

onto a ceramic the same diameter as the electrode to avoid the beam damaging
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the ceramic. A description of the assembly process can be found in Appendix Q.3.

Figure 4.3: Cathode irradiation setup with a chamber attached to the output of
the source and LEBT holding the electrode a set distance of 15 mm from the beam
pipe outlet [9].

Material
Irradiation
Duration

(hr)

Total H-
(p/cm²)

Pulse
Length
(µs)

Beam
Current
(mA)

Spot
size
(cm)

Notes

TiAl6V4 55 1.20E+19 600 20 2
Cu OFE 40 1.20E+19 600 22-31 1 ’C’ shape
CuCr1Zr 64 1.31E+19 600 20 2

Ta 54 1.20E+19 600 17 2
Nb 140 4.88E+18 600 16 1 2 Irradiations

Nb BCP 52 1.20E+19 600 21 2
CuCr1Zr Melt 50 9.80E+18 600 16 1 Melted

Table 4.1: Table of the irradiation parameters for each of the materials tested.

Table 4.1 shows the irradiation parameters for each of the materials tested [93].

As mentioned the energy in all cases as supplied from the source is 45 keV, this

would be the energy at the input of the RFQ, at the end of the RFQ the energy

would reach around 3 MeV which could impact the results [91]. Simulations where

done to calculate the amount of H− irradiation from beam losses on the vanes,
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over a year of running of the RFQ [92]. One calendar year of running corresponds

to 100 days of operation, with an estimated integrated H− flux of 1.2× 1020 ions

per cm2 over the course of a year. It was predicted that the blisters were the

source of breakdowns, but the smallest amount of irradiation required for blister

to form was not known. Irradiation on the same scale as a year of operation of the

RFQ would have taken a significant amount of time for each samples, therefore,

the first irradiation of Cu was the equivalent of 10 days of irradiation at 1.2× 1019

ions per cm2. From this amount of irradiation, blister were formed, therefore a

similar amount was used for each of the materials tested. As it can been seen from

Table 4.1, irradiation times were between 40 and 64 hours, excluding the Nb that

experienced some issues during irradiation due to the current not being measured.

This reduced time of irradiation introduced some differences compared to RFQ

operation, while maintaining accumulated dose, this resulted in a higher intensity

and related effects like melting. Other parameters include the pulse kept at 600 µs,

beam current from 16 mA to 31 mA and a spot sizes from approximately 1 cm to

2 cm. The beam spot size was chosen to be smaller than the high field area, in

order to compare to other areas of the electrode not affected by irradiation.

Initial observations were made after irradiation and after pulse DC system

testing with images taken with a normal camera. Observations after irradiation

were to check for signs of the beam, these include the beam halo, and beam spot

and to determine if any anomalies had occurred such as melting or evidence of

blistering. Observations after conditioning focus on the correlation between the

breakdown appearances and locations, specifically determining for the irradiated

electrodes whether breakdowns were in the irradiated area. Figure 4.4 shows

images of cathodes after high-field testing of the sets of electrode that were

irradiated. The order from a-f is the order of irradiation to show the evolution of

the appearance, including the shaped and sizes of the different areas.
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(a) Cu OFE (b) Nb (c) Nb BCP

(d) CuCr1Zr (e) TiAl6V4 (f) Ta

Figure 4.4: Images of each of the irradiated and tested cathodes.

The expectation was that the beam would have an approximately circular,

Gaussian cross section. However, from all of the beam spots shown it can be seen

that there is a trapezoidal shape with what appears to be an inner circle, this

suggests that the beam was hollow when it reached the surface. Simulations of the

beam dynamics do not predict this [93], but the evidence would strongly suggest

this as the case, especially in the formation of blisters that also appeared to form a

hollow shape. Where the blisters indicate the areas in which the H− was implanted

under the surface of the material.

Irradiation of the first Cu electrode is shown in Figure 4.4a, it can be observed

from this that there was a circle of discolouration around the beam, this was found

to be the same diameter as the beam pipe at 40 mm. Because the outlet beam

pipe diameter was coincidentally the same as the anode diameter (as described in
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Chapter 2.6), this meant that it was not possible to distinguish whether this also

was a source of breakdowns. Following tests after the first irradiated electrodes

a 30 mm diameter collimator was used to reduce the diameter of the beam pipe

output, to eliminate the ambiguity. For the Ta electrodes seen in Figure 4.4f,

the commercially available bulk material was not of a large enough diameter to

produce large electrodes, therefore a smaller electrode design was developed and

machined. These had a 30 mm diameter and therefore a half circle collimator was

used for irradiation. Use of the collimators allowed for areas of all the different

levels of irradiation on one sample, with a direct comparison to an non-irradiated

surface, to make a clear correlations during tests.

Figure 4.5: Carbon layer ob-
served using FIB analysis of a Cu
sample [94].

The halo area around the central beam spot,

was the unfocused head of the beam, consisting

of the same components. These include H−,

H neutrals and electrons due to H− being

relatively unstable. The irradiated regions

were consistently darkened. FIB followed by

SEM imaging showed that this darkening was

associated with the presence of a C layer. It is

likely that the C layer formed through cracking

of residual hydrocarbons in the residual gas in the system. There is strong evidence

of a layer of carbon as seen from the FIB analysis shown in Figure 4.5 [94]. This

shows the Cu from the bottom of the image and the Pt from the top and the

darker line through the centre is a layer of carbon of around 35 nm in depth. The

presence of this C layer and whether is a surface layer or bonded with the material,

may be important to the conditioning of the materials.

During the irradiation of CuCr1Zr the beam spot caused melting of the surface,

most likely due to a high current intensity and an excessive local average deposited
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(a) (b)

Figure 4.6: Images of the melted CuCr1Zr electrodes after irradiation, taken with
a (a) camera and (b) microscope respectively [95].

power density in the centre, with insufficient time between pulses to cool down

completely [93]. To decrease the current intensity, the focusing was adjusted for a

spot size on the electrodes of 2 cm instead of 1 cm. Changes in the focusing were

determined by simulating the beam dynamics from the source, with the electrode

at a fixed distance and followed by a test to validate the changes [93]. Using a

lower current intensity per square cm meant also that the irradiation time needed

to be increased to achieve the 1.2× 1019 p/cm2 required.

As a result of the melting the electrode it was determined that it could not

be used for testing and was therefore re-machined and re-irradiated. Following

this, an additional irradiation check step was added to the irradiation process to

avoid further damage to electrodes. Consecutive irradiations with the test stand

are relatively repeatable with the parameters unchanged, as opposed to if different

tests are conducted between using different parameters. This irradiation check was

carried out by using a test sample being installed before electrodes during each

irradiation slot, and providing that the test sample had no signs of melting then
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the electrodes would be mounted for irradiation. If the test sample was melted

then another sample would be installed and the beam parameters changed to try

and avoid melting the surface whilst maintaining the same dose of H−/cm2.

(a) (b) (c)

Figure 4.7: Blister on the Cu OFE electrodes after irradiation, taken with (a) an
optical microscope, (b) and (c) with a scanning electron microscope [96].

One of the objectives of the tests was to replicate the blisters as seen in the

RFQ on the electrodes and to observe how these affected the conditioning and

breakdown locations. Figure 4.7 shows SEM images of the irradiated Cu cathode,

as seen in Figure 4.4a [96]. Figure 4.7a shows a microscope image of one part of

the ’C’ shape, where the darker areas are blistered. Figures 4.7b and 4.7c show

SEM images of the transition between the beam central beam spot area and the

surrounding non blister area and a higher magnification image of the blisters. It

was observed that the areas within the central beam spot had a higher density

of grains with dense blistering. In transition areas some grains contained blisters

whilst other did not, it was observed that this had some dependence on the grain

orientation [96].

Also, there is no known reason for the ’C’ shape of the first irradiation as

seen in Figure 4.4a. The most likely reason suggested is that there was something

blocking the path of the beam [93]. This may have resulted in some differences

in the intensity on the target electrode. As blisters were the main interest at the

time this was not a concern, but it is possible that this could affected the results.
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Figure 4.8: Cross section of a blister in Cu OFE with an irradiation dosage of
1.2× 1019 p/cm2.

Figure 4.8 shows the cross section of a blister on a Cu OFE sample, irradiated

with a 45 keV H− beam, with a dosage of 1.2 × 1019 p/cm2 [96]. The thickness

of material above the blister was around 300 nm thick, which is consistent with

the Bragg peak depth of 45 keV electrons in copper [97], [98]. This suggests that

the H- ions penetrated the surface to this depth at which point they stopped and

displaced the material forming blisters. Additionally, nanopores were also observed

in the layer of the irradiation and not at lower depths of the material [96].

4.3 Pulsed DC System Tests

After irradiation the cathode was placed in the system and an image taken from

above as seen in figure 4.9(b). Figure 4.9(a) shows how the cameras were used

to determine the locations of breakdowns [69], the perpendicular cameras give
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locations in the x and y planes. An image of the cathode with respect to the

cameras matching the alignment used for the breakdown locations was taken. This

was then used to map the breakdowns recorded from the cameras with the physical

image. This could be then used to determine for example, if the breakdowns are

in the irradiated regions. This allowed a real-time determination of the location

of the breakdowns in order to for example determine if the irradiated area had a

higher breakdown rate and slower conditioning speed.

(a) Camera alignment diagram [69] (b) Irradiation spot aligned Cu image

Figure 4.9: (a) As shown previously in Figure 2.3, and (b) Showing the placement
of the irradiated Cu samples with the cameras in order to determine breakdown
locations with respect to the irradiated and blistered areas during testing.

Due to machining tolerances, the physical gap can vary slightly from the

nominal value for each electrode and this is more of an issue with electrodes that

are harder to machine. To have an indication of whether the gap between the

electrodes is correct an independent determination of the gap was made using a

capacitance measurement. Using the value for the capacitance, the gap can be

calculated using Equation [2.1] [99].

For all of the materials tested they had approximately the same capacitance
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of around 160 pF including stray capacitance of the chamber, suggesting that

the machining had not influenced the gap significantly. Use of this capacitance

measurement can also determine if the electrodes are touching either due to

machining errors or dust before assembling the entire system. Also, if a large

breakdown creates a large enough crater to cause a short circuit between the

electrodes during testing, this causes a change to the ability to measure the

capacitance and can be proven this way.

4.4 Matching Conditioning Parameters

During the initial running of the RFQ for Linac4 conditioning was done manually

with very little record of what was done [10]. A best effort was made to match the

operational parameters of the conditioning of the LINAC4 RFQ using the recorded

data available, in order that the results from the pulsed dc test are as applicable

to the RFQ as possible. The Linac4 RFQ conditioning and operating parameters

taken into account include, the pulse length of up to 900 µs, a maximum repetition

rate of 2Hz, and surface electric field of 34 MV/m, with a vane voltage of 78.27 kV.

Two possible operating conditions for the pulsed DC system voltage were

considered. One was to simply match the surface electric field, using the gap

distance and voltage. The other was to consider the previously observed gap

dependence on limiting voltage [60].

Tests conducted previously within the same systems with the same electrodes

show a dependence on the surface electric field reached for the different gaps [60].

This dependence is also been seen in other experiments [100], [101]. Figure 4.10a

taken from reference [60], shows the electric field using equation 1.8, it can seen

from this that there is a difference in the field achieved for each gap with the same

electrodes. There is a clear inverse correlation between the gap distance and the
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(a) Electric Field Eq[1.8] [60]

(b) Normalised Electric Field Eq[4.1] [69]

Figure 4.10: (a) Electric field calculated using Eq[1.8] and (b) Normalised electric
field using Eq[4.1] [60]

maximum electric field reached. Figure 4.10b shows the same data that has been

normalised using Equation [4.1]. It can bee seen that use of the normalised plot

gives a better correlation of the field with the gap.

Normalised electric field holding = (V/Vmax)× (dmax/d)
0.72, (4.1)

where Vmax and dmax are the reference voltage and gap size respectively. The

specific values used by Profatilova were dmax = 100 µm, the largest gap size used
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in this series of measurements, and Vmax = 7747 V, the voltage reached with

this gap size. With these values, the normalised field reached in each run was

approximately 1.

The normalised electric field holding equation was applied to the RFQ param-

eters, using the inter-vane distance values from the RFQ. From electromagnetic

solver calculations of the surface electric field on the geometry of the RFQ structure

for a given peak inter-vane voltage of 78.27 kV, a peak inter vane surface field of

34 MV/m was given [102]. The inter-vane distance change over the length of

the RFQ, but the electric field and voltage values can be used to calculate an

approximate inter vane gap distance by rearranging Equation 1.8 for the gap and

using the electric field of 34 MV/m and voltage of 78.27 kV. Using this as the

gap in Equation 4.1 gives a normalised electric field holding of the RFQ as 1.0563.

This being so close to one suggests a relatively good comparison between the two

very different setups.

To achieve the same scaled field in the pulsed DC system with a 60 µm gap, the

required voltage would be 5664.9 V giving a surface electric field of 94 MV/m from

Equation 1.8. The surface electric field in the RFQ is 34 MV/m, the target surface

electric field for the electrode test was 35 MV/m. An electric field of 35 MV/m with

a gap of 60 µm gives a voltage of 2100 V and a normalised electric field holding of

0.3915. Assuming the gap size scaling holds, when used with the RFQ parameters

to compare to the LES with a gap distance of 60 µm, an equivalent electric-field

of 94 MV/m using a voltage potential of 5640 V. In order to investigate which

limit, between the surface electric field or scaled electric field applies, the system

was initially conditioned to a electric field of 35 MV/m then increased in steps as

discussed in the previous chapter, with the aim of reaching 94 MV/m.

Pulse lengths used for the RFQ are restricted by the RF power source, which

lead to pulse lengths between 750 µs and 900 µs being used. The pulse lengths
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available for the Marx generator used to the supply the pulsed DC system range

from 1 µs to 1000 µs. Previously the system had mostly been operated using 1 µs,

in order to test with a pulse length as close to the few-hundred ns of the CLIC

X-band structures [103]. Previous studies of the pulse length dependence of the

field limit (for constant BDR) showed a pulse length dependence of τ 5, which is

used for determining the conditioning limit for the structures [75]. Therefore if

the pulse length had an impact on the breakdown rate, then this would affect the

maximum electric field reached during conditioning. As shown in the previous

chapter, the pulse lengths used suggest that this dependence saturates and should

not influence the results. Therefore, it is justified that conditioning with 100 µs

pulse length allowing for faster turn around of samples.

The maximum repetition rate of the RFQ is 2 Hz, therefore the first test in the

pulsed DC system operated with a 20 Hz repetition rate, to try to stay as close

as possible to RFQ conditions. Running at 20 Hz meant conditioning took a large

amount of time. As the objective was to compare the different materials, a higher

repetition rate of 200 Hz was used in order to tests materials within a smaller time

frame.

4.5 Results and Discussion

The following tested materials, TiAl6V4, Cu OFE, CuCr1Zr, Ta and Nb are

discussed in detail in the order of performance of the irradiated samples, from

the highest stable electric field to the lowest. Two pairs of Nb electrodes and

the Ta pair are grouped together due to performing in a very similar way after

irradiated. Full figures for each of the materials for conditioning and analysis of

the breakdown locations can be found in Appendices K to L.2.



4.5. RESULTS AND DISCUSSION 123

4.5.1 Titanium Alloy (TiAl6V4)

After irradiation there was no evidence of modification to the surface structure

due to irradiation [104]. Discolouration was seen, with a visible difference between

the beam centre, halo and non-affected areas. This was difficult to see by eye and

to take an image of, but was as expected with the 2 cm diameter beam spot and

3 cm diameter halo.

(a) Conditioning (b) BD Locations

Figure 4.11: TiAl6V4 (a) conditioning of the irradiated and non-irradiated pairs
and (b) the breakdown locations of the irradiated cathode with the breakdown
number given from dark blue being the first to dark red being the last. The green
circle indicates the diameter of the high field area, determined the the anode.

After conditioning as shown in Figure 4.11a, TiAl6V4 achieved the highest

stable electric field out of all the materials, at 90 MV/m and 100 MV/m, for

both the irradiated and non-irradiated pairs respectively. A small reduction in

electric field is observed for the irradiated electrodes, suggesting the irradiation

had some impact on the ability to reach the same electric field. Both pairs of

TiAl6V4 electrodes exhibited a de-conditioning causing a decrease in the operating

electric field. This was caused by a temporal cluster of breakdowns that had

reduced the electric field between 15 MV/m and 30 MV/m. After reconditioning,

a de-conditioning reduction in the electric field between 5 MV/m and 10 MV/m

compared to previously achieved fields, it was not increased further to avoid the risk
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of another cluster as this can damage the surface significantly. As this was a feature

during the conditioning of both pairs it would suggest that this is a property of

TiAl6V4 rather than a spurious event. This may mean that TiAl6V4 has a tendency

to accrue surface damage if conditioned too far. Overall, TiAl6V4 performed very

well, re-gaining most of the previously achieved electric field without any further

issues and maintaining a stable electric field.

The irradiated TiAl6V4 had a larger breakdown rate at the start of conditioning

that reduced suggesting a strong conditioning effect of the irradiated area that

improved the performance. Excluding the clusters, it can be seen that the

breakdown rates of both pairs is very similar after around 4 × 108 pulses, where

breakdown rate is the represented by the gradient of the number of breakdowns.

In terms of the breakdown locations the clusters in breakdowns were mostly

dominated by the irradiated area, with a similar number of breakdowns per

area at the start of the conditioning, see Appendix M for breakdown location

counts inside and outside of the irradiated area. Having a similar electric field

and breakdown rate after conditioning suggests that it was able to condition any

extrinsic breakdown-inducing features caused by the irradiation. The reduction

in electric field may be a result of residual impurities or from damage due to the

increased number of breakdowns.

Figure 4.11 shows the breakdown locations for the irradiated TiAl6V4 electrode.

It can be seen that there was a higher concentration on one side within the halo

area and not the external high electric field area. It can also be seen that the first

breakdowns are more distributed over the surface, with later breakdowns being

more concentrated on one side. This suggests it is an effect of the halo from

the beam pipe outlet. The reason for the concentration could not be determined

but could be explained by the addition of non-parallelism between the electrodes

causing a electric field enhancement as well as the halo from irradiation.
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4.5.2 Oxygen Free Electronic Copper (Cu OFE)

After irradiation of Cu OFE, blisters were observed in the beam spot area of

the electrode, along with dis-colouration of the halo [104]. As mentioned for this

irradiation a ’C’ shape of blisters was produced. No collimator was used during

irradiation, therefore for this cathode the halo is the same diameter as the anode of

4 cm. Therefore it was not possible to determine whether the breakdown locations

were a result of the halo as there was no non-irradiated reference area of the

electrode for comparison. This deficiency was corrected in later tests.

(a) Conditioning (b) BD Locations

Figure 4.12: Cu OFE (a) conditioning of the irradiated and non-irradiated pairs
and (b) the breakdown locations of the irradiated cathode with the breakdown
number given from dark blue being the first to dark red being the last.

Two tests of non-irradiated Cu OFE were conducted, the first one with an

larger pulse length and lower repetition rate compared to all other samples. This

change in repetition rate did not seem to influence the electric field achieved.

For comparison purposes, tests from second pair are included in Figure 4.12,

due to having been conditioned with the same parameters as the irradiated. For

conditioning and breakdowns location details of all Cu samples, refer to Appendix

H.

Cu-OFE achieved the second highest stable electric field after irradiation, and

also with the same stable electric field for the irradiated and non-irradiated pairs.
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Cluster in breakdowns with respect to pulses occurred multiple times during steps.

From Figure 4.12a, this can be seen initially as a small peak in the electric field

for the irradiated pair around pulse 0.5 × 108. To try to reduce the damage to

the electrodes when clusters occurred, the target electric field was reduced to the

previous stable point and pulsed before continuing to increase further. It can be

seen that the irradiated pair also had a higher breakdown rate at the start of

conditioning, that decreased to a similar level as the non-irradiated pair. As both

the irradiated and non-irradiated pairs reached the same stable electric field with

a similar breakdown rate this suggests that it conditioned away any breakdown

inducing features caused by the irradiation.

(a) (b)

Figure 4.13: SEM images of the breakdowns over the blistered area from irradiation
and the the splash and melting of blisters surrounding a crater [104]

Figure 4.12b displays the breakdown locations on the irradiated electrode where

clusters occurred in different areas of the halo and not all of the beam centre area.

SEM images of part of the ’C’ shape and surrounding area of a crater can be

seen in Figure 4.13 [104]. From this evidence it can be seen that there are many

densely blistered areas that have not experienced any breakdowns. This suggests

that blister are remarkably not more susceptible to breakdown than non-blistered

areas. Currently it is not known why the blisters do not cause breakdowns given
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they should produce a electric field enhancement.

There were several clusters within the halo area that were not the case with the

non-irradiated electrodes, suggesting there was some features causing breakdowns

from this area also. As mentioned this increase in the number of breakdowns

may be explained by the irradiation-induced carbon layer. However, this does not

explain why the effect produced clusters, rather than breakdowns over the whole

surface.

4.5.3 Copper Chromium Zirconium (CuCr1Zr)

As mentioned during the first irradiation of CuCr1Zr the material in the centre

of the beam spot melted, most likely due to the high current intensity. Due to

the melting in the centre it was decided that this was not suitable for testing and

therefore the same electrode was re-machined and re-irradiated using the same

sample.

The following irradiation of CuCr1Zr went as planned, the areas of the electrode

in this case looked very similar to Cu OFE. Visual observation showed the hollow

beam spot with a diameter of 2 cm and collimator halo of 3 cm. SEM observation

of the beam spot displayed blisters similar to that seen from the Cu OFE pair

[104].

During conditioning CuCr1Zr was not able to condition up to the first step of

35 MV/m in electric field and was limited in electric field by the breakdown rate of

1E-5 specified within the code. Due to large clusters in breakdowns a lower electric

field target was set to find a stable electric field. After a number of pulses at a

20 MV/m with very few breakdowns the target was increased to 25 MV/m. Several

breakdowns occurred during the step but it appeared stable at this electric field.

With the following target set as 30 MV/m the number of breakdowns reduced the
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(a) Conditioning (b) BD Locations

Figure 4.14: CuCr1Zr (a) conditioning of the irradiated and non-irradiated pairs
and (b) the breakdown locations of the irradiated cathode with the breakdown
number given from dark blue being the first to dark red being the last.

achievable electric field. The highest maintainable electric field from the irradiated

CuCr1Zr was 26 MV/m which was far below the electric field of 85MV/m from

the non-irradiated pair. This suggests the cause of this decrease in electric field is

a result of the irradiation.

Figure 4.15: Large cluster of breakdowns around 2mm in length, and located within
the irradiation halo area. This image was taken with a digital camera meaning an
accurate scale cannot be provided.

One of the concerns throughout testing the materials was the effect of
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machining, but this is generally the worst in the centre of the electrodes. From

analysis of the breakdown locations they appear to be concentrated in clusters

within the beam and halo areas and no the centre, suggesting that it was limited

by the irradiation. There was one relatively concentrated cluster of breakdowns

that can be seen in Figure 4.15, during testing due to the image given in Figure

4.14b it was not possible to determine whether it correlated with irradiation. From

analysis after the removal it could be seen that it was within the darker area of

the beam pipe output halo of carbon. Similarly to the Cu OFE, the majority of

the blistered area of the CuCr1Zr did not create a field enhancements to induce

breakdowns.

4.5.4 Tantalum (Ta) and Niobium (Nb)

Ta and both Nb samples displayed similar results to TiAl6V4 with respect to no

physical defects in appearance after irradiation [104]. As two different Nb samples

will be discussed these are referred to as ”Nb” which was tested am machined

using diamond turning and ”Nb BCP” that was polished used buffer chemical

polishing (BCP) after machining. The first Nb cathode (Nb) was irradiated 2

times in overlapping areas, as seen in Figure 4.16c. This was due to the an issue

with no current being measured in the first attempt, the sample was taken out and

put back in with the issue corrected and a full dosage supplied during the second

attempt. The beam centre spot area and halo for Ta can be seen in 4.16b, with a

half circle collimator shape used due to a change in electrode size.

Figure 4.16 displays the conditioning plot of both the irradiated and non-

irradiated Ta and Nb BCP and the irradiated Nb (without polishing). The non-

irradiated Nb results are not included as the reduced electric field achieved are

believed to be a result of machining, whereas this does not appear to be the case
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(a) Ta and Nb conditioning

(b) Irrad Ta (c) Irrad Nb (d) Irrad BCP Nb

Figure 4.16: Ta, Nb and Nb BCP (a) conditioning of the irradiated and non-
irradiated pairs and (b) the breakdown locations of the irradiated cathode with
the breakdown number given from dark blue being the first to dark red being the
last.

for the irradiated. From the plot it can be seen that both the non-irradiated

Ta and Nb BCP conditioned to relatively high electric field as discussed in the

previous chapter. Where as each irradiated pair had a large cluster of breakdowns

with respect to pulses at 38 MV/m, 35 MV/m and 42 MV/m for Ta, Nb and

Nb BCP respectively. This reduced the electric field and the pairs were unable

to recover with a stable electric field achieved of around 23 MV/m for each. The

larger difference compared to the non-irradiated pairs suggests this is an effect of
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irradiation. But as discussed there is a possibility it is an effect of machining errors

or defects. If it was a result of irradiation, both Ta and Nb would be unsuitable

choices for an RFQ.

Ta and Nb BCP pairs have very few breakdowns before the large clusters

occurred, this meant operation was very unpredictable. Whereas, Nb had

breakdowns throughout the initial ramp to 35 MV/m before experiencing a larger

cluster. This may have been a results of the difference in the surfaces between

the different samples, with the Nb pair having defects that attracted breakdowns

during the initial stages of conditioning.

Due to the low electric fields a number of breakdown locations were not detected

as there is a dependence seen as discussed in Chapter 2.6. Breakdowns for the

irradiated Ta were mostly clustered spatially on the side of the irradiation halo

with a relatively large concentration to one side of the beam centre area. It is

possible that the beam intensity was uneven, meaning one area receives a higher

dose, which may explain this effect. Unlike other materials, breakdowns were

concentrated in the irradiated area of the Ta sample, with 85 % of breakdowns

detected being within the irradiated area. The fact of this high concentration

within the irradiation area with very few breakdowns externally to this is good

evidence of the reduced electric field being related to the irradiation. It may also

suggest that something additional happened with this material causing the large

reduction in achievable field.

The reason for including the initial test of irradiated Nb was that is performed

in a very similar manner to the Ta and Nb BCP in terms of conditioning. Also

seen from Figure 4.4b, there was an area within the double irradiated zone that

had experienced several breakdowns, removing the discolouration caused by the

carbon layer. This is strong evidence that the cause of the reduction in electric field

was the irradiation rather than machining defects as seen for the non-irradiated
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electrodes. Breakdowns for the second Nb having received BCP, appeared to be

spread over the beam halo area and not just the beam centre. As it performed

similar to the others discussed it would suggest that this also had reacted differently

to irradiation causing the significant reduction in electric field.

4.5.5 Summary and Comparison

Figure 4.17: Summary bar chart of the maximum and stable fields of both
the irradiated and non-irradiated materials tested using the same conditioning
parameters.

Figure 4.17 displays a bar chart showing the maximum and final stable electric

fields for the irradiated and non-irradiated pairs of each material. The materials

are ordered by descending stable electric-field for the irradiated samples. From

this it can be seen that only the TiAl6V4 and Cu OFE pairs performed well after

irradiation. All of the other materials had a significant reduction in electric field,

most likely as a result of the irradiation.

The roughness of the machined surfaces varied significantly, mostly due to

the inherent difference in the difficulty of machining the different materials. The
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difficulty to machine some of the materials could also influence the feasibility of

making an RFQ [86]. Additionally, making a whole RFQ out of a material with

low conductivity would result in an inefficient RF structure, requiring higher input

power compared to a structure built from copper. The low conductivity can be

compensated by including the material only in the vane tips, where the electric

field is highest [105]. But this would also result in a significantly more complicated

construction. As TiAl6V4 achieved the highest electric field this may be the best

material for resistance to the affects of irradiation and conditioning higher than

Cu. The issue with using TiAl6V4 is that this would need to be only for the

vane tips and bonded to a more conductive material [105]. Joining copper to Ti

is very complicated, and an RFQ using this method currently does not exist and

would require research and prototyping before a working RFQ would be produced.

Whereas Cu OFE RFQs are already common and used for Linac4.

Max E-Field
(MV/m)

Stable E-Field
(MV/m)

No. BDs No. Pulses

110 100 444 1.24E+09
TiAl6V4

95 90 924 1.10E+09
83 83 785 7.19E+08
80 80 214 6.90E+08Cu OFE
80 80 1020 7.31E+08
85 85 254 3.60E+08

CuCr1Zr
29 26 606 1.70E+08
60 60 248 7.10E+08

Ta
38.1 24 470 3.32E+08
10 4.7 273 5.94E+08

Nb
35 23 539 3.81E+08
94 80 2305 1.45E+09

Nb BCP
42 21.7 293 3.26E+08

Non-Irrad
Irrad

Table 4.2: Summary table of Irradiated and non irradiated conditioning

Table 4.2 displays a summary of the main test results including, the maximum
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and stable electric field reached, number of breakdowns over conditioning and the

total number of pulses, where highlighted rows indicate irradiation before testing.

For the majority of the materials excluding Nb BCP the number of breakdowns was

greater for the irradiated materials despite having conditioned for few pulses. This

is strong evidence that the irradiation has an impact on the number of breakdowns

during conditioning.

TiAl6V4 Cu OFE CuCr1Zr Ta Nb Nb BCP

B
re
ak

d
ow

n
N
u
m
b
er

Inside 626 916 417 398 5 62
Outside 166 0 9 15 1 11
All 915 1025 606 470 284 293
No
Location

123 109 180 57 278 220

B
re
ak

d
ow

n
N
u
m
b
er
/m

m
² Inside 0.88668 1.2960 0.5906 0.5637 0.0070 0.0878

Outside 0.3023 0 0.0163 0.0273 0.0018 0.0200
All 0.7290 0.8167 0.4828 0.3745 0.2262 0.2334
No
Location

0.0980 0.0868 0.1434 0.0454 0.2215 0.1752

Table 4.3: Absolute and normalised number of breakdowns inside and outside
of the irradiated beam pipe halo area, compared with the total number and
breakdowns not detected by the cameras.

Analysis of the breakdowns detected by the cameras with relation to their

location inside or outside of the irradiated halo area of each material can be seen

in Table 4.3. Plots showing these results over the number of pulses with relation to

the conditioning can be seen in Appendix M. In the cases where the breakdowns

were detected by the cameras it can be seen that there was a significantly more

breakdowns within the irradiated area compared to the surrounding areas also after

being normalised by square mm. The results for Cu OFE are included to show

the number of breakdowns that occurred and were detected but in this case there

was no high field area outside of the halo. For the ’Nb’ pair very few breakdowns

were detected but it was observed after removal that there was a cluster within

the double irradiated area.
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Figure 4.18: Bar chart of the calculated normalised field holding values for the L4
RFQ and all pairs of electrodes tested and the L4 RFQ, using the stable electric
field values and Equation [4.1].

The final stable electric fields of all electrode pairs tested were used to calculate

the gap dependence normalised field holding, using Equation [4.1]. Figure 4.18

shows the normalised electric fields of Cu OFE L4 RFQ and all materials tested

in order from the highest to lowest normalised electric fields. From this is can

be seen that the only material that exceeded the normalised electric field of the

RFQ was the non-irradiated TiAl6V4. This could mean that the other materials

and irradiation are not able to achieve the electric fields required for the RFQ.

Alternatively it could mean that the use of the normalised field holding equation

is not directly applicable to the RFQ and that both TiAl6V4 would be suitable

even with the effects of irradiation.
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4.6 Effects of Irradiation Conclusions

The best choices of material for an RFQ, based on the irradiated field holding

results shown are TiAl6V4 and Cu OFE. Both TiAl6V4 pairs reached the highest

stable electric field. However, TiAl6V4 may display unpredictable instabilities

causing a decrease in obtainable electric field if run close to the limit. It also has a

lower conductivity so careful design would be required if used for an RFQ. Copper

gave the second best results and appears to reach the same electric field with

an initial increase in the number of breakdowns that conditions away irradiated

defects. Whilst blisters were produced during irradiation they did not prove to be a

critical cause of breakdowns as many blisters were unaffected during conditioning.

Copper is the current material used for the L4 RFQ, and well established within

the electric field, it would not require any changes.

Ni and Ta both had a significant reaction to the irradiation causing a large

and unpredictable cluster in break-downs that it was not possible to recover from.

CuCr1Zr was not discussed but can be seen in the summary plot of Figure 4.17.

The achievable electric field was greatly reduced by the irradiation and therefore

it would also not be a suitable material.

Breakdown locations for TiAl6V4, Cu OFE, CuCr1Zr, and Nb were distributed

over the irradiated area and did not show preference to the beam centre area

for irradiated electrodes. For the irradiated Ta electrodes, the break-downs were

mostly clustered in the beam centre area. For the non-irradiated electrodes

breakdowns were distributed over the whole high electric field area. Analysis of

the areas of the irradiated electrodes suggests a possible higher carbon content in

the beam and halo areas from the head of bunch focused differently.

It is important to note that in this experimental study the electrodes were

irradiated before, this process differs from the RFQ due to the RFQ receiving
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constant irradiation throughout running. Re-irradiating or constant irradiation

may affect the performance or the achievable electric field. In the cases of the

TiAl6V4 and Cu OFE pairs where the conditioning seems to reduce the effects of

irradiation may suggest an ability to run stably. This would be the case if the

RFQ conditioned away impurities faster that they are produced.

It can be seen that all materials reached relatively high electric fields with only

irradiated pairs being restricted suggesting it is an effect of irradiation. Cu OFE

was tested non-irradiated twice whilst the other materials were only tested once.

This makes the results shown less reliable as it may change between tests and

parameters in a way that is currently not understood.
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Chapter 5

Field Emission Measurements

5.1 Introduction

As a result of tests of different materials shown in Chapter 3.6, after the

conditioning of each, field emission current measurements were conducted. As

discussed in chapter one for breakdown in a vacuum environment, an electrical

connection need to be formed between the anode and cathode. One of the likely

initial stages for this to occur is field emission and measurements of this have

been done previously in the same system [106]. By measuring the field emission

current, this gives a value for an amount of current emitted for a given voltage.

This chapter discusses the setup, method, measurements and analysis for each of

the materials tested within the system.

For each material tested, measurements of the field emission current were done.

For this, controlled steps of the supply voltage are set, then for each step the field

emission current is measured and the gap voltage can be calculated. Using the

method to be shown with a resistance is series with the means the gap voltage is

limited by the about on field emission current for each supply voltage step. The

gap voltages achieved and field emission currents measured for each material can

139
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be compared with the field holding capabilities from the pulsed conditioning. A

description of the calculations of the field enhancement factors using the Murphy-

Good equation [23], which corrected the previous equations known as the Fowler-

Nordheim equation [30]. Calculation of the field enhancement factor are then

shown for analysis looking at how they correlate with conditioning results.

Measurements were previously conducted with a reverse polarity to that of

conditioning with Cu electrodes [60]. To expand on those results, measurement

have also been done with the normal and reverse polarities for the different

materials. This is done to observe the difference in field emission current in

the reverse polarity as there is strong evidence of breakdowns being cathode

dependent suggesting the anode from the normal polarity will not experience

the same conditioning effect throughout and therefore should have a higher field

enhancement factor.

Additionally, as measurements were also taken of the field emission for

irradiated and non-irradiated pairs, results of the effects of irradiation on field

emission are given. As mentioned, the field emission current gives an indication of

the field enhancement factor, an increase in field emission at lower supply voltages

was observed, which correlated with the reduced electric field holding capabilities

observed during conditioning of the irradiated samples.

5.2 Electrical Setup

Figure 5.1 displays the schematic of the setups used for field emission measure-

ments, during which spectrometer measurements are taken. Figure 5.1a shows a

cross section of the LES with the upper and lower feedthroughs highlighted. Due

to the different systems tested, the bottom feedthrough is only a property with

one of the two chambers, with the other using the chamber to ground the bottom
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electrode.

(a)

(b)

(c)

Figure 5.1: (a) Upper and Lower feedthrough to LES 3. (b) Schematic
representation of connecting to only one feedthrough with possible oxide
contamination. (c) Schematic representation of connecting to two feedthroughs
with possible oxide contamination.

The schematic for when one feedthrough is connected and the bottom electrode

is grounded to the chamber is displayed in Figure 5.1b and when two feedthroughs

are used can be seen in Figure 5.1c. The two configurations give different

measurement values if there is an electrical connection from high voltage to ground

due to contamination on the feedthroughs. In the case where only one connector

is used and there is leakage through the connector to the chamber, the leakage

current cannot be distinguished from field emission current, and the sum of the

two is inadvertently measured. Previous results made with this configuration could

have systematic errors due to this effect.

When two connectors are used, the leakage from the top connector goes to

ground without passing through R2, the multimeter, or the oscilloscope, and

thus does not influence the measurement. The leakage current still contributes
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to the load on the high-voltage power supply, and can be measured by the

supply’s internal current measurement. A discrepancy in the current measured by

the multimeter and the power supply therefore indicates the presence of leakage

current, and also corresponds to current drawn from the supply at low voltages

where no field emission current can be reasonably expected. Whenever significant

leakage current was observed, the connector was cleaned before measurements were

continued. The two-connector configuration is still susceptible to leakage on the

lower feedthrough. However, physical signs of contamination were not seen on the

lower feedthrough. Also, as the voltage on the lower feedthrough was much lower

than on the upper feedthrough (tens of volts as opposed to kilovolts), the leakage

current would also be proportionally smaller given the same leakage resistance.

Providing that the connectors are clean and there is no leakage then the tests

should work as intended. For the following tests a constant voltage supply was

used without the pulsed generator. These tests were limited to a maximum of

1 mA by the power supply and 8 kV by the cables used. From the power supply

there is 6.39 MΩ resistor (R1) in series with the system where the system acts

electrically as a capacitor. R1 and R2 reduce the probability of a breakdown from

occurring as they reduce the gap voltage as the field emission current increases.

There is a spark gap from the floating cathode to ground where R2 is measured.

This is rated at around 70 V and therefore past this voltage will start conducting,

this is to protect the oscilloscope from high voltages. This means measurements

from the multi-meter should not exceed 70 V, as past this point the measurement

would be false.

During measurements the supply voltage is increased in steps, with voltage

measurements across R2 recorded on an oscilloscope once per second, for a set

number of seconds specified by the user. For each measurement, the supply voltage

is reduced if the breakdowns occur in an unstable temporal cluster, this is decided
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by the user. For these measurements this can be described as several breakdowns

consecutively within a few seconds. This is decided by the user, if it appears that

breakdowns will continue to occur. The other reason for reductions in the supply

voltage is if the supply voltage reaches 8 kV or when the voltage measured across

the multi-meter reaches 70 V as mentioned. If field emission measurements do not

show a significant increase during measurements, R2 can be decreased to increase

the field across the gap for a given supply voltage. To counter this, if there is a

significant increase in field emission current and many breakdowns occurring, R2

can be increased for the opposite effect.

Calculations of the field emission current can be done using the voltage

measured across the second resistor (R2), with relation to the supplied voltage.

An oscilloscope and a multi-meter where placed in parallel to R2 to measure the

voltage. For this, the resistance of both of these devices also needs to be included

in the calculation. Equations for these calculations are given as:

U = V − V ∗ − I ×R1 (5.1)

I = V ∗/R∗
1 (5.2)

1/R∗ = 1/Rosc + 1/Rmulti + 1/R2 (5.3)

Where U = gap voltage, V = supplied voltage, I = field emission current, V*

= multi-meter voltage, R* = gap resistance, R1 = series resistance = 6.36 MΩ,

R2 = 100 kΩ, 1 MΩ, or10 MΩ, therefore Rosc = 1 MΩ = oscilloscope resistance,

Rmulti = 10 MΩ = multi-meter resistance.

Use of these equations allowed for the field emitted current and voltage in the

electrode gap to be calculated. This was then used to analyse the relationship

between these values and to generate current vs. voltage plot.
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5.3 Field Emission Measurements and Analysis

5.3.1 Normal Field Emission Measurements

As a result of having several different materials to condition a study of the

field emission of each material after conditioning was conducted. Field emission

measurements were done after all other tests were completed, as it can be damaging

to the surface and could influence following tests. Although the resistors as part

of the electronics of the setup reduce the likelihood of breakdowns and absorb

the power, breakdowns do still occur and can cause significant damage. When a

breakdown does occur, unlike with the pulsed setup when the power is stopped,

for these measurement there are no controls to stop the power. Therefore, it is

still applied and this can lead to maintaining an arc that damages the surface of

the electrodes.

The different reasons for no longer increasing the supply voltage are associated

with a gap voltage. Whether it was because breakdowns occurred at that voltage

or there was a significant amount of field emission causing the gap voltage to

saturate. This means that for each of the field emission tests the field achieved by

the electrodes was different and these values can be compared to the field emission

measured and electric field achieved from conditioning.

Figure 5.2 shows the field emission curves for each of the materials and a

vertical line showing the fields achieved during conditioning for the materials.

Other than an additional hard Cu OFE example, all materials shown are the same

non-irradiated electrode pairs described previously. It can be seen that there is

a correlation between the stable electric-fields reached during conditioning and

the gap voltages achieved during the field emission tests. This suggests that

the conditioned field holding capability of a specific material, as measured by

the maximum stable field after conditioning influences the voltage at which the
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Figure 5.2: Field emission current measurements with the increase given using
different symbols for each materials and the decrease given as a dash of the same
colour. Voltages achieved during pulsed conditioning are given as dashed vertical
lines with corresponding colours.

electrodes start field emitting. Additionally, the materials with higher electric field

holding capability show less field emission current. The relationship between the

gap voltage and both the stable and maximum electric fields during pulsed tests

is plotted in Figure 5.3. Fitting a linear trend line to this data shows a relatively

close correlation between the field emission measure gap voltage and pulsed stable

fields and a weaker correlation when compared to the pulsed maximum fields.

Figure 5.3: Gap voltage during field emission measurements as described in
Equation 5.1, compared to the final stable and maximum electric fields achieved
during pulsed conditioning.

The Ti alloy electrodes reached a similar gap voltage during field emission
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measurements as achieved during pulsed conditioning, with a relatively low field

emission current of 140 µA measured. At the peak of the field emission testing

of the Ti alloy, a number of breakdowns occurred despite the low amount of

field emission current, which may suggest something else had an effect to cause

breakdowns that meant a high field emission current was not needed. Breakdowns

with low amounts of field emission current were also observed for the Cu OFE

RFQ and Ta electrodes, all measurements with a field emission current between

140 µA and 170 µA. CuCr1Zr achieved the second highest voltage with a relatively

high current compared to the Ti alloy. It appeared to have a relatively stable field

emission producing a smooth curve which was also the case for Cu OFE Hard and

the Al alloy.

There are two Cu OFE results shown, the difference between the two is that

”Cu OFE RFQ” tested was heat treated the same as the RFQ and the other was

not heat treated and is as received from machining, named ”Cu OFE Hard” in

these plots. The Cu OFE Hard were conditioned using the X-band CLIC structures

algorithm and achieved a final field of 75 MV/m with a relatively high breakdown

rate.

Cu OFE Hard, Nb , Al Alloy and Ta follow a similar trajectory with an increase

in field emission current starting around the same voltage. For Nb, the decrease

in supply voltage shows a small hysteresis of the voltage increasing, this may have

been a result of conditioning effects during the increase allowing it to reach higher

field when decreasing the supply voltage. This can be seen as the grey arrows

of the increasing field emission current in Figure 5.2 reaching a gap voltage just

below 3000 V and when the supply voltage decreases the gap voltage increases to

over 3000 V due to a decrease in field emission current. The Ta electrodes whilst

following this had experienced breakdowns and therefore the supply voltage was

not increased further limiting the field emission current.
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Figure 5.4: Maximum field emission currents verses the gap voltage during the
field emission measurements and the maximum and stable fields during pulsed
conditioning.

Figure 5.4 shows the correlation between the maximum field emission current

with the maximum gap voltage during field emission measurements as well as the

stable and maximum field during pulsed measurements. The following discussion

excludes ‘Cu OFE RFQ’ and ‘Ta’ that did not reach high fields and currents

due to breakdowns occurring, leading to the field being reduced. There appears

to be a linear inverse correlation between voltage holding capabilities and the

maximum field emission current for the different materials. This relation between

the reduced field emission may influence the capabilities of the electrode pair to

reach higher electric fields. The maximum electric fields during conditioning that

are different to the final stable electric fields, do not correlate with the voltage

holding capabilities during the field emission measurements. This suggests the

electrode pairs reaching higher electric fields at some point during conditioning

did not affect the field holding capabilities during the field emission measurement.
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Figure 5.5: FN plots for each of the materials, with γ determined as the gradient
of the slope and the calculated β indicating the field enhancement factor, with E
denoting electric field in MV/m and I denoting current in A.

5.3.2 Field Enhancement Factor Calculations

Fowler-Nordheim plots for each of the materials tested can be seen in Figure 5.5.

For each materials the individual measurements are shown and a line of best fit

given in the same colour. Substituting the gradient of each line into the equations

as described, the β for each measurement is also given. Most of the plots are not

perfectly linear, but have an upwards curvature. This corresponds to the β value

decreasing at high electric fields. Possible explanations for this are space-charge

effects beginning to play a role as the field-emitted current becomes large [107], or

the gas discharge tube (present in the measurement setup in order to protect the

measurement electronics from possible overvoltages) beginning to conduct a small

current.

To analyse the values of β calculated, Figure 5.6 includes 2 plots with beta

on one axis and the field emission measurement maximum gap voltage and

field emission current for each material. This could indicate whether the field

enhancement calculated has an impact on the field holding capabilities of a material

or the field emission current observed. Error bars can be seen for AlMgSi1 and

CuCr1Zr to indicate the possible variation in the beta as a result of the unknown
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Figure 5.6: Maximum gap voltage and field emission current with respect to β
during the field emission measurements for the different materials.

work function for the alloy. The dots in these cases represent that main materials

of Al and Cu respectively and the largest variation for the alloyed materials, the

work functions for different materials can be found in Appendix P. This was also

done for the Ti Alloy but the error bars are within the size of the marker and

therefore has little variation on the work function. These results are not very

compelling evidence of correlations between the beta, gap voltage and current for

each of the materials tested. Whilst there are linear correlations within the data

to count these would require excluding around half of the data suggesting these

are not statistically relevant. More pairs of materials would need to be tested to

verify whether whether there is a correlation or if these are not related.

5.3.3 Normal and Reverse Polarity

Studies have been conducted previously of the field emission in the normal polarity

of conditioning and the reverse polarity [60]. As well as conditioning in one polarity

and then switching the polarity to see the effect this had on the conditioning curves

and breakdown location. The previous studies shown in Figure 5.7 had electrodes

of the same diameter which differs to the current measurements shown in Figure 5.8

in which a small anode to large cathode was used. Figure 5.7 displays the results
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Figure 5.7: Measurements of field emission current with respect to the gap voltage
made in the normal and reverse polarity from a previous study using Cu OFE
electrodes [60].

shown for Cu electrodes with a 20 µm gap. From these plots it is consistently

observed that the field emission occurs at lower voltages for the reverse polarity

with similar levels of current measured at the peak of these curves.

During field emission measurements of each of the materials after conditioning,

several scans of the normal polarity were made before the final field emission

measurements made with the reverse polarity. The results of both normal and

reverse polarity tests are displayed in Figure 5.8. It was also observed consistently

with the different materials except Nb that the field emission occurred at a lower

field in the reverse polarity. The difference in the achieved field varies for the

different materials with the Ti alloy showing the largest variation, then CuCr1Zr,

then the Ta electrodes. Each of the results shown are of consecutive measurements

with a normal polarity test and then a reverse with the possibility of occurring

on different days meaning they may have experienced some conditioning effect



5.3. FIELD EMISSION MEASUREMENTS AND ANALYSIS 151

Figure 5.8: Normal (N) and reverse (R) polarity field emission current
measurements of different materials tested.

during the initial ramp. Breakdowns are also more prone in the reverse polarity

and can be catastrophic. During some field emission tests, the current fluctuated

significantly with time, causing the curves to appear jagged rather than smooth

as expected from field emission. Also to note is that for these tests, a small anode

and large cathode was used which when in the reverse polarity would introduce

an additional field enhancement from the electrode edge that could contribute to

the increase in field emission currents at lower gap voltages.

Normal
Polarity

Reverse
Polarity

Difference
(Reverse/Normal)

Gap
Voltage
(V)

FE
Current
(µA)

Gap
Voltage
(V)

FE
Current
(µA)

Gap
Voltage

FE
Current

CuCr1Zr 4602.09 372.089 3842.48 485.15 0.834942 1.303855
TiAl6V4 3631.84 323.051 1772.21 187.891 0.487965 0.581614
Nb 3399.17 577.472 3036.15 570.618 0.893203 0.988131
Ta 2679.58 170.582 2152.61 121.627 0.803339 0.713012

Table 5.1: Maximum gap voltage and field emission current for both normal and
reverse polarity of the different materials as seen in Figure 5.8, and the difference
between them.
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Table 5.1 summarises the results shown in Figure 5.8 giving the maximum

gap voltage and current in the different polarities for each of the materials.

Additionally the difference between the two is given as the reverse value divided

by the normal value for the voltage and current. From this it can be seen

that for CuCr1Zr, TiAl6V4, and Nb, the difference between the current is higher

proportionally compared to the change in voltage. Meaning that whilst the voltage

for field emission was reduced the amount of current for the specific voltage was

increased. Ta is an exception from this with a smaller change in current compared

to voltage, this was most likely a result of being unable to increase the supply

voltage further due to breakdowns.

5.3.4 Irradiation Effects on Field Emission

Figure 5.9: Field emission current measurements for the non-irradiated and
irradiated pairs of the different materials tested.

Another comparison is the effect of irradiation on field emission for each of

the materials tested, can be seen in Figure 5.9. This displays the field emission
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measurements for the irradiated and non-irradiated pairs of each material tested.

For all of the materials the non-irradiated pairs reached higher voltages. Each of

the irradiated materials that had a very low stable field after testing can be seen

to start field emitting around 1250 V. For the Cu electrodes that reached the same

field with similar breakdown rates, they also had similar voltages and amount of

field emission. The difference in voltage for the Ti alloy electrodes was relatively

larger around 2.5 kV, with higher field for the irradiated pair before experiencing

breakdowns.

Non-Irradiated Irradiated
Difference

(Irrad/Non-Irrad)
Gap

Voltage
(V)

FE
Current
(µA)

Gap
Voltage
(V)

FE
Current
(µA)

Gap
Voltage

FE
Current

TiAl6V4 6099.12 140.031 3631.84 323.051 0.59547 2.306996
Cu OFE 3734.33 141.617 3040.32 149.144 0.814154 1.05315
CuCr1Zr 4602.09 372.089 1018.62 143.891 0.221339 0.386711

Ta 2679.58 170.582 1431.98 382.309 0.534405 2.241204
Nb 3399.17 577.472 1597.29 731.51 0.469906 1.266745

Table 5.2: Maximum gap voltage and field emission current for both irradiated
and non-irradiated pairs of the different materials as seen in Figure 5.9, and the
difference between them.

Table 5.2 shows a similar analysis to that of Table 5.1, except with the values

for the non-irradiated and irradiated measurements given in Figure 5.9. From this

table it can be seen that in all cases the gap voltage is reduced for the irradiated

samples, with some have a greater decrease than others. In terms of the field

emitted current measured, in all cases except CuCr1Zr there was a higher field

emission current for the irradiated pairs. For the Ti alloy and Ta pairs the amount

was more than double for the irradiated pairs of each material.
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5.4 Field Emission Conclusions

A good correlation between the stable fields achieved during conditioning and the

fields during the field emission measurements can be seen for the different materials

tested. There were different levels of field emission with relation to voltage with

some experiencing several breakdowns at low levels of current. Field enhancement

factors were calculated for each of the field emission measurements shown, with

possible correlations between the gap voltage and current measurements with some

outliers making this less convincing. Due to there only being one of each material

tested this was not the most reliable result and more studies may provide more

insight.

Additional tests of the field emission for the different materials, looked at the

normal polarity being the same as conditioned and the reverse polarity. This was

previously looked at for Cu OFE and showed that field emission rose at a smaller

voltage in the reverse polarity compared to the normal polarity. When the same

test was conducted for the different materials Nb did not show this phenomenon

but the others did with different amounts of change between the positive and

negative voltages achieved.

Field emission tests were conducted for the non-irradiated and irradiated

electrodes and a comparison of these shows a reduction in the field during field

emission tests in all cases. With these pairs the difference in field for each material

also varies. As 3 of the pairs of irradiated electrodes did not reach significant fields

and this can also be seen in the field emission results as they show similar curves

with different levels of field emission. The difference between the irradiated and

non-irradiated Cu OFE electrodes was relatively small in terms of voltage with

the same amount of field emission when breakdowns became unstable.
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Optical Emission Spectra

6.1 Introduction

Additional to the interest in field emission current, is the light emitted during

field emission and understanding the relationship between these two phenomena.

For this reason, correlated measurements of field emission and the optical spectra

related to this have been conducted. For field emission measurements, a constant

DC supply was used, this was as part of the setup to be described. A constant

DC supply also has an effect on the light emission, to be discussed in the next

chapter. The most likely reason for this is that the source of light is related to

the supplied voltage and a constant supply means light is being emitted the whole

time increasing the total amount of light collected with respect to time.

There are several possible causes of light during field emission; some of

the ones considered include thermal radiation from heated emitter sites [108],

optical transition radiation produced when the field emitted electrons strike the

anode [109], plasmon oscillation [110] and recombination radiation from electrons

captured in an excited state due to electron bombardment which subsequently

decay to the ground state, producing photons [111]. It is expected that the

155
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dependencies on time, voltage, current and material will give experimental results

for addressing important high-field questions such as the origin of the field

enhancement factor, the nature of breakdown nucleation, the nature of the

conditioning process and the evolution of high-field surfaces with pulses and time.

Light has been measured during field emission experiments in a tip-to-plate

DC system at CERN (See Section 1.6). Due to the difference between geometry of

that system and the LES, there was no certainty that the light during breakdowns

or field emission would be measurable. The different design of system introduced

several optical restrictions that make it more difficult to observe the high field area

directly.

Measurements of spectra within the current setup were first achieved using

ridged electrodes producing a small high-field surface area allowing for better

optical conditions. These highlighted a difference in the field for different

alignments of the ridged electrodes. Studies measuring the light from the

perpendicular windows and with different polarities displayed a difference in light

intensity for the windows and an additional peak at the wavelength of 700 nm

when the reverse polarity to conditioning was applied. Variations in the light

intensity over times were observed during measurements, therefore a measurement

of this phenomenon was made to correlate the fluctuations in the spectra with

the changes in the field emitted current. The studies of the variation with times

showed that wavelengths with the least variation in time followed the current more

closely, suggesting the variation were a results of something additional occurring.

Analysis of the light emission showed a good correlation with the field emission

current for all results suggesting they were related.

As there were several different materials that where used for measuring the

field emission as discussed in Chapter 5.4, spectra measurement were done in

parallel. For Cu and CuCr1Zr the spectra was consistently measured, with the



6.2. OPTICAL SETUP 157

spectra produced corresponding closely to the reflectance curve of Cu suggesting

a filtering affect. During the field emission tests of Nb and Ta, spectra was only

measured on one occasion and was extinguished after a breakdown in both cases.

When light reflected off Cu OFE electrodes, a colour filtering was observed giving

only copper colours. Therefore, tests of Al alloy electrodes were conducted due

the materials ability to reflect colours relatively evenly over the visible spectrum.

Despite reaching gap voltages and currents on a similar level as Cu there was no

light measured, which may suggest that this is more prone in Cu based materials.

6.2 Optical Setup

For optical purposes, initially, a different design of electrodes to normal were used

whilst measuring the spectrum. Figure 6.1, shows the ridged electrodes with a

crossed and parallel alignment respectively, giving in both cases a smaller high-

field area compared to normal. This meant that the high field area and therefore

the area in which the light could be coming from was reduced. As this system

was not designed for the purpose of optical measurements it is difficult to have

a good alignment. Due to the configuration of the crossed electrodes, there was

possibility that the gap between the electrodes was higher or lower with respect to

the alignment with the collimator for measuring the light. Therefore, observations

from perpendicular angles would play a role in seeing into the gap between the

electrodes, this will be discussed in more detail.

When using large electrodes, light can come from anywhere on the surface, and

if it is emitted from a point far away from a camera it is less likely to be detected or

to be more distorted. If the light source was not on the edge where the collimator

is located, then the light would not have a direct exit to the collimator and would

most likely reach the collimator via reflections off the surface of the material. The
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(a) Crossed Electrodes (b) Parallel Electrodes

Figure 6.1: Images of the (a) crossed and (b) parallel alignments of the ridged
electrodes

electrodes tested on this system are most frequently made of copper, therefore any

light reflected off this will be filtered by the reflectance spectrum of copper.

The surface of these electrodes is 1.039 mm by 9.039 mm, therefore the area

of high field is approximately 9 mm2 for parallel electrode and 1 mm2 for crossed

electrodes, drawing can be found in Appendix E. Having this small area should

allow for the light emitted to be transmitted directly to the output collimator.

As there is the possibility to change the gap distance between the electrodes by

changing the ceramic between the electrodes to one of a different height, gaps of

60 µm and 100 µm have been tested.

As mentioned in Chapter 2.6, due to either the design or manufacture of an

electrode edge there is an inevitable field enhancement at the electrode edge.

Having a field enhancement on the edge of the electrodes leads to more current

being released for a given gap voltage. The design of the ridged electrodes was not

optimised to remove the field enhancement. A simulation of electric field close to

the surface of one of the electrodes was done for both alignments, with a gap of

60 µm. Figure 6.2 shows a 3D image of the electric field across the surface, with

the noise seen as a result of the mesh. The simulated maximum electric field for a

gap voltage of 5 kV for the parallel alignment was 86.8 MV/m (a field enhancement
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(a) Crossed Electrodes (b) Parallel Electrodes

Figure 6.2: Plots of the electric field on the surface of the electrodes for the
(a) crossed and (b) parallel alignments. Where the x and y labelled axis give the
surface dimensions and the electric field is given from the other axis and the colour
representation.

factor of 1.04 with respect to infinite parallel plates) and for the crossed alignment

was 85.0 MV/m (a field enhancement factor of 1.02). This could lead to an increase

in the amount of field emission proportional to the field enhancement.

Figure 6.3: Microscopy images of the anode and cathode high-electric-field surfaces
respectively after testing in both alignments.

One limitation to the use of electrodes with small surface areas is that

breakdowns on the area of high field can cause significant amounts of damage

as all breakdowns are concentrated in the small area. The electrodes shown in

Figure 6.3, show the electrodes after testing in the LES. Within the system the

electrodes are held 60 µm apart. It can be seen that there is more damage in the

centre that would have occurred when the electrodes were tested in the crossed
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configuration. From the scale it is shown that this damage was 1 mm wide, which

verifies this. It it important to note that the damage seen would have affected the

gap distance, and therefore electric field and the field enhancements on the surface.

During tests, this could not be measured to know the gap distance throughout the

measurements.

6.2.1 Spectrometer

Throughout the following measurements the two perpendicular cameras were in

place to detect light. The cameras are used to determine the location of each

breakdown or any other intense light emission using the configuration shown in

Chapter 2.6. Additionally a collimator was attached to one of the 4 windows as

seen in Figure 6.4, with the aim to capture as much light as possible from within

the system. The collimator lens placed at close to the window into the system, as

is the light input to the spectrometer, and can be focused by adjusting a screw

system on the output of the collimator, that is attached to the optical fibre. All

light external to the system was blocked using various shields due to the low light

intensity that occurs during field emission. Light was measured before the voltage

was applied to make a record of the counts in the spectra from any sources whilst

field emission was not present, this was then removed by the software for the

following measurements.

An optical fibre was screwed onto the output of the collimator and transmitted

the light to the spectrograph. There were two types of optical fibre used due to

attenuation at different wavelengths, these were Ultra-Violet (UV) and Near Infra-

Red (NIR), with details given in Figure 6.5. For the majority of the measurements

the fibre used was the UV, due to the wavelengths measured being within this

range. The NIR fibre was used in some cases to verify that there was not light in
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Figure 6.4: Diagram of the collimator aligned with one of the chamber windows,
to view the electrode high electric field gap, without the light shielding applied.

the NIR range of wavelengths.

Figure 6.5: Plots of wavelength attenuation for the a) UV-VIS [112] and b)VIS-
NIR [113] optical fibres

The spectrograph used was a Andor Shamrock 303i, which has a number

of settings for the elements of the spectrometer that were optimised based on

the requirements of the measurement. Figure 6.6 shows the layout internally of

the spectrograph. On the input there is an adjustable slit, the width of which

determined the spectral resolution (the smaller the slit width the higher the

spectral resolution). Light was then defocused using mirrors and directed towards

the diffraction grating. A diffraction grating is used to decompose the light into its

spectral component at different wavelengths. Different gratings sample different
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ranges of wavelengths providing a higher resolution at a point of interest, due to

the broad band spectra expected the grating with the largest range was chosen.

Changing the angle of the grating allows the user to sweep across the wavelengths

of interest for individual measurements. The separated light was then focused

using further mirrors before passing through the output.

Figure 6.6: Layout inside of the spectrograph with white light entering at the
input and diffracted by the one of the three grating represented by the triangle,
with mirrors to change the direction of the light.

An iDus CCD camera is a spatially resolved light intensity sensor that is

connected to the direct output of the spectrograph, and was used to capture the

spectrum. As seen in Figure 6.7, diffracted light was measured horizontally on

each row of pixels and the intensity of that light was measured. The camera pixels

were integrated vertically, with each row of pixels providing a spectra point, used

to form a graph. The grating used for the following measurements had a range of

570 nm in wavelength with 1024 values across this range. The frame rate of the

camera used is relatively slow in the millisecond range and for a sufficient amount

of light to be measured of the light during field emission, a large exposure time

of 5 s was used for the following measurement. Therefor it is not possible to take
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high speed captures using this setup.

Figure 6.7: Diffracted light is captured by the different pixels of the CCD camera
corresponding to a wavelength and is used to generate a corresponding graph of
the light intensity are different wavelengths.

Control of the different aspects of the spectrometer was done from the

computer using the Andor Solis software. The software contained the settings

for the spectrometer to change the different parameters for capturing spectra. A

background measurement was taken with no applied voltage and this was removed

from subsequent measurements, labelled ‘background corrected’. This removed

the light measured as a result of dark current in the CCD camera. Results were

also saved to short term memory on the software after each capture and could be

saved to the computer in the desired format.

6.3 Copper OFE Ridged Electrode Tests

6.3.1 Spectra Dependence on Alignment of Electrodes

The following measurements look at the difference in the light spectra with

increasing voltage for the different alignments of the ridged electrodes. These

include crossed and parallel with a gap of 60 µm. Several measurements were taken

at each voltage, with the number of measurements ranging from 1-10 depending
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on the voltage and the visible variation in results between measurements. All

the measurements for each voltage were averaged together to give the values used

in the following plots. Parameters for the measurement were set to measure a

sufficient amount of light, including an exposure time of 5 seconds and input slit

width of 2500 µm. Wavelengths observed are between 300 nm and 900 nm, to

view the majority of different wavelengths generated by copper, therefore a UV

fibre was used.

(a) Parallel example 1 (b) Parallel example 2

Figure 6.8: Field emission spectroscopy measurements at different supply voltages
during 2 individual tests with the parallel electrode alignment. From this a broad
band light between 550 nm and 750 nm can be seen with an increase with supply
voltage.

Figure 6.8 displays two of the measured spectra with the electrodes aligned

parallel to one another. The voltage values given in this case are the supply

voltage at each step, this is the voltage from the power supply and not the gap

voltage. Details of the relationship between the supply voltage and gap voltage

can be found in Chapter 5.4. A significant result was that the spectra were seen

to increase in light intensity with respect to the supply voltage. At low voltages

there was no light detected but the intensity began to increase quickly with voltage.

Measurements displayed relatively broad band spectra between 600 nm and 800 nm

with a drop off on either side.

Figure 6.9 shows the spectra at different voltages from consecutive tests with
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(a) Crossed example 1 (b) Crossed example 2

Figure 6.9: Field emission spectrum measurement at different supply voltages
during 2 individual tests with the crossed electrode alignment with observations
of a variation in the spectrum between 700 nm and 850 nm.

the electrode in the crossed alignment. The parameters for these measurements

were kept as similar to the parallel measurement as possible in order to compare

the results more effectively. From the figure it can be seen that the general shape

was similar but with a higher light intensity than the parallel measurements.

It is important to note that these tests were done consecutively in the order

shown, with up to 2 hours in between. One property was the increase in counts

at the wavelength of 850 nm, this develops in the first test and could be seen at

the beginning of second. Each voltage was held constant whilst measurements

are taken, and at 3500 V the increase in counts decreased. The increase in

counts shown was observed several times during the tests and fluctuated between

measurements.

To compare the results from the parallel and crossed electrode alignments,

Figure 6.10 shows a plot of the gap voltage verses the light intensity at 700 nm in

wavelength and the current measured for each step in voltage. The results show a

clear correlation between the current and light intensity as a function of the gap

voltage for each measurement. The spike in the x-axis in the measurements for

crossed ex.1, was the results of an increase in the current for the given supply
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Figure 6.10: Counts at a single wavelength (WL) around the peak of each
measurement from Figures 6.9 and 6.8 and the current (Cur) for different supply
voltages for each of the crossed and parallel examples given

voltage causing the gap voltage to drop, this would have most likely been an

breakdown but the electronics was preventing this but allowing an amount of

current through the gap.

The main difference observed from the graph is the difference between the

alignments. For both alignments the current reached a similar value, whereas there

was a more significant difference in the light intensity. For the parallel electrodes

the light intensity reached a much lower value and a lower gap voltage when the

current limit of the supply was reached.

As discussed for the field enhancements of this design of electrodes in the

different configurations, there is a field enhancement on the edge. It is also

possible that the reduced light was the result of the optical alignment. For a

gap voltage of 5 kV the highest field on the edge for the parallel alignment would

be 86.8 MV/m and for the crossed alignment was 85.0 MV/m. As shown the

electrodes experienced large amounts of damage when tested with the crossed

alignment which would have influenced the gap distance and most likely would

have had areas with field enhancement as a result of the craters.
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6.3.2 Dependence on Observation Angle

The following measurements look at the spectra dependence on observation angle,

to try and determine whether this was a result of the anode or cathode emitting

light. For these tests a crossed alignment of the electrodes was used, with

measurements made in both the normal and reverse polarities to change which

electrode was the anode and cathode. As previous studies suggested the source of

light to be OTR, this would most likely originate from the anode [44]. If the light

emitting surface was the cathode then it would be expected that a more direct

observation of the high field area of the cathode would provide a higher intensity

of the light. Therefore, observing the cathode transversely should have given the

higher light intensity. The expected resultant spectra for each perpendicular angle

would be the same as the alternate angle for the different polarities. An image

of the view through the window and the polarity are shown in the diagrams for

each measurement. These measurements where done consecutively with no breaks

between and in the order given from a-d in Figure 6.11.

Figure (a) and (c) show the same measurement configuration for the normal

polarity, it is clear that the light intensity between 500 nm and 600 nm was more

intense during these measurements and therefore more dominant. The dependence

on angle still had a large impact on the amount of light measured. Figure (b) and

(d) show the measurement with the polarity reversed to the polarity in which all

previous tests and conditioning were done. Figure (d) had some residual noise

when no voltage was applied, therefore the results shown (in purple) had the noise

removed during analysis. The result of these measurements gave a prominent

narrow peak at 700 nm that did not appear in any previous measurements of the

normal polarity. There was still a visibly larger amount of light from the same

angle as observed in (a) and (b), indicating this is not a result of alignment with
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Figure 6.11: Spectra measurements from each perpendicular angle and both
polarities. (a) Conditioning polarity transverse anode, (b) Reverse polarity
longitudinal anode, (c) Conditioning polarity longitudinal anode, (d) Reverse
polarity transverse anode with noise removed in post processing.

the emitting surface.

A significant result from these measurements can be seen when comparing

the spectra taken with the same polarity as during conditioning with that of the

reversed polarity. The difference in spectra suggests that the conditioning of the

electrodes plays a role in the field emission and spectra. Currently it is unknown

what is causing the peak in spectra or exactly why it is different in the reverse

polarity, but it does lead to possible further tests to analyse this.

These results indicate that there may have been an alignment issue with the

collimator and the gap limiting the light measured. As the system was not design

for this purpose the windows to the system do not align exactly with the gap of the

electrodes. Due to limited availability of equipment for more precise alignment, it
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was not possible during this measurement, but the implementation of an optical

table could improve future measurements.

Figure 6.12: Spectra measurements from each perpendicular angle and both
polarities at their maximum supplied voltages. This shows the correlation in the
light intensity at the 700 nm wavelength for the different polarities, with the change
in wavelengths being bellow 700 nm.

In Figure 6.12, it can be seen that a peak between 675 nm and 700 nm was

consistently present, with a prominence of about 10 to 20 counts throughout the

different tests shown. The additional features at wavelengths below 650 nm appear

after a period of conditioning. A possible explanation for this would be that the

conditioned surface has an influence of the light emitted, which could agree with

theories of this being a result of a plasmon resonance due to grating-like features

being formed on the surface.

6.3.3 Measurements of Spectra Variation with Time

The following measurements continue from the crossed electrode measurements

where fluctuations in time were observed. All parameters for this test were the
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same as described in spectra dependence on alignment of electrodes for the crossed

electrodes. For this test the supply voltage was kept at 7kV and the current and

spectra were measured every 30s.

Figure 6.13: Spectrum taken every 30 s with a 7 kV supply voltage applied with
the colours indicating the order of the measurements. It is observed that there are
variations of the spectra with time between 700 nm and 850 nm.

Figure 6.13 displays measurements of spectra recorded every 30s; where

gradient colour indicates measurement time from the lightest shade being the fist

measurement o the darkest shade being the last. It is clear from this plot that

the fluctuations in spectra were between 650 nm and 850 nm, with the largest

fluctuations between 800 nm and 850 nm. This verified that fluctuations were able

to occur, but this was not always observed during measurements. The fluctuations

were also more prominent at higher voltages and clearer due to the higher intensity

of light. It was interesting that only part of the spectrum was fluctuating and not

the whole thing, and looking at this in more detail could give more insight at to

what causes field enhancements.

Figure 6.14 displays the results of the total light intensity of each spectra, the
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Figure 6.14: Value of total light intensity, current measured with respect to
time where a measurement is taken every 30 s and the ratio (current/total light
intensity). Total light intensity is the number of counts at each wavelength summed
together for each spectrum.

current measured every 30s and the ratio between corresponding non-normalised

values. Total light intensity is the light intensity at every measured wavelength

summed together. The results appear to give a clear correlation between the light

and current measured as a function of time. As the current fluctuated the light

intensity appeared to follow the same changes in terms of increasing and decreasing

by similar proportions. A point of interest also from this result was the deviation

after a spike in current where the current decreases and the total light intensity

remains high. From looking at the ratio of the original values it can be seen that

the light emission mechanism changed with time.

To analyse this relationship further, Figure 6.15 displays the light intensity

at individual wavelengths at intervals of 50 nm compared to the field emission

current. The different results are all normalised to range between 0 to 1 to

simplify the comparison. It can be seen that all the wavelengths shown follow

the general fluctuations of the current. Some wavelengths appear to follow the

current more closely, these include at 600 nm and 875 nm; from Figure 6.13 these
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Figure 6.15: Normalised light intensity at different wavelengths and current with
respect to time with measurement taken every 30 s. The values are normalised to
the minimum and maximum values ranging between 0 and 1.

two wavelengths have the least fluctuations in light intensity. This may suggest

that there is some additional factor that is causing these fluctuations at specific

wavelengths, as wavelengths with the most variation have the least correlation

with the current. Due to the variation after the spike in current providing an

additional enhancement at some wavelengths this may be a results of the current

that caused something else to start occurring. Currently it is not known what the

current caused that would give enhanced optical emission at these wavelengths.

The spectra given is a most likely a sum of the normal spectra that is a result

of field emission current and the fluctuations between 700 nm and 850 nm that

are influenced by a different phenomenon less correlated with the field emission

current. Reasons for this should cause fluctuations in the light emission over time

without directly influencing the current emission.

6.3.4 Correlation of Light with Measured Field Emission

Current, Gap Voltage and Power

Figure 6.16 shows a plot of the gap voltage verses current and light intensity

at a selection of wavelengths and the total light intensity measured from the
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Figure 6.16: Field emission current, total light intensity counts, and counts of light
intensity at different wavelengths with respect to the gap voltage.

spectrometer. These measurements were taken from the parallel electrode

configuration given in Figure 6.8. All measurements of spectra displayed a similar

correlation to other parameters. Both total light intensity and the light intensities

at specific wavelengths are provided. This graph shows a similar relationship to a

plot of voltage verses field current emission.

Figure 6.17: Total light intensity counts, counts of light intensity at different
wavelengths and gap power with respect to the field emission current.
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Following on from the previous plot, Figure 6.17 shows the correlation between

the measured field emission current and the power and light intensity at different

wavelengths, where the gap power is given as the gap voltage multiplied by the

current measured. There is a clear linear correlation between the current, power

and light intensity both at individual wavelengths and the total light over all

wavelengths. As both the current and power have a linear correlation with the

light intensity, it is not possible to specify which is directly related to the cause of

the light.

6.4 Large Electrode Tests

The previous light emission plots given are from light measured with ridged

electrodes installed in the system. As discussed this made the light easier to

detect directly compared to measuring from large electrodes with a small gap. As

there were several materials to be tested with the large electrode configuration and

the field emission current was systematically measured for each, the spectrometer

was set up for each measurement in case light emission was detected.

It is easiest to see light from a source near to the camera and becomes

increasingly difficult the further away the light emitted is from the window that

the collimator is located. Also, if the emission spot was within close proximity

to the collimator, in the gap as small as 60µm it may still reflect off the surface

multiple times filtering the colour. The materials to be discussed include Cu and

CuCr1Zr that are copper coloured and therefore are similar to the reflectance curve

of copper. Other materials to be discuss include Ta, Nb and Al that are silver

metallic colour and therefore have less of an affect of colours reflected through the

gap.

Due to the increase in surface area of the electrodes compared to the ridged
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electrodes previously discussed, for these cases it is not always possible to know

locations of the source of the light. This leaves the possibility that field emission

current may be dominated by one spot or in a more extreme cases distributed over

the whole surface. The location and source of light would most likely play a role

in the intensity and the filtering effects experienced by the light being emitted.

6.4.1 Copper Based Large Electrode Tests

Figures 6.18 to 6.20 display the results from the Cu and CuCr1Zr electrodes tested.

These are grouped together due to both being Cu based materials and the colour

of Cu which was believed to influence the spectrum detected.

 

(a) Cu OFE

 

  

(b) CuCr1Zr

Figure 6.18: (a) Cu OFE and (b) CuCr1Zr optical spectra during field emission
current measurement, using large high-field area electrode tested and discussed in
Chapter 3.6. Showing a similar broad band light measurement with a increase in
light intensity with supply voltage.

Figure 6.18 shows the spectra of Cu OFE and CuCr1Zr during field emission

measurements. The x-axis is the wavelength and the y-axis the light intensity with

the lowest supply voltage in blue and highest in dark red. It can be seen that as

the supply voltage increases the light intensity also increases for both materials.

There is a difference in the intensity between the two materials. This could be a

result of the proximity of the light to the collimator, the optical alignment, the

light intensity emitted or a mixture of these. From both it can be seen that the
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spectra have a broad maximum between 700 nm and 850 nm, which corresponds

to the reflectance on copper. This result of spectrum intensity with respect to

supply voltage, and producing spectra at these specific wavelengths was consistent

for the different Cu based materials. With similar results for each test, which was

not the case for any other materials that were tested. This may suggest that it

is a property of Cu that produces light consistently when there is a flow of field

emission current between the electrodes.

(a) Cu OFE (b) CuCr1Zr

Figure 6.19: Plots of field emission current, light intensity at a specific wavelength
and the total light intensity with respect to voltage for (a) Cu OFE and (b)
CuCr1Zr. Showing an exponential increase in the field emission current and light
measured.

Figure 6.19 displays a plot of gap voltage with respect to field emission current

and light intensity at specific wavelengths at the peak of the spectra and total

light intensity. From the plots it can be seen that the current and light emission

generally follow the same curve indicating they are related. In each of these

plots the current in µA and the counts for a specific wavelengths are given on

the same axis. The wavelength chosen is from around the maximum point of

the curve, for these cases the values chosen were 754nm and 778nm for Cu and

CuCr1Zr respectively. From this it can be seen that the level of light detected is

proportional to the field emission current. This would suggest that the difference

in light intensity may be due to the difference in field emission current, as these
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appear to be proportional between Figure 6.19a and 6.19b.

(a) Cu OFE (b) CuCr1Zr

Figure 6.20: Light intensity at specific wavelengths and total light intensity at
different supply voltages with respect to the field emission current. Showing a
linear relationship between the light intensity detected and the field emission
current measured. The spikes that can be seen are the result of cosmic-rays hitting
the CCD.

When the field emission current and light emission are plotted against each

other as seen in Figure 6.20, they have a linear correlation. It can seen that for

the lower intensities that there is some deviation, this point here match the number

of values measurements of spectra with very low intensities in Figure 6.18. This

suggests that the variation in the linearity is a result of a lower resolution with

the light measurements at the low field emission range. with the exclusion of this

data, this is good evidence that the source of the light being measured is related

to the field emission current that has been measured.

6.4.2 Tantalum and Niobium

The following results shown were recorded at the same time as field emission

measurements of the Ta and Nb BCP irradiated electrodes that each had a

pulsed stable field of around 23 MV/m compared to other pairs with stable fields

exceeding 70 MV/m. Conditioning plots for these pairs can be seen in Figure

4.16a. Measurements of the phenomenon to be discussed only occurred on the one
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occasion for each material and was not seen during any other measurements. Due

to the intensity of the light throughout this result, it was also detected by the

cameras and therefore the location of the main light source can was determined,

this is discussed in more detail below.

(a) Ta (b) Nb BCP

Figure 6.21: Optical spectra during field emission measurements for irradiated
samples of (a) Ta and (b) Nb BCP as discussed in Chapter 4.6. Colours from dark
blue to dark red show the measurements from the first to the last respectively with
only increases in the supply voltage applied. The sharp peaks in (a) are believed
to be caused by cosmic rays striking the sensor. Details of the measured field
emission current can be found in Figure 6.23

The spectra shown in Figure 6.21 shows the intensity of the light as a function

of each wavelength and given in order of measurements from dark blue being

the first measurement to dark red being the last. In these cases, measurements

only started to be saved when the light started to be produced. Throughout the

measurements the spectra was taken between 2-7 times for each supply voltage

step where the supply voltage for each step is held for a minimum of 100 seconds

before increasing. It can be seen for the Ta spectra that the light peaks at the light

green coloured plot and then decreases in light following the orange plot, whilst

the voltage is still high. The last measurements shown in dark red have no light

detected despite this being at the highest voltage. As for the Nb spectra the light

suddenly goes from the highest point to no light detected, also with the high field

still applied.
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Spectra observed from the Ta electrodes had a large range of frequencies

suggesting the light produced was possibly white with some filtering effects of the

material. Determination of the cause of this light or the wavelengths produced is

beyond the scope of this report, but further studies could produce some interesting

insight. Unlike the broad Ta spectrum, the spectra seen from the Nb electrodes

appeared to peak around 830nm looking similar to a black body radiation spectra

[46].

Figure 6.22: Normalised comparison of the black body radiation curve for a
temperature of 3450K and a measured spectrum from the Nb electrodes. This
shows a narrower spectrum from the Nb electrodes, suggesting the light detected
is not the result of black body radiation.

Figure 6.22 displays normalised results for the calculated spectrum for black

body radiation using Plank’s Law, at a temperature of 3450 K and a spectrum

from the measured Nb. The reason for this choice of temperature is in order

to have the peaks of the different plots are the same point. The shape of the

spectrum calculated is determined by the temperature and as the temperature

increases the peak of the curve increases in wavelength. From the data shown

in Figure 6.21b the centre point of the spectrum only changes by a very small
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amount suggesting if this was due to black body radiation then the temperature

would have not changed significantly. Additionally this is above the melting point

of Nb, which is further evidence that this result is not a measurement of black

body radiation as it would be expected for the temperature to change as the

field emission current increases and a lower temperature. Additionally, as seen

in Figure 6.22, the observed spectrum is much narrower than black body for the

same maximum intensity. It is possible that this means it is not a result of black

body radiation or that this would be affected by filtering causing the light out at

the surrounding wavelengths to be reduced.

In addition to field emission current and light spectra, breakdowns and vacuum

were measured. Whilst the setup for field emission does reduce the likelihood of

breakdowns occurring, they can occur and can be determined by the spikes in

the pressure. Using this data, correlations amongst these can be seen in Figure

6.23. The light purple dots and blue dots give the light intensity at a specific time

from the cameras and spectrometer respectively. There are two representations

of the pressure, the dark yellow line gives the continuous measurements of the

pressure and the light yellow dots display the spikes in pressure that are most likely

representative of breakdowns. The purple line is the continuous measurements of

field emission current recorded by the oscilloscope once per second. As mentioned

the supply voltage is increased periodically which can be seen in the steps in field

emitted current.
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(a) Ta

 

  

(b) Nb BCP

Figure 6.23: Correlation between field emission current, light intensity measured
from the perpendicular cameras and spectrometer, and pressure from breakdowns
with respect to time. This shows the gradual increase and decrease of the field
emission current with time due to step increases in the supply voltage, and a
period in which light is detected and stops after a pressure spike as the result of a
breakdown.

In both cases it can be seen that there were a number of small pressure spikes

at the beginning indicative of breakdowns occurring but with relatively low impact

in terms of crater or emission size. Then light begins to be detected on both the
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cameras and spectrometer that appears to increase over time with the increase in

the field emission current measured. There is a difference between Ta and Nb with

regard to the field emission current measured when the light was detected, for the

Ta the current appears to follow a fairly linear relation whereas for the Nb there

is a step in the field emitted current. Then for both a large breakdown seen as the

large spike in pressure is detected and all of the light stops emitting and for the

Nb electrodes the current steps down to a point that lines up linearly with before

the next normal step increase.

(a) Ta (b) Nb BCP

Figure 6.24: Light emission locations during the field emission measurements with
the majority of locations being breakdowns, and one location being the source of
the field emission light with no breakdown.

In both cases one or more breakdowns occurred in different locations before

the light from field emission and then multiple breakdowns in different locations

after the light stopped. The correlation between pressure spikes and breakdown

locations suggest these are related with the appearance of light and its extinction.

For the Ta the field emission light occurred where the orange spot ending in this

location around light detection number 65 out of 93 and for the Nb is the spot

furthest to the left ending around detection number 21 out of 26. This means that

after the breakdown from the field emission site this location seemed to no longer
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be the dominant field emitter.

6.4.3 Aluminium Alloy

Two pairs of Al alloy large electrodes have been tested, looking at the spectrum:

The reason for this, is that its reflects relatively evenly the colours in the visible

range. Therefore if there was light emitted in the gap, then this would be reflected

with very little filtering from the material. In the case of the possible black body

radiation seen in Figure 6.22 for Nb, possible filtering would have been known. As

for Cu OFE large electrodes spectra results shown in Figure 6.18, this would not

be filtered by the reflectance of the material.

During the initial tests no light was seen but due to the rough machining it

was questioned whether this would attenuate the light stopping it from being able

to escape from within the gap. The pair reached a field of around 65 MV/m and

during field emission tested reached currents that would normally be sufficient for

measuring light. No measurements of the roughness were made from this pair

of electrodes but the machining is judged from physical appearance of machining

lines and an inability to see a reflection on the surface of the electrodes. It was

believed that the lack of light seen was due to the machining, therefore, a new

pair of electrodes was ordered from a different company where a higher quality of

machining was achieved.

The second pair of Al alloy electrodes had a mirror surface finish with a

very good roughness with an average 3.9 nm [114]. These were installed in the

system and conditioned with intermittent field emission measurements with the

spectrometer attached. Despite the improved machining light was still not visible.

As seen from the conditioning shown in Figure 3.7a, the electrodes reached around

90 MV/m before experiencing a crash in field with the majority of breakdowns
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occurring in one area. One of the field emission measurements for this pair of

electrodes can be seen in Figure 5.2 and shows that the voltage reached around

3 kV and just over 600 µA. With these fields and currents during a field emission

measurement, light was expected to be seen if the source was OTR.

As a large number of the breakdowns where in an area close to one of the

windows, the spectrometer was moved to the corresponding window but no light

was seen. In other cases emission spots often were not known but for the Nb and Ta

examples these emission spots were not as close to the spectrometer and light was

visible. One query was as to weather there was something blocking the light from

being measured but the light spectra from a breakdown was measured meaning

that this was not the case. Currently it is not known why light was not visible with

Al alloy electrodes and whether this result means the emission is not OTR in other

cases. There are several unknown factors, including the size and temperature of the

emission site for each material and also the effect of contamination on the surface.

Al is a popular material for various products due its ability to form an oxide layer

and this may also play a role in ways that are currently not understood.

6.5 Optical Spectroscopy Conclusions

During all field emission tests, an optical spectrometer was aligned to one of the

windows to observe the light emitted during field emission. An increase in light

intensity with supply voltage was seen and post analysis show a correlation between

the field emission current and light intensity suggesting these are directly related.

To compare the spectra properties seen throughout tests of different electrode

shapes and materials with some of the possible causes for the different properties,

Table 6.1 is given. This shows the possible correlations between the properties

observed and the possible causes, where green means they should correlate, orange
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Correlates with field emission current
Doesn’t correlate with field emission current

Varies with time
Changes with polarity

Stop after a breakdown (still emission)
Temporary increase in current with light

Broad band (white light)
Narrow band (not white)

P
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No light for some materials

Table 6.1: Table of the properties seen in the spectra throughout tests versus the
possible causes. Squares are coloured based on whether the properties, align with
(green), may align with (orange), rule out (red), or unknown (white) with respect
to each of the possible causes.

is they might correlate, red means that they rule out this cause, and white is if it

is not known and more research would be required.

As the ridged electrodes had a rectangular shape they were tested with both a

parallel and crossed alignment configuration. With similar amounts of current at

corresponding supply voltages, less light was detected with the parallel alignment.

Field enhancement simulations suggest that for the parallel and crossed alignments

should do not have a large difference. But from post testing observations the centre

that would be the high field area during crossed alignment tests showed significant

amounts of damage. This would have directly affected the fields during tests

and the enhancements of the different areas. It was observed with the crossed

alignment that the intensity of light detected by measuring from perpendicular

windows varied. Measurements of both windows and polarities was conducted
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with observation of a high light intensity in one window for both polarities. The

measurements verified that the difference in light intensity was a result of optical

alignment issues rather than an effect of observing the light emission surface. An

additional observation during the test was a clear difference in the light intensity at

different wavelengths when the polarity was changed, summarised in Figure 6.12.

At first glance, the peak between 675 nm and 700 nm became less apparent, though

a comparison of the light intensity for each case reveals that the prominence of

the peak over the surrounding wavelengths is in fact very similar, with the main

difference being an additional broad spectrum. This suggests that the peak and

the broad spectrum are caused by two different phenomena. The broad spectra

in Figure6.12 for the conditioning polarity bear a resemblance to localised surface

plasmon resonance spectra for copper shown in Figure 1.18, suggesting that this

may be the mechanism responsible for this feature. Given the much narrower

bandwidth of the 675 nm - 700 nm peak, it might be caused by another narrow-

band mechanism such as cathodoluminescence of semiconducting impurities on the

surface [44].

Also seen during the tests of the ridged electrodes was a variation in light

intensity at some wavelengths. Correlations of different wavelengths and the

current measured with respect to time indicated the wavelengths with the least

variation matched the current more closely compared to wavelengths with the

highest level of variation. This would suggest that something was changing on the

surface that was not directly related to the current measured. A possible cause

for changes in the field emission current could be changes to the surface and this

could influence the ’grating’ like features for plasmon oscillations or the shape of

the area for black body radiation influencing the light seen by the spectrometer.

In the case for OTR this most likely does not influence the light as it is the result

of the electrons entering transitioning between the vacuum and material.



6.5. OPTICAL SPECTROSCOPY CONCLUSIONS 187

Tests for each of the material discussed in Chapter 3.6 were also conducted with

light seen consistently with the Cu OFE and CuCr1Zr pairs. The light observed

was the colour of copper, most likely due to the filtering affect of Cu as the light

travelled through the gap. During one section of a singular run with both Nb and

Ta, light was seen for a period of time before a breakdown occurred and the light

stopped. The spectra for the Nb electrodes looked similar to that of black body

radiation but a comparison of the curves shows Nb to have a much narrower band

of wavelengths, this may mean it was not the source or that some form of filtering

occurred.

For the purpose of measuring the colour of the light being produced, Al alloy

electrodes were tested due to there high reflectivity at different wavelengths. No

light was detected throughout measurements even though other parameters of gap

voltage and field emission current where on the same level as during measurements

with Cu. Cu based materials have been the only ones to consistently emit light

during field emission. The absence of light may suggest that the light produced is

not from OTR as this should also be visible for Al alloy electrodes tested.

Another possibility that was not considered in detail within this thesis is

cathodoluminescence, which may also be a source of light in the presence of field

emission [111]. This is the energy emitted in the form of photons when an electron

settles to the ground state after being captured in an excited state.
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Chapter 7

Current Fluctuations During

Conditioning

7.1 Introduction

The statistical properties of breakdowns are driven by the statistics of the trigger

mechanism. There is a comprehensive theory of a possible breakdown trigger, in

which the stress caused by the applied electric field causes movement of dislocations

in the material [21], [22], [42]. Dislocations project on to the material surface, and

cause surface features. These features can result in an enhanced field emission

area and in some cases, breakdowns. Measuring the time behaviour of field

emitted current is a way to probe the dynamics of the high-field surface. This

chapter builds on previous work looking at small fluctuations in field emitted

current with a constant DC field [21], [42]. Previously studies were done using

the small ridged electrodes where a conditioning effect was observed from one test

to the next, with pulsed conditioning in between tests. As there appeared to be

a reduced number of fluctuations with increased conditioning, these tests were

conducted during high-field pulsed operation throughout conditioning of large Cu

189
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OFE electrodes. This was done to observe the effect of the step-wise conditioning,

with ramped conditioning and running under constant field periodically as seen

described in Chapter 2.6 for the step-wise conditioning method. This allows to

observe the effects of pulses compared to a constant field as seen in previous

studies [21]. Measuring during conditioning allowed for observations of fluctuation

characteristics throughout the conditioning processes as electric field was increased.

The electronic setup is the same as previous studies with the exception of the

constant supply being replaced with the pulsed power supply to be used for the

following tests. Details of the high-frequency filter for measuring fast changes in

the field emitted current and the recording of the measurements will be given.

Additionally the appearance of current fluctuations and how these are counted for

each of the high-voltage pulses, will be discussed. Also, explanations will be given

of what the fluctuations could mean in terms of the behaviour of the field emission

current.

The focus of this work has been to provide high-quality data on the time

dependence, fluctuations of the current as benchmark data. Results are given

without interpretations in terms of current fluctuations, with only explanations of

characteristics seen for the different runs. Observations are made of how the field

emission current fluctuations varied with respect to the conditioning, breakdowns,

and constant field pulsing. As well the correlation with when there are many pulses

between consecutive breakdowns, and during the degradation of the electrodes,

when many breakdowns are occurring causing a reduction in the electric field.

Also, a significantly large number of fluctuations during some individual pulses

were observed, that may be the result of the pulse being temporally close to, or on

the pulse of in which a breakdown occurs, causing a significant increase on current

variations.

After the results are given an interpretation of what they could represent with
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respect to dislocations is described, as this theory was the motivation for the

following study [21], [22]. This includes some of the background theory of what

happens within the material and what is expecting when an electric field is applied

to a material. The context of dislocations is then used to explain how each of the

observed characteristic could be a explained by dislocation movement within the

electrodes changing the field enhancement factor.

7.2 Setup and Measurement Method

The electronic design and previous tests are shown in the thesis of Jan Paszkiewicz,

where a constant DC supply and ridged electrodes were used [42]. An overview

of the system is described below, for full details of the setup, choices of

electrical components and the original measurements refer to the previous work.

It was observed from the previous measurements, that there appeared to be

a reduction in the current fluctuations associated with dislocation that was

related to conditioning between tests. Therefore, the following measurements

of current fluctuations were conducted during the conditioning of the electrodes.

Additionally, large electrodes were used. Whilst large electrodes had been studied

previously, they were conditioned which may have influenced the field emission

current fluctuations.

The pulsed DC system with electrodes of a 40 mm high field area allow for

studies of the field emitted current to be measured during high field pulsed testing

with observations of fast changes in the current measured periodically throughout

conditioning. A simplified diagram of the electric setup for measuring small

changes in the field emission current can be seen in Figure 7.1 [42]. This uses

a bias-tee that is capacitively coupled to the high-voltage line to the chamber to

an oscilloscope. During pulsing this gives a large amount of transients current
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Figure 7.1: Block diagram of the setup for field emission current fluctuation during
tests in the pulsed DC system [42].

during the charging and discharging, but also detects signals originating from the

chamber during the pulse when the field emission current changes. Additionally

within the box of the bias-tee are a series of diodes for protection of the oscilloscope,

in case of failure of the capacitor of the bias-tee. Then external to the specialised

box are off the shelf components, the first providing a DC discharge path and

the second as an additional diode limiter to reduce the voltage output further to

below the maximum rating of the oscilloscope of 5V peak when 50 Ω impedance

is selected. Then a number of low-noise amplifiers can be used, in this case only

one but more can be added if the signal is too small. This is then connected to

the input of the oscilloscope to record to high frequency changes in current during

measurements. The design of the setup shown was for broad bandwidth (>1.5

GHz) and low noise, for measuring a large range of signals.

Measurements previously done used a constant DC supply, observations were

made of field emission current fluctuations over time, an example of one can be

seen in Figure 7.2 for an example of an event. It was also observed that the number

of spikes increased with an increase in the gap voltage. As the measurement was
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Figure 7.2: Oscilloscope measurement of a single current fluctuation from the
output of the bias-tee using a sample rate of 500 MHz. This shows an oscillation
after the initial spike in the voltage measured, which is proportional to the change
in current [21].

AC-coupled, when a spike was observed it was unknown whether they are the

results of a fast pulse or step changes in the current. A fast pulse would be an

increase and decrease or vice versa in the field emitted current instantaneously and

step changes would be a fast increase or decrease in the amount of field emitted

current with a difference in the field emitted current after.

Figure 7.3, shows the hypothetical current going into the bias-tee filter and

the filtered signal being measured on the oscilloscope. As mentioned it cannot be

guaranteed that random walk is what is happening as there is no information about

the DC level. Reasons why it is believed to be the case are discussed further during

the interpretation of results section. To capture the spikes as seen in Figure 7.3,

from the fluctuation detection electronics, the sample rate was varied to observe

the resolution of the measurements taken. by varying the sample rate on the

oscilloscope and observing the details of the wave form, a rate of 25 MS/s was

chosen. This sample rate was sufficient to resolve the slower oscillations (e.g. after
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(a)

(b)

Figure 7.3: Hypothetical example of (a) the random walk of current that occurs
(b) and how this would be seen after filtering.

the 0.4 µs mark in Figure 7.4) caused by each event.

The measurement results to be shown were all taken during pulsed conditioning

which differs from the previous measurements where measurements were taken

whilst applying a constant DC supply [42]. Figure 7.4 shows the supplied voltage,

current and measured bias-tee output signal over a 200 µs pulse. During the

period of charging current whilst the voltage is ramping on the pulse, there are a

significant number of transients in the current fluctuations for the initial 60 µs of

the pulse. As a result of this and to be able to measure the small changes in current

for the fluctuations, a long pulse is required. For these measurements from the

oscilloscope the voltage is divided such that 1 V on the oscilloscope corresponds

to 200 V supply voltage , and 2 A of current from the Marx generator. The

second y-axis to the right is the voltage of a separate oscilloscope for the bias-tee

where 1 µA current, which approximately corresponds to 1.75 mV measured on

the oscilloscope. Due to the high-voltage pulse being 200 µs long, the window for

each measurement was set to measure the whole pulse, leading to a total of 5000
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Figure 7.4: Oscilloscope measurement of a single pulse, showing the voltage, supply
current and bias-tee output measuring current fluctuations with an amount of
transients at the beginning of the pulse.

points per measurement being taken.

Measurements were taken during pulsing whilst conditioning and during ramp-

ing, where the electrical field is increased in accordance with the breakdown rate

limiting conditioning algorithm and during flat runs with a constant electric field.

The oscilloscope for the bias-tee was set to take a measurement every 10000 pulses

using the synchronisation signal from the Marx generator. During conditioning the

voltage steps by 10 V every 100000 pulses, meaning 10 measurements were taken

for each step. Measurements from the bias-tee do not take into consideration the

breakdowns and therefore the fluctuation measurements are not timed and can

fall at any point with the likelihood of being measured just before or during a

breakdown is relatively low.

To avoid counting fluctuations when there are transients during the ramping

of the pulse when the gap is charging and the Marx generator was discharging,

analysis was only done on the part of the waveform in a window that was specified
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Figure 7.5: Three different fluctuation measurements for different pulses, counting
between 0 and 2 fluctuations per pulse. Blue vertical lines indicate the window in
which the results are analysed and a horizontal purple line indicating the threshold
over the noise to count the fluctuations.

between the charging and discharging. This is given as the light blue lines as seen

in Figure 7.5, where the measurements within this range are relatively low noise

and periodic. Due to the noise during the pulse that occurs even with no voltage

applied, a threshold was set, given by the light purple horizontal line in Figure 7.5.

The noise is most likely a result of electromagnetic interference from switch-mode

power supplies in other equipment lab or sub-components of the Marx generator.

The threshold is used to determine the number of fluctuation in the current as the

number of times the bias-tee output exceeds the threshold. From Figure 7.5, the

measurement given in red has no fluctuations, the green has one fluctuation and

the dark purple has two fluctuations.
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7.3 Results and Discussion

The plots shown in Figures 7.6 to 7.10 show the pulsed conditioning electric

field, accumulated number of breakdowns, and number of current fluctuations per

pulse. In this section, only the salient features of the data in each figure will be

highlighted. This will be to specify the correlations between the fluctuations during

conditioning and flat electric field pulsing and the breakdowns and breakdown

rates. The results shown are given in the order of testing of the system with

different properties seen described. They are shown in pairs with (a) giving the

positive fluctuations in current and (b) giving the negative fluctuation counts, with

observations of the differences also given. A possible explanation that may explain

the different observations from the results is given in the following section.

Figure 7.6 shows the ramp in the electric field followed by a number of pulses at

a constant electric field due to the code being set to ramp up to 3000 V. A relatively

regular occurrence of breakdowns is observed, in this case with a breakdown rate

around 1× 10−5 as specified within and controlled from the LabVIEW code. This

leads into a number of pulses with a constant voltage of 3000 V, a reduction in the

breakdown rate is observed, as determined by the slope of the plot of cumulative

breakdown number. In terms of the current fluctuations this shows an increase in

fluctuation rate when there was a decrease in breakdown rate. With respect to the

number of positive current fluctuations per pulse, there appears to be a step type

appearance giving an overall average increase. There were also fewer fluctuations

related to a reduction in the field emission current suggesting a possible increase

in field emission current in total.

Figure 7.7 shows two interesting events to be discussed with regard to the

correlations between the occurrence of breakdowns and fluctuations. A large

temporal cluster of breakdowns coincided with an increase in the number of
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(a) Positive

(b) Negative

Figure 7.6: Plot showing the breakdown number, electric field, (a) positive and
(b) negative fluctuation counts per pulse, and the average number positive and
negative fluctuations per pulse. This shows a gradual increase in the number of
fluctuations per pulse when the electric field stops increasing.

fluctuations, indicated by the green box. After the breakdowns stopped occurring,

the number of positive fluctuations per pulse started to decrease, but in a relatively

gradual way. The negative fluctuations also increases and decreases, but with a

delay in time compared to the positive ones.

When voltage starts ramping again after a number of pulses without a

breakdown allowing the breakdown rate to go below the threshold of 1 × 10−5

at around 770000+3.735e9 s, there was an observed increase in the number of

fluctuations to the point at which a breakdown occurred, indicated by the blue
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(a) Positive

(b) Negative

Figure 7.7: Plot showing the breakdown number, electric field, (a) positive and
(b) negative fluctuation counts per pulse, and the average number positive and
negative fluctuations per pulse. Showing an increase during a higher breakdown
rate and decrease after (green box), and an increase before a breakdown and
decrease after (blue box).

box. After the breakdown, similar to the cluster, the fluctuation rate per pulse

started to decrease gradually. In the case of this observation both the positive

and negative fluctuations appeared to occur simultaneously. For both of the cases

given there are a smaller number of negative fluctuation counts, with a maximum

of 3 counts for the negative and 9 counts of positive current fluctuations.

The main observation taken from Figure 7.8, are that some breakdowns

coincided with a reduction in the fluctuation rate and in other cases it coincided
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(a) Positive

(b) Negative

Figure 7.8: Plot showing the breakdown number, electric field, (a) positive and
(b) negative fluctuation counts per pulse, and the average number positive and
negative fluctuations per pulse. A relatively large increase and decrease in the
fluctuations per pulse can between consecutive breakdowns (orange box). Also seen
are breakdowns that lead to an increase or decrease in the number of fluctuations
per pulse, indicated by blue arrows.

with an increase. Additionally, the number of positive and negative current

fluctuation appear to be correlated, again with a greater number of positive

fluctuations. Several examples can be seen where, when a breakdown occurs

there can be an increase in fluctuations and after different breakdowns the number

of fluctuations decreases. This would suggest that the different breakdowns can

lead to more instabilities in the field emission current with a possible general

increase due to the larger number of positive fluctuations detected. This is
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consistent with a breakdown creating collateral damage that is inherently unstable.

Alternatively, some breakdowns make the field emission current more stable than

before, suggesting a reduced number of changes to the surface, consistent with

eliminating a large breakdown site.

(a) Positive

(b) Negative

Figure 7.9: Plot showing the breakdown number, electric field, (a) positive and
(b) negative fluctuation counts per pulse, and the average number positive and
negative fluctuations per pulse. Showing 3 time intervals with a relatively large
amount of time between consecutive breakdowns where the number of fluctuations
per pulse increases compared to the surrounding pulses (3 blue boxes).

Figure 7.9 shows an increase in the number of fluctuations from an average

up to 0.5 fluctuations per pulse to up to 1.5 when there are a significant number

of pulses between breakdowns. There are three long gaps between consecutive
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breakdowns during which the number of fluctuations is increased. Following the

increase, when breakdowns occurred the number of fluctuations per pulse decreased

rapidly and increase rapidly during the following gap in breakdowns. Even without

the breakdowns, the fact that there are changes in the current suggests that there

were physical changes to the surface of the electrodes. Also, that these changes

occur during each pulse, causing the field emission current to fluctuate.

(a) Positive

(b) Negative

Figure 7.10: Plot showing the breakdown number, electric field, (a) positive
and (b) negative fluctuation counts per pulse, and the average number positive
and negative fluctuations per pulse. Showing relatively stable running and low
fluctuation rate before the red line in the direction of the blue arrow and a
deconditioning of the electrodes with an increased fluctuation rate in the direction
of the red arrow.

Figure 7.10 shows the degradation of this pair of electrodes where the field
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is reduced due to the increased breakdown rate. Initially there are a relatively

large number of breakdowns with a low number of fluctuations per pulse which

matches other results shown. A difference in number fluctuations per pulse with

a high breakdown rate is observed, when the breakdown rate increases, which

could suggests degradation of the material. During the degradation phase there

was an observed increase in the number of current fluctuations per pulse. The

increased number of fluctuations during each pulse suggests that even between the

breakdowns, there is an additional effect causing an increase in the changes to the

surface that are leading to the breakdowns.

Figure 7.11: Oscilloscope measurement of many current fluctuation during a
singular high voltage pulse.

In some cases an individual pulse was seen to have significantly more current

fluctuations, one example of the bias-T output from one of these can be seen in

Figure 7.11. In some cases the count of fluctuations exceeded 100 during a single

pulse, compared to around 10 during the other pulses recorded. Measurements of

this sort are very rare in the results and isolated with no consecutive measurements

having a similar number. With a repetition rate of 200 Hz and fluctuation
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measurements taken 10000 pulses apart, each fluctuation measurement would be

around 50 seconds apart. One of possible causes of a single-pulse fluctuation trace

measurement like this would be from noise from other equipment running within

the lab but this would normally be ongoing and therefore would affect traces of

other consecutive measured pulses. Another observed source of noise on some

occasions seen during experiments, was due to the use of mobile phones in the lab,

as this can be picked up by the electronics. This is possibly a result of the ground

loop formed by the connections between the system, power supply, oscilloscope,

etc, acting as an antenna.

Alternatively the reason for these fluctuations in current, may be that these

measurements happened to be taken on a pulse in which a breakdown occurred

or a pulse a few pulses before a breakdown. This occurrence was observed

more consistently during the results from the time period shown in figure 7.10

and appeared to correlated well with the breakdown pulses, appearing to occur

temporally close. Due to issues with timing between the two oscilloscopes the time

correlation between the two could only be determined to the nearest minute. From

what is seen and taking the reduced accuracy into account it is still reasonable to

say that it is very possible that the fluctuations in current seen could be real and

a result of either being close to a breakdown, or on the pulse of a breakdown.

In general throughout the different runs shown in Figures 7.6 - 7.10, it was seen

that there were more positive fluctuations in field emission per pulse than negative

fluctuations per pulse, that varied between measurements of around 2.5 to 5 times

more. Whilst it may be the case that the field emission current was increasing

in general in these cases, it may not actually be the case. Measurements of the

field emission current were not measured in parallel with these results. Therefore,

the effect of the rising and falling edge of the pulse are not known. Therefore, it

is possible that each pulse would start at a given field emission current, increase
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during the pulse seen as positive fluctuations and then return to the previous field

emission current, lower or higher during the next pulse. To summarise, although it

is possible that positive fluctuations could indicate a gradual increase in the field

emitted current, without a direct measurement of the total field emitted current

during each pulse, it is not possible to say for certain.

7.4 Mobile Dislocation Interpretation

The following section is on interpretation of what these results could mean in

terms of mobile dislocation models that have been proposed to explain breakdown

statistics. There have been theories of this developed previously with papers

published of both the theoretical simulations and measurements made in the same

test setup with the results shown to match the simulations [21], [22], [42]. This

section describes how the field emission current fluctuation measurement results

shown could relate to dislocation movement in the context given. With details to

be given, of how the measured fluctuation rates may correspond to dislocations,

and the properties experienced in terms of ’surface-hardening-like’ effects of the

electrodes during conditioning.

If the changes in field emission current are in steps and a result of dislocation

movement then this is most likely only the case for the dominant emitter. Surface

features caused by projected dislocation movement should occur over the whole

surface all of the time, both reducing and increasing the field emitted current,

as a result of this it is unlikely that individual steps would be resolved, instead

producing an average that is measured as noise [115]. If a dislocation is on a

dominant field emitter, being the prominent field enhancement on the electrode,

a dislocation in this area will cause a more significant change to the field emission

measured. As a result of this field enhanced area being generated the increase in
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field also means an increase in the force applied and this should in turn lead to

more dislocation movement, higher dislocation density and number of pinned slip

planes.

In some cases in the results it was observed that there was a reduced number

of fluctuations per pulse when the breakdown rate was high. This may be a result

of the number of dislocations not being able to build up between breakdowns and

the breakdowns would release the stress built up causing the dislocations. This

seems to be the case during conditioning with increases in the field, therefore the

force to cause specific dislocations may then be accelerated by the increasing field

causing breakdowns at the initiation field enhancement rather than allowing it to

develop and possibly settle on its own.

One other characteristic observed was that the intervals between breakdowns

on occasion exhibit an increase and then a decrease in current fluctuations per pulse

with no breakdowns occurring. Increases in the number of events per pulse suggests

an increase in the amount of movements caused by dislocation and the decrease

as the amount of movement during per pulse decreasing. A possible explanation

for this is as the nature of dislocations, more dislocation should lead to a higher

dislocation density close to the surface, that leads to more trapping of dislocations

saturating the ability for dislocations to move as a result of being pinned. This

observation of the number of dislocation increasing and decreasing is consistent

with the MDDF theory and also agrees with observations of a ’surface-hardening-

like’ effect, agreeing with the conditioning conclusions made in Chapter 3.6. This

suggests this movement does not occur as soon as the material experiences the

field able to cause the dislocations and required a number of pulses to develop and

saturate. The MDDF model considers dislocation movements during one pulse and

does not consider the effect of pulsing and stress release from a breakdown. There

has been some consideration of a ’memory effect’, which in not fully understood
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but may explain pulses leading to a breakdown [115]–[117]. Use of the words,

’memory effect’, in this instance refers to if the dislocations do not return to the

same state as before the pulse, and if in a state closer to a breakdown when the

next pulse occurs. If some dislocations require a larger field to move than others,

stopping at the different fields allows for the dislocations to settle, whereas a higher

would induce an avalanche of dislocations causing a breakdown [118].

An observed result specifically seen in Figure 7.8 is that after some breakdowns

there is an increase in fluctuations and other lead to a decrease in fluctuations.

The observation that some breakdowns can improve the surface or worsen has

been made previously and often described as primary and secondary or follow up

breakdowns, where follow up breakdowns are the ones that occur as a result of its

predecessors. The results from the fluctuations may also agree with this where one

breakdowns may release the stress stored from dislocations locally hardening the

surface. Where as in some cases the breakdown may increase the stress around

the crater leading to an increase in dislocations. In more extreme cases of a build

up of stress under the surface this may lead to a cluster of breakdowns [118].

7.5 Current Fluctuations Conclusions

To conclude changes in field emission current have been measured during

pulsed conditioning and constant voltage runs with variations in the amount of

fluctuations with respect to breakdowns and pulses. There was a general variability

in the number of fluctuations per pulse and a poor correlation with breakdowns and

conditioning between different measurement, meaning it is not possible to draw a

solid conclusion of the characteristics. Different characteristics of the number of

fluctuations per pulse observed include a variation in the number of fluctuations

between breakdowns. Where some breakdowns lead to less fluctuations and other
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more, meaning a reduced or increased field enhancement respectively. In some

cases there was an increase in fluctuations leading up to a breakdown, and then

decreasing after the breakdown occurs. The number of fluctuations appeared to

be reduced when the breakdown rate was high with the exception of when there

was degradation of the pair.

Additionally, some measurements contained a significant increase in the number

of fluctuations in the current. Whilst this could be the result of noise in the

lab, its isolated appearance and proximity to a breakdown suggests that they

may correlated with breakdowns. This could be several pulses before or during a

breakdown causing a lot of fluctuations in the field emission current.

Correlating the fluctuations measured with dislocation movements may provide

some insight into the characteristics of dislocation movement and conditioning.

It is most likely that measurements only give insight into the field emission

characteristics of dominant field emitter due to this being the area that can make

a significant enough difference in the field emission to be detected. The results

shown could indicate that the dominant field emission area causes an increase in

dislocations as a result of the increasing electric-field and that this can be reduced

or increased as a result of a breakdown. Currently there is not a way to determine

the location that the highest amount of field emission is occurring, meaning this

cannot be guaranteed to cause a breakdown. Additionally the observations on

increasing and decreasing number of fluctuations when no breakdowns occur could

explain the conditioning effect with respect to the dislocation density reaching a

saturation point with a ’surface-hardening-like’ effect.

Further analysis is beyond the scope of this thesis. The data will be analysed in

further detail by other institutions that analyse data in a more statistical manner.

The current fluctuations observed may be the result of more than one mechanism

causing changes to the surface.



Chapter 8

Conclusions

The final chapter will give an overall conclusion of the work outlined in this thesis

to bring together the individual sections. Additionally the suggestions for future

work based on the insight provided from the results to gain further understanding

and improvements of the measurements discussed.

8.1 Relevance

In this thesis, results from the pulsed DC large electrode systems at CERN have

been presented, looking at different aspects related to conditioning and vacuum

electrical breakdown phenomena. This work was done in the context of particle

accelerators in collaboration with various groups working towards understanding

what causes vacuum breakdown. All accelerating structures use a conditioning

process to reach the designed operating field. Ideally, breakdowns would not occur,

as they can cause damage to the structure and disrupt the beam. Studies of

vacuum breakdown are done to develop understanding of the cause and to reduce

their likelihood whilst increasing the high-field capabilities and improve overall

accelerator performance.

209
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8.2 Summary of Results

The following bullet points highlight the main conclusions from this thesis:

• Removal of the cathode edge field enhancement by using a small anode to

large cathode configuration appears to have remove the clusters around the

edge of the electrodes throughout the tests shown.

• Changes to the conditioning method to use steps in the field with periods of

constant field appears to be an effective way of conditioning for most of the

materials tested.

• The electric fields achieved appear to correlate for the majority with previous

material studies. Additionally, observations of pulse length dependence on

the breakdown rate, for pulse length between 100 µs and 1 ms for different

materials showed very little to no effect. Whereas, for Cu with pulse lengths

of 1 µs and 250 µs, this shows a clear effect on the breakdown rate that

requires more studies.

• Tests of irradiated and non-irradiated samples of different materials show

a relatively high effect from irradiation, from no change in stable-electric

field to being limited to around 23 MV/m. A carbon layer was observed

after irradiation in the halo area, which could be a potential reason for the

increased BDR, although further work is required to verify this. Also, there

was no clear influence from the blisters formed on the Cu based materials,

as there were many blisters remaining after testing.

• Field emission current measurements show a correlation between the stable

electric fields during pulsed conditioning and gap electric field during

field emission measurements. This indicated that the stable electric field
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influences the amount field emission current at different electric fields during

field emission measurements, and that this can also be observed with respect

to when different materials starts to breakdown.

• Optical spectroscopy measurements conducted in parallel with field emission

current measurements show a clear correlations between the current and

light intensity measured for Cu based materials. However, light from other

materials such as Ta and Nb was only detected for a short period before

being extinguished and no light detected from TiAl6V4 and AlMgSi1. These

results suggest that whilst the light is related to the field emitted current, the

cause may not be a result of OTR due to only being consistent for Cu based

materials and not black body due to the shape of the wave forms acquired. It

is most likely that there are several factors that influence the light detected,

but this requires further studies.

• Studies of current fluctuations during pulsed high-field operation during

initial conditioning shows a number of different characteristic with respect

to rate of fluctuation during different periods of the conditioning. It is

possible that these different characteristics can be linked to breakdown

phenomenon like follow up breakdowns and de-conditioning as well being

related to theories of mobile dislocations causing surface enhancements.

Changes to the electrodes edge design were made as well as the use of a

small anode to large cathode configuration to avoid cathode field enhancements,

this appears to have removed breakdowns coinciding with the edge of the

high-electric-field area. Additionally, changes to the conditioning method were

made, conditioning through pulses at intermediate electric fields to avoid over

conditioning to the point of de-conditioning. Materials tested in order of

performance include, TiAl6V4, CuCr1Zr, Nb, Cu OFE, AlMgSi1, and Ta. Only 1
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pair of each material was tested with some variation in the procedure and final

breakdown rate. The majority of the materials performed well using the step-

wise conditioning method with the exception of Nb and Ta, where Nb appeared

to condition more efficiently using the breakdown rate limiting algorithm. The

performance with respect to the step-wise conditioning algorithm may be explained

by dislocation movement, this is providing the fluctuations in field emission current

measured for Cu electrodes was the result of dislocation movement.

An additional pair of each material except the Al alloy was irradiated with

1 × 1019 H−p/cm2 on a portion of cathode high-field area before testing in the

pulsed DC system. This resulted in a significant reduction in the achievable

electric field for all materials except the Ti alloy and Cu OFE pairs that reached

similar or the same electric field respectively to the non-irradiated pairs, with

an increase in the number of breakdowns at the beginning possibly conditioning

away the imperfection introduced from irradiation. Whilst the irradiation did

introduce blisters on the Cu based materials this did not appear to influence the

breakdown locations, the most likely cause of the reduction in the electric field for

the majority of the materials was the presence of a carbon layer on the surface due

to contamination. This can been seen as there were many blisters still remaining

on the Cu OFE in Figure 4.13, as well as cluster in the halo area and the fact

that the irradiation caused a significant decrease in the electric field for Nb and Ta

materials, as seen in Chapter 4.6. From these results the best option for an RFQ

would be Cu due to this requiring no changes to the current design of many RFQs.

Alternatively, research into the production and operation of a Ti alloy vane RFQ

could increase the electric field capabilities and improve the overall performance

and resistance to blistering of RFQs. Tests to determine the effects of pulse length

dependence of the breakdown rate were done, this showed no clear dependence

with pulse lengths between 100 µs and 1 ms, suggesting decreasing the RFQ pulse
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length within this range will not improve the performance. Additional tests with

pulse lengths between 1 µs and 200 µs shows a clear dependence on the breakdown

rate, suggesting decreasing to lower pulse lengths within this range could allow for

higher fields to be used.

Measurements of field emission were done for each of the materials, with

the maximum electric field during field emission measurements having a good

correlation with the electric field achieved during conditioning. Calculations of the

field enhancement factor did not correlate with the maximum current or maximum

voltage during the measurements suggesting that this is influenced by something

else or a combination of variables. This suggests that the purely field emission

current models are do not have the same complexity as is measured from the pulsed

DC systems. Comparisons field emission for the reverse polarity to conditioning

and with irradiated pairs showed a decrease in the achievable voltage due to an

increase in field emission.

During each field emission test, optical spectra measurements were made with

only consistent light detected for Cu based materials suggesting that the light

is not the result of OTR. For analysis of the spectra from Cu based electrodes

a ridged pair of electrodes were tested that showed a good correlation between

field emission current, gap power and the spectra light intensity. Additionally,

observations were made of the variation in spectra over time that did not correlate

with the field emission current, variations with respect to the observation angle,

and a sharp peak at 700 nm when the reverse polarity to conditioning was applied.

During field emission measurements of Ta and Nb irradiated electrodes a

temporary light emission was detected that increased with field emission current

and shown to be in a singular location for each. In both cases the light emission

stopped after a breakdown. For Ta the spectra was broadband, whereas for Nb

the spectra looked similar to black body radiation. Post analysis of the Nb spectra
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showed that it had a narrower band width than the calculated black body radiation

spectrum, suggesting that the light was not the result of black body radiation. The

measurements of spectra throughout the field emission tests suggest that the source

is not OTR or black body radiation and would need to be something that would

vary depending on the material and more prominent in Cu based materials.

8.3 Suggestions for Future Work

8.3.1 Proposed Conditioning Algorithm

For the conditioning done with each of materials shown, most of the conditioning

was automatically controlled by the breakdown rate limiting algorithm with inter-

mediate steps set, however some important changes of set-points and parameters

were made by the operator. Based on the experience gained with the electrodes

described in this thesis, an entirely automated step-wise conditioning code would

be more beneficial for conditioning of future electrodes. This sections describes

the different steps, giving a descriptive way as to how a computer could use the

results to condition the different electrodes. Figure 8.1 shows the flow diagram of

how this could be implemented with the already existing breakdown rate limiting

conditioning algorithm program.

The first stage of the step-wise conditioning process was an initial step in

voltage as specified by the user, with the aim that it will have no issues reaching

the voltage. After pulsing flat a decision is made as to the next command by

first comparing the current BDR to a higher BDR given as BDR3, if this BDR is

exceeded then the voltage is no longer increased and the electrodes are considered

as fully conditioned to their capabilities. If it is lower, then the code will look at

the rate of clusters in breakdowns.
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Figure 8.1: Flow diagram integrating the breakdown rate limiting conditioning
algorithm with a higher level of control that more qualitatively makes the decisions
of the user during the conditioning of the various materials shown.

Currently there is no part of the code that takes this into account, but small

clusters in breakdowns appear to be a sign of instability whilst conditioning and an

indication that you are approaching a achievable electric field limit of the electrode

pair. Figure 8.2 is an example of results where a number of clusters occurred,

this data is taken from the CuCr1Zr electrode pair shown in Chapter 3.6. These

clusters are generally not seen at lower electric fields and are seen as the electric

field increases. To quantify this, a cluster could be defined as more than n number

of breakdowns in m number of pulses, and the rate can be calculated from this and

a limit specified within the code. Provided both of the previous rates are below

the threshold specified, the BDR will be compared to an additional BDR (BDR2)
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Figure 8.2: Small clusters in breakdowns taken from the CuCr1Zr conditioning
shown in Chapter 3.6.

to determine the size of the next step in voltage. If the BDR is lower than the

threshold then a larger step in voltage will be applied in order to approach the

limit with a reduced amount of BDs.

Another issue with the current code is that sometimes a large cluster

breakdowns will occur and this can degrade the surface, and will need re-

conditioning after, as seen in Chapter 3.6, for TiAl6V4 and AlMgSi1. When a large

cluster in the breakdowns occurs it is most likely in one spot and will continue to

breakdown with the possibility of making the area worse each time, this was most

visible with the Al electrodes. If this is stopped earlier it is less likely to affect

the achievable field as it will be less damaged and easier to condition back up. To

implement this into the code there will need to be part inside the current code that

triggers when a significant number of BDs occurs over a small number of pulses,

with boundaries set by the user. When this is detected it escapes from the code
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Figure 8.3: Large cluster in breakdown leading to a significant decrease in the
electric field and the following reconditioning, taken from the TiAl6V4 conditioning
shown in Chapter 3.6.

as seen by the lightning icons and will proceed as seen in the BD cluster detection

box, as seen in Figure 8.1. This will include a small delay of no pulsing before

reducing the field by a specified amount and setting it to pulse, if it continues to

cluster it will trigger again and be reduced further.

8.3.2 Pulse Length Dependence

The pulse length dependence was only observed once for the majority of materials

with only one scan from 100 µs to 1000 µs. Over these pulse length no clear

observation of breakdown rate of pulse length was observed suggesting that 100 µs

is beyond the length that makes a difference to the breakdown rate. To improve

the reliability of this result further studies could be conducted with increases and

decreases in the pulse length to rule out the affect of conditioning throughout
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pulsing.

An additional short test looking at the pulse lengths of 1 µs and 200 µs was

conducted and shown that this difference in pulse length changes the achievable

field. This would suggest that there is a pulse length dependence between of

breakdown rate between these two pulse lengths that may saturate before reaching

100 µs suggested by the previous tests. Further tests in this range would most likely

provide a dependence on pulse length between the previous results in the ns range

and these results to bridge this gap. If possible to decrease the pulse length of

this supply then a comparison of the pulse length in RF could be compared to the

pulsed DC results.

8.3.3 Self Organising Plasma

It may be possible to replicate the results shown of the evidence of self organising

plasma to study the phenomenon further, one way would be to generate tips on

the surface. The issue is that this as a test on its own would generate the result

relatively early and would need to be replaced to repeat again. Having multiple

tips of different sizes may allow to stagnate the melting of the individual tips at

different fields to analyse each individually. It could be part of a normal pair of

electrodes to be tested with the aim of it being removed and the electrodes to be

used as normal after providing it does not have an impact on the performance of

the electrodes.

Another option that has not been proven to work in this system to date is to

pump gas into the system and try to generate the plasma. This would require a

constant through put of gas that can be ionised with the aim to form these shapes.

Pumping gas into the whole gap may lead to a larger area of pattern formation.

It may be possible that in the case of the pair shown that the machining lines also
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aided in the organising of the plasma. In the system it is possible to pump gas

in through the window and out through the normal output above the electrodes.

Using this method would allow one to monitor the pressure, maintain a more

consistent pressure, repeat multiple times, choose the gas present.

8.3.4 Linac4 RFQ

The amount of H− irradiation on the electrode target for these tests was the

equivalent of 10 days of the RFQ [119], [120]. A full year of operation of the

RFQ is 100 days and therefore it may change the results for the materials that

performed well. Also, the energies used for these tests were 45 keV which is

the energy at the input of the RFQ, whereas the energy at the output is 3 MeV.

Putting the electrode after the RFQ would give the highest energies the RFQ vanes

would see which could impact the depth of the implantation and the operation of

the electrodes during conditioning. Another difference to the RFQ is that the

electrodes were irradiated once before conditioning. Ideally the irradiation would

occur throughout but this would not be possible. One option being considered is

re-irradiation of an electrode after conditioning in the system.

As only one of each material was irradiated and tested these results are not

statistically significant. Whilst the evidence from the breakdown locations and the

correlations between the different materials make a good argument for the effects

of irradiation, tests with the same materials would help to verify these results.

8.3.5 Field Emission

Due to only having one non-irradiated pair of each material to test it would be more

reliable if this was to be repeated for the different materials. Throughout the tests

with the different materials, when the field emission results produced significantly
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different amounts of field emission for a given supply voltage compared to Cu, it

raised the question of whether there was an issue with the electronic components

of electrical cables used or a property of the electrode materials. Tests were done

to verify that it was not the electronics, but testing more of the same material

would help to verify the results provided.

8.3.6 Spectroscopy

One of the questions raised when measuring the spectra for the Al alloy electrodes

was whether the light was occurring but not being measured at the spectrometer.

It was seen that the light from the ridged Cu electrodes was easier to detect and

may also be the case for Al. This may also allow for the use of an optical fibre

feedthrough to place the fibre closer to the emission site.

An additional test that could be conducted with the variety of materials tested

it pairs of 2 different materials. These could be conditioned in both polarities and

also field emission tests to observe how the difference in anode and cathode affects

these results. It may also provide in site into the spectroscopy depending of the

wavelengths of light emitted are different or if any light is emitted at all for each

configuration.

There are a few possible explanation for light emitted during field emission

but during these tests the speed at which the spectrum could be measured was

relatively low. To measure the very fast elements of field emission and breakdowns

would require the implementation of solid state spectroscopy. To measure light

from field emission at these speed may require a close proximity to the emitter,

therefore this would also require the ridged electrodes and fibre feedthrough.
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8.3.7 Fluctuations

For the current fluctuation measurements shown a sample pulse was only taken

every 10000 pulses with no synchronisation with the breakdowns. Part of the

motivation behind this study is the hypothesis that there would be a large number

of fluctuations in the pulses leading up to a breakdown as predicted by the MDDF.

If this were the case then it would be possible to use current fluctuations to predict

breakdowns. To gain insight into whether this happens within this system and

setup measurements would need to be either taken for every pulse or an additional

synchronisation of the measurements with breakdowns defections. By sampling

both normal pulses as well as the pulses before and after a breakdown, it would be

possible to compare these to determine whether they could predict breakdowns.

Measurements of the field emission current during the pulses would also be

useful for determining whether the fluctuations seen are in fact a result of a random

walk of steps in the current or are very fast oscillations with no last change in

the current. Knowing this would help to understand whether the change to the

surface maintains a higher field emission current emission or if there is just a

brief current emission. Evidence of a step in current would indicate some form of

field enhancement on the surface whereas a spike may indicate the movement of

something on the surface that does not increase the field.

Currently there is not much physical evidence to support the theory of mobile

dislocations having an effect on conditioning [39]. Observations of the slip planes

have been made at the university of Jerusalem but these look very similar from

areas subject to large and small peak electric field as well area with no electric

field applied. More recent studies as seen in Figure 1.16 show a difference in the

distance between the dislocation lines. A more comprehensive study of this could

be conducted within the pulsed DC system using an anode with angles surface to
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create a smoothly varying surface field vs location. This could be then used to

relate different fields to the appearance and distance between the dislocation lines.
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Appendix H

Copper OFE Tests

Figure H.1: Conditioning plots of both Irradiated and non-irradiated Copper OFE,
showing the electric field and number of breakdowns on the respective axes.
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258 APPENDIX H. COPPER OFE TESTS

(a) (b)

Figure H.2: Breakdown locations measured during testing of electrode pair 40. a)
shows the breakdown locations over time relative to the scale to the right of the
image, b) shows the number of breakdowns per square mm

(a) (b)

Figure H.3: Breakdown locations measured during testing of electrode pair 42. a)
shows the breakdown locations over time relative to the scale to the right of the
image, b) shows the number of breakdowns per square mm
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(a) (b)

Figure H.4: Breakdown locations measured during testing of electrode pair 45. a)
shows the breakdown locations over time relative to the scale to the right of the
image, b) shows the number of breakdowns per square mm
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Appendix I

Copper Chromium Zirconium

Figure I.1: Conditioning plots of both Irradiated and non-irradiated Copper
Chromium Zirconium, showing the electric field and number of breakdowns on
the respective axes.
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262 APPENDIX I. COPPER CHROMIUM ZIRCONIUM

(a) (b)

Figure I.2: Breakdown locations measured during testing of electrode pair 50. a)
shows the breakdown locations over time relative to the scale to the right of the
image, b) shows the number of breakdowns per square mm



Appendix J

Titanium Alloy Tests

Figure J.1: Conditioning plots of both Irradiated and non-irradiated Titanium
Alloy (TiAl6V4), showing the electric field and number of breakdowns on the
respective axes.
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264 APPENDIX J. TITANIUM ALLOY TESTS

(a) (b)

Figure J.2: Breakdown locations measured during testing of electrode pair 46. a)
shows the breakdown locations over time relative to the scale to the right of the
image, b) shows the number of breakdowns per square mm

(a) (b)

Figure J.3: Breakdown locations measured during testing of electrode pair 47. a)
shows the breakdown locations over time relative to the scale to the right of the
image, b) shows the number of breakdowns per square mm
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Tantalum Tests

Figure K.1: Conditioning plots of both Irradiated and non-irradiated Tantalum,
showing the electric field and number of breakdowns on the respective axes.
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266 APPENDIX K. TANTALUM TESTS

(a) (b)

Figure K.2: Breakdown locations measured during testing of electrode pair 55. a)
shows the breakdown locations over time relative to the scale to the right of the
image, b) shows the number of breakdowns per square mm



Appendix L

Niobium Tests

L.1 No BCP

Figure L.1: Conditioning plots of both Irradiated and non-irradiated Niobium,
showing the electric field and number of breakdowns on the respective axes.
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268 APPENDIX L. NIOBIUM TESTS

(a) (b)

Figure L.2: Breakdown locations measured during testing of electrode pair 43. a)
shows the breakdown locations over time relative to the scale to the right of the
image, b) shows the number of breakdowns per square mm

(a) (b)

Figure L.3: Breakdown locations measured during testing of electrode pair 44. a)
shows the breakdown locations over time relative to the scale to the right of the
image, b) shows the number of breakdowns per square mm

L.2 After BCP



L.2. AFTER BCP 269

Figure L.4: Conditioning plots of both Irradiated and non-irradiated BCP
Niobium, showing the electric field and number of breakdowns on the respective
axes.

(a) (b)

Figure L.5: Breakdown locations measured during testing of electrode pair 54. a)
shows the breakdown locations over time relative to the scale to the right of the
image, b) shows the number of breakdowns per square mm
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(a) (b)

Figure L.6: Breakdown locations measured during testing of electrode pair 56. a)
shows the breakdown locations over time relative to the scale to the right of the
image, b) shows the number of breakdowns per square mm



Appendix M

Breakdowns within the irradiated

area

Figure M.1: Shows the normalised number breakdown per square mm, inside and
outside the irradiated, over all the surface, and not detected by the cameras, for
the TiAl6V4 electrodes.

271



272 APPENDIX M. BREAKDOWNS WITHIN THE IRRADIATED AREA

Figure M.2: Shows the normalised number breakdown per square mm, inside and
outside the irradiated, over all the surface, and not detected by the cameras, for
the Cu OFE electrodes.

Figure M.3: Shows the normalised number breakdown per square mm, inside and
outside the irradiated, over all the surface, and not detected by the cameras, for
the CuCr1Zr electrodes.
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Figure M.4: Shows the normalised number breakdown per square mm, inside and
outside the irradiated, over all the surface, and not detected by the cameras, for
the Ta electrodes.

Figure M.5: Shows the normalised number breakdown per square mm, inside and
outside the irradiated, over all the surface, and not detected by the cameras, for
the Nb electrodes.



274 APPENDIX M. BREAKDOWNS WITHIN THE IRRADIATED AREA

Figure M.6: Shows the normalised number breakdown per square mm, inside and
outside the irradiated, over all the surface, and not detected by the cameras, for
the Nb BCP electrodes.



Appendix N

Pulse Length Dependence Table

Material
Pulse Length

(µs)
Number
of Pulses

Number of
Breakdowns

Breakdown
Rate

Standard
Error

TiAl6

100 54938267 1 1.82E-08 1.82E-07
250 48909972 8 1.64E-07 5.78E-08
500 86372400 11 1.27E-07 3.84E-08
1000 96851946 21 2.17E-07 4.73E-08

CuCr1Zr

100 36306486 4 1.10E-07 5.51E-08
250 29131636 3 1.03E-07 5.95E-08
500 52378947 6 1.15E-07 4.68E-08
1000 67873794 22 3.24E-07 6.91E-08

Nb

100 34466392 14 4.06E-07 1.09E-07
250 35723903 29 8.12E-07 1.51E-07
500 52185535 49 9.39E-07 1.34E-07
1000 20893965 76 3.64E-06 4.17E-07

Cu OFE

100 64831617 4 6.17E-08 3.08E-08
250 51529457 7 1.36E-07 5.13E-08
500 47866073 2 4.18E-08 2.95E-08
1000 61147006 8 1.31E-07 4.63E-08

Ta

100 1.74E+08 74 4.25E-07 4.94E-08
250 65394388 25 3.82E-07 7.65E-08
500 51874613 22 4.24E-07 9.04E-08
1000 37770626 26 6.88E-07 1.35E-07

Table N.1: Table showing the number of pulses and breakdowns used for each
pulse length for each material used to determine the breakdown rate and standard
error for the value given in Figure 3.14.
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Appendix O

Material Hardness Table

Symbol Name
Mohs

Hardness

Vickers
Hardness
(MPa)

Brinell
Hardness
(MPa)

Al Aluminium 2.75 160–350 160–550
Cr Chromium 8.5 1060 687-6500
Cu Copper 3 343–369 235–878
Mg Magnesium 2.5 260
Nb Niobium 6 870–1320 735–2450
Si Silicon 6.5
Ta Tantalum 6.5 873–1200 441-3430
Ti Titanium 6 830–3420 716–2770
V Vanadium 7 628–640 600–628
Zr Zirconium 5 820–1800 638–1880

Table O.1: Table of the hardness values using different methods for the materials
tested, where hardness is given for individual materials and not the alloys as tested.
[84]
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Appendix P

Work Function Values Table

Element Plane φ/eV Method

Al 100 4.2 PE
110 4.06 PE
111 4.26 PE

Be Polycr 4.98 PE
Cr polycr 4.5 PE
Cu 100 5.1 PE

110 4.48 PE
111 4.94 PE

Mg polycr 3.66 PE
Nb 001 4.02 TH

110 4.87 TH
111 4.36 TH

Si n 4.85 CPD
Ta polycr 4.25 TH

100 4.15 TH
110 4.8 TH
111 4 TH

Ti polycr 4.33 PE
V polycr 4.3 PE
Zr polycr 4.05 PE

Table P.1: Table of the work function values for different elements, given for
individual materials and not the alloys as tested. [24]–[26]

Where,

TE - Thermionic emission
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PE - Photoelectric effect

CPD - Contact potential difference

polycr - Polycrystalline sample



Appendix Q

Irradiation Setup

Q.1 Changing disk only

• Keep the end plate on throughout

• Undo the screw connecting the steel plate to the ceramic holding the disk in

place

• Remove disk and place in silk paper to avoid contamination and scratched

• Replace with the next disk and fix in place the same as previously

• Check that the current wire is still in place

• Check the electrical connection

– You should have an electrical connection to the inside of the output

connector and the disk and not the ground

• Cover with foil and rubber cap
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Figure Q.1: Sample disk irradiation setup assembly drawing.



Q.1. CHANGING DISK ONLY 283

(a) (b)

Figure Q.2: Images of disk attached with the irradiated chaber from (a) above and
(b) the side to highlight the wire to ground.



284 APPENDIX Q. IRRADIATION SETUP

Q.2 Remove Plate

• Remove end plate by taking out all screws with 13mm spanner

• Cover this end with foil and rubber cap and place face down

• Open the end to access the disk

• Undo the screw connecting the steel plate to the ceramic holding the disk in

place.

• Remove disk and place irradiated store in silk paper to avoid contamination

and scratched

• Use a cleaned Allen key to undo the screw steel plate to the chamber

• Pull out the ceramic, rods and plate together. It is a bit tight so you needs

some force.

• Remove the steel plate using a cleaned 7mm spanner but leave on the second

pair of bolts because they will help with positioning for re-installation. Place

bolts and washers in a clean plastic bag.

• Remove rods from the ceramic and place into a clean plastic bag. Place

ceramic in silk paper in a plastic bag.

Q.3 Installation of Electrode

• Put the electrode face down on the ceramic to make sure the critical surface is

not in contact with the table (different ceramics for different size electrodes,

spacer for small electrodes). Be careful not to scratch the electrode whilst

placing onto the ceramic.



Q.3. INSTALLATION OF ELECTRODE 285

(a) (b)

Figure Q.3: (a) Image of an electrode upside down on a ceramic to avoid
damaging the surface during assembly, and (b) showing the electrode installed
in the irradiation assembly.

• Place the irradiation setup ceramic on the bottom of the electrode and secure

with screws, one side should have the 2 washers and the current wire in

between

• Attach the threaded rods to the bottom of the ceramic

• Put the same metal plate as previously on the rods using the bolts for

support, the critical surface should be 20mm from the flange (shoulder

30mm). Tighten bolts using a cleaned 7mm spanner

• Place the setup in the chamber with the electrode facing up

• Fasten the screws whilst moving round as it will move down due to being

slightly too large.

• Check the distance from the flange to the shoulder is 30mm approximately
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– Clean the ruler and micrometre with alcohol

– Place ruler over the flange and use the micrometre to measure the

distance to the shoulder of the electrode, be careful not to scratch the

critical surface.

• Cover the end with foil and the rubber cap and put face down

• Place the copper gasket on the flange

• Connect the wire for measuring the current to the connector with positive

sign on end plate

• Put in 2 bolts and secure loosely

• Place horizontally and remove cap and use to stop the setup from rolling to

access the disk

• Check the electrical connection

– You should have an electrical connection to the inside of the output

connector and the disk

– You should not have a connection between the walls of the chamber

(ground) and the disk

• Cover with foil and rubber cap and place face down

• Put the remaining screws in, to secure the end plate, tighten opposite sides

whilst moving around to secure evenly
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Nominal vs. Metrology Gap
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Metrology Calculated Gap 60 µm Gap
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TiAl6V4 59 10.001 10.0014 61.4 107.5 97.7 110 100 97.7
TiAl6V4 59 10 10.0016 60.6 94.1 89.1 95 90 99.0
Cu (1) 59 9.9998 9.9998 58.6 84.9 84.9 83 83 102.3
Cu (2) 59 10.0003 10.0004 59.7 80.4 80.4 80 80 100.5
Cu RFQ 59 9.9998 10.0002 59.0 81.4 81.4 80 80 101.7
CuCr1Zr 59 10.0005 10.0022 61.7 82.7 82.7 85 85 97.3
CuCr1Zr 59 9.9975 10.0013 57.8 30.2 27.0 29 26 104.0
Ta 60 9.9998 10.0011 60.9 59.1 59.1 60 60 98.5
Ta 60 9.9999 10.0022 62.1 36.8 22.7 38.1 24 94.7
Nb 59 10.0002 10.001 60.2 10.0 4.7 10 4.7 99.7
Nb 59 10.001 10 60.0 35.0 23.0 35 23 100.0
Nb BCP 59 9.9998 10.0022 61.0 92.1 78.7 94 80 98.4
Nb BCP 59 10.001 10.0022 62.2 40.5 20.9 42 21.7 96.3
Al 59 9.9992 9.9992 57.4 90.6 67.9 86.7 65 104.5
Non-Irrad
Irrad

Table R.1: Electric fields for the calculated gap using the metrology reports for
each electrode and the given results using the 60 µm nominal gap
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