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Abstract

In the realm of 4th generation linear Free Electron Lasers (FELs), achiev-

ing a high-quality final beam is paramount, a goal that hinges significantly on

the choice and characteristics of the photoinjector and photocathode materi-

als. This underscores the research carried out within the accelerator commu-

nity to identify and develop high-performance photocathode electron sources.

The momentum for this research stems from the fact that the surface proper-

ties of a photocathode directly influence critical aspects of the photoemission

process, such as the work function, intrinsic emittance, and quantum effi-

ciency. These, in turn, are key determinants of the ultimate electron beam

quality, as assessed by normalized emittance, brightness, and energy spread.

The endeavor to enhance these parameters has led to a concerted effort to

delve into and manipulate the surface physics of cathodes, recognizing that

such understanding and intervention are foundational to advancing acceler-

ator design.

This PhD thesis describes an experimental exploration of various pho-

tocathode materials, including copper, silver, and caesium telluride, aimed

at evaluating their photoemissive capabilities. A multifaceted approach was

adopted to execute this investigation, utilizing the Daresbury Labs Multi-

probe system for verifying surface composition. This involved leveraging the

system’s cleaning functions in conjunction with X-ray Photoelectron Spec-

troscopy (XPS) and Scanning Tunneling Microscopy (STM). The efficacy

of each photocathode was further examined through the Transverse Energy
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Spread Spectrometer (TESS) under wavelength illuminations between 236

nm up to 600 nm, to compile performance metrics, in the form of mean

transverse energy (MTE) and the relative quantum efficiency (QE) for the

selected photocathode candidates. Novel work was carried out on the investi-

gation of caesium telluride photocathodes, offering new performance insights

linked fundamentally to the mean transverse energy parameter, with rela-

tion to deposition parameters and their surface chemistry. Additionally, this

thesis incorporates degradation assessments for copper and silver photocath-

odes, probing the impact of common vacuum system residual gases on their

performance.

Moreover, this thesis introduces detailed findings on the effects of caesium

ion implantation in polycrystalline copper, conducted at low ion implanta-

tion energies - a novel contribution, given the absence of detailed literature

in this specific context in regard to photoemission. The overarching aim of

this research is not only to contribute to the existing knowledge base but also

to help pave the way for future advancements in photocathode technology

and, by extension, in the development of next-generation accelerator tech-

nologies. By understanding and optimizing the performance characteristics

of photocathode materials, it can lead to more energy-efficient designs for

electron sources. Not only for improving the overall efficiency of devices but

also by reducing the operational costs involved.
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Chapter 1

Introduction and Theory

The search for high performance photocathode electron sources is a priority in

the accelerator science community, with current and future accelerator design

requiring high brightness electron sources. Photocathode candidates, which

can ful�ll the stringent requirements for future accelerator design, would ide-

ally have these following qualities; a high Quantum E�ciency (QE), a small

intrinsic emittance, a fast response time and a long operational lifetime.

However, this combination of performance characteristics does not exist en-

tirely within one particular material, leading to a balancing act between these

parameters in regards to accelerator design.

The surface characteristics of a photocathode de�ne many important fac-

tors of the photoemission as well, including the work function, the intrinsic

emittance and the QE of the photocathode. These factors in turn de�ne the

ultimate electron beam performance which is measurable as normalised emit-

tance, brightness and energy spread. Strategies for improving these param-

eters vary, but understanding and in
uencing the relevant cathode surface

1
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physics which underpin these attributes is a primary focus for the community.

In this chapter, a formal description of the physics behind photoemission

is described. I will also explain the properties of electron sources, their

use in accelerators and what characteristics are required in a material to be

considered as a photocathode candidate. The research presented in this thesis

thereafter delves into a number of photocathode candidates and explores their

characteristics found through experimentation.

1.1 Electron Emission

Electron emission represents the extraction of electrons from a material, com-

monly a metal or a semiconductor. Such extraction results in free electrons

no longer bonded to the material. This can allow the formation of an electron

beam if the electrons are collected and accelerated all together by applying

an electric �eld.

There are several ways to extract electrons from a material, the three

most common methods are: thermionic emission [1], photoemission [2], and

�eld emission [3]. The di�erence between the three principles rely on how

electrons are forced out of the material. The electrons are bound to the

material and to free them they must be excited with an energy high enough

to overcome the potential barrier between the material's surface and the

vacuum. In thermionic emission this energy is provided by means of high

temperatures. In �eld emission the situation is di�erent. By applying a

strong electric �eld, it is possible to bend the potential barrier between a

material's surface and the vacuum, allowing for quantum tunnelling through
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the potential barrier.

The principle of photoemission is somewhat similar to other types of

emission, but in this case the electrons are excited by means of photons of

suitable energy being absorbed by the surface of the cathode, as per the

photoelectric e�ect. Historically observed by Heinrich Hertz and Philipp

Lenard in 1887 [4] and later understood with Einstein's development of the

theory in 1905 [5], winning him the Nobel Prize in 1921, the photoelectric

e�ect can be de�ned by equation (1.1):

Ek = hv � � (1.1)

whereEk is the kinetic energy of the emitted electron,h is planck's constant

(6:626� 10� 34 J.s), v is the frequency of incident light and� is the work

function.

To emit electrons from a material using photoemission, the energy of the

photons must surpass a certain level known as the work function,� . This

is the minimum energy required to free electrons from a material's surface.

Any energy the photons have beyond this work function contributes to the

kinetic energy of the emitted electrons, as seen in equation (1.1). This kinetic

energy, in turn, a�ects how far these electrons can travel within the material

before they have collisions with other atoms or other electrons. This average

distance an electron moves before a collision occurs is called its mean free

path.

Inside a material, electrons navigate through a network of atoms but may

be knocked o� course by imperfections or foreign particles in this network.

The electron's mean free path is in
uenced by various factors such as the ma-
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terial's temperature and density, and the energy and direction of movement

of the electron itself.

The energy spread of emitted electrons can vary quite dramatically based

on numerous factors, including the type of gun that the material is being used

in. In a DC gun, such as the polarised sources at Mainz [6] and at Thomas

Je�erson National Accelerator Facility (TJNAF) [7], this same basic principle

is used with a laser system which generates pulses of light. Similarly, this

principle can also be used in radio frequency (RF) photoinjectors [8], where

pulses of light can be synchronised in-phase with a RF source which provides

an accelerating �eld.

Theoretical models of photoemission have developed since Einstein's ex-

planation of the photoelectric e�ect however. Nowadays, two prevailing

frameworks exist to describe photoemission, known as the one-step model

[9] and the Three-Step model [9, 10]. The One-Step model is a quantum

mechanical model, which uses a sudden approach, where electrons are ex-

cited from bound states within a material to a free state outside of it - in

one step, as the name implies. This model in particular is used in Ultra-

violet Photoelectron Spectroscopy (UPS) analysis to characterise material

band structures. While this particular model is useful, it ignores scattering

within the material, so is less valid for semiconductors or any material which

exhibits a long mean-free path for excited electrons.

Spicer's Three-Step model [11] seen in �gure 1.1, was developed to help

deal with photoemission practically, and has found reasonable success in

predicting both metal and semiconductor behaviours in the near-threshold

regime that is seen in most applications. This model is broken down into the
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three following steps:

Figure 1.1: Representation of Spicer's Three-Step model as seen in [11].

1. Absorption and excitation.

2. Transport to the surface.

3. Escape over/through the surface barrier.

the �rst step accounts for any losses in the incident light due to re
ection

from the photocathode, as well as excitation of electrons from �lled states

within the materials valence band, to excited states in the conduction band.

As such, the electronic density of states is a consideration, so photons which

are able to excite electrons to states below the vacuum level are accounted

for.
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The second step takes into account energy loss through the various scat-

tering processes which occur during electron transport to the surface. This

is where the photons absorption length is compared to the mean free path

of an electron, to determine how many are lost due to scattering. This con-

sideration in the second step helps model the di�erence in photoemission

between semiconductors and metals much more readily. For instance, due

to the band gap in semiconductors, electron transport to the surface is more

complex, due to the electron-phonon interactions. This can lead to a `double

emission', where after the initial emission, additional emission of low energy

electrons are emitted [12], complicating the electron bunch shape. This is

something that the One-Step model does not account for.

The �nal step accounts for the direction in which the electron travels to

the surface of a material. This consideration brings an interesting facet to

the work function of a material, as rather than just being a limit on the

energy required to escape the material, it also acts as a limit on the required

momentum perpendicular to the surface also. Therefore, the direction of

travel is limited to within a cone, which is de�ned by the excess energy after

escape.

In all forms of emission, there are disadvantages to the technique being

used. In the case of thermionic emission, due to high temperatures required

for thermionic emission, the operational lifetime of thermionic sources are

typically limited. Alongside this, the response time of thermionic emitters

are typically too slow for use in applications that require fast switching or

high-frequency operation. In the case of �eld emission, the key disadvantages

is typically their sensitivity to temperature and contamination, as well as
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their limited emission. Field emission devices are typically very sensitive to

surface contamination, which can cause a reduction in emission e�ciency and

lifespan of the material. The amount of current that can be emitted from

a �eld emitter is limited, which can restrict their use in certain applications

that require higher currents.

One limitation of photoemission is its dependency on speci�c material

properties, including the work function. Not every material can e�ciently

undergo photoemission, narrowing the choice of usable materials. Photoe-

mission devices are also typically sensitive to environmental changes such as

temperature 
uctuations, humidity, and radiation, which can degrade their

performance. Surface contamination is another signi�cant issue, as it reduces

both the e�ciency and the lifespan of photoemission devices. To avoid this,

these devices need to be produced and managed in clean conditions.

Finally, the range of light wavelengths that can be used for photoemission

is limited by the electronic properties of the materials used. Only photons

with su�cient energy to overcome the work function of the material will

cause photoemission. This limitation means that photoemission may not be

applicable across all spectral regions, restricting its utility in certain �elds

and applications.

1.1.1 The Dowell-Schmerge Model

The Dowell-Schmerge model [13], put forward by David. H. Dowell and

John. F. Schmerge, is often used to describe the photoemission of photocath-

odes. Derived from Spicer's three-step model [11], Sommerfeld's free electron

gas theory [14], and further expanding on the Fowler-DuBridge model of
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multi-photon photoemission [15{17], the approximation uses a number of as-

sumptions for the photoemission, mainly; a constant density of states, the

conservation of transverse momentum, parabolic dispersions and zero lattice

temperature [13, 18].

An analytical expression for the QE and the mean transverse energy

(MTE) was further developed by Dowell and Schmerge, with the QE be-

ing shown to vary with the excess energy in the following equation:

QE / E 2
Excess (1.2)

with the excess energy being de�ned as the di�erence between the energy

of the incident photon, h! , and the e�ective work function of the material,

� , accounted for after the Schottky reduction [19]. With emission above the

photoemission threshold, the MTE of emitted electrons was determined to

behave linearly with the excess energy, which gives the following expression:

MTE =
Eexcess

3
(1.3)

The expression in equation (1.3), while useful for photoemission above the

threshold, starts to break apart once the photoemission threshold is reached,

due to the core assumptions that the model makes. E�orts have been made

in recent years to further adapt this model [20, 21], to account for key factors

such as the lattice temperature (de�ned bykB T wherekB is the Boltzmann

constant) which describes the minimum achievable MTE, also known as the

thermal limit. However, for the purposes of the work presented in this thesis,

the typical Dowell-Schmerge model has been used for comparison.
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1.2 Photocathode Characteristics

All photoinjectors see technologies for both drive lasers and photocathodes

overlap, with the ultimate performance of an accelerator being strongly de-

termined by the properties of the photocathode candidate. The application

and desired parameters of an accelerator results in the careful selection of

photocathode material, due to the crucial characteristics of that material [22].

I will describe and summarise these characteristics in the following sections.

1.2.1 Quantum E�ciency

The QE of a photocathode, at a given illumination wavelength, depends on

three fundamental parameters: the re
ectivity of the cathode, their work

function and the applied electric �eld. QE can be de�ned by the following

equation:

QE =
Ne

N 

(1.4)

where Ne is the number of emitted electrons and N
 is the number of incident

photons. Experimentally the QE is often calculated using a di�erent equa-

tion, derived from equation (1.4), where Ne is related to the photocurrent,

and N
 is related to the power of the incident light at a given illumination

wavelength:

QE =
Ihc
�eP

(1.5)

whereI is the photocurrent measured from the photocathode,h is Planck's

constant, c is the speed of light,� is the illumination wavelength, e is the

electron charge andP is the power of the incident light. The QE of a pho-
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tocathode is an important performance characteristic, as it is an informative

metric for the amount of current that can be extracted from a material. As

seen in equation (1.5), a cathode which has a higher QE would only require

a fraction of the laser power that a cathode with a much lower QE would

need to extract the same amount of current.

1.2.2 Factors That In
uence QE

There are a few factors that in
uence the QE of a photocathode. The �rst

and foremost of these is the work function of the material. The work function

is de�ned as the minimum energy required to extract an electron from a

material. There are two factors which contribute to the work function [23]:

1. The binding energy of the electron, also known as the cohesive energy

of the material.

2. The energy necessary to transport an electron through the surface and

into vacuum.

A potential well arises in a material as a result of conduction band elec-

trons bonding to the solid. This increases the work function of the material,

by increasing the bonding energy. The depth of the potential well typically

contributes of the order of a few eV to the materials work function, therefore

it is the most signi�cant e�ect. Depth of the potential well is also dependent

on the surface condition however, especially in metals, as a charge double

layer may occur at the surface. This can lead to non-symmetrical distribu-

tions of the electrons around the surface, resulting in surface dipoles. These

surface dipoles are in
uenced by the crystal orientation of the material [23].
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Figure 1.2: Simple illustration of the band structure of a metal showing the
metal's work function, � , and Fermi level, E f . Its vacuum level, Ev , and
core energy levels are also indicated.

The work function of a material is not purely an intrinsic property of

a material. It also depends on a variety of parameters, as such the work

function can be divided into bulk and surface contributions [24, 25]. The

bulk contribution of the work function is simply the energy di�erence between

bound electron and vacuum level at an in�nite distance. The electron density

in a solid, and the bulk impurities within the material, determine the electron

chemical potential of the bulk, the Fermi level. It is di�cult to directly

measure the bulk contribution to the work function, as electrons have to

pass through the surface in order to escape. The surface contribution to

work function, stems from electric dipole distribution at the surface. Bulk
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Figure 1.3: Simple illustration of the band structure of a semiconductor
showing the work function, � , the band gap Eg and Fermi level, E f . Its
vacuum level,Ev , and core energy levels are also indicated.

materials with varying crystal face, surface atomic rearrangement or adsorbed

species lead to largely alter the electric dipole distribution, or the vacuum

level near the surface.

For a metal, the work function is described as the energy di�erence be-

tween an electron at the Fermi level and an electron at rest in vacuum just

outside the metal, as seen in �gure 1.2.

While metals are full of electrons up to the Fermi level, semiconductors

have a forbidden energy gap for electrons, also known as a band gap (see

�gure 1.3). The Fermi level of a semiconductor lies in the gap, which causes

variable work function values depending on the position of the Fermi level.
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Depending on the surface state properties, additional dipoles occur due to

charge redistribution and space charge layers. Thus, the calculation of a

semiconductors work function becomes more complicated than for a metal.

Surface contaminants may also modify the work function, based on their

polarisation by their interaction with the bulk surface of the material. There

are two possibilities for polarisation this way [26]:

1. Polarisation, with the negative pole directed towards the vacuum level.

This increases the materials work function.

2. Polarisation, with the positive pole directed towards the vacuum level.

This decreases the materials work function.

To give examples for each of these situations: when oxide layers form

on a clean metal surface, they remove electrons from the metal, resulting

in a layer of negatively charged oxygen ions. This process leaves a positive

charge within the metal, e�ectively increasing the material's work function

[23]. Conversely, when metals are treated with caesium, the caesium do-

nates electrons to the metal surface, generating a negative charge within the

metal. This action reduces the work function, making it easier for electrons

to escape.

The extent of these e�ects|whether increasing or decreasing the work

function|is also in
uenced by how much of the surface is covered. The de-

gree of surface coverage can signi�cantly a�ect the overall charge distribution

and thus the work function of the material, making the relationship between

surface treatments and work function changes complex and dependent on the

speci�c conditions of the surface treatment.
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Figure 1.4: Metal in contact with a n-type (left) and p-type (right) semi-
conductor, causing band bending. Figure from [27].

With intricate knowledge of a material, it is possible to manipulate the

surface contributions to the work function. One such way is with band bend-

ing, as seen in �gure 1.4. By bringing two materials in contact, such as

a metal and a semiconductor, thermodynamic equilibrium will require that

the two Fermi levels equalize. This causes the redistribution of charge car-

riers (electrons and holes) in response to internal electric �elds, which can

be caused by surface states, interfaces, impurities, or applied external volt-

ages. Band bending is crucial for the operation of semiconductor devices

as it a�ects the movement of charge carriers, thereby in
uencing the elec-

trical properties of the material, such as conductivity and the formation of

potential barriers or wells at junctions

This moves on to the second factor which in
uences the QE of a mate-

rial, which is the surface preparation, including surface cleaning, potential

coatings, the surface roughness and the re
ectivity. Due to the e�ect that
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surface contaminants have on the work function of the material, it is common

practice to treat surfaces in good vacuum conditions, where further contam-

ination is prevented over a long period of time. By coating the surface of a

material and growing thin �lms or nano-structures, the properties of a pho-

tocathode can be tailored. Typically by enhancing the light absorption of

the material, improving charge carrier mobility and by forming a protective

layer [28][29].

The QE of a material can also be in
uenced by its surface roughness. Re-

search has demonstrated that materials with rough surfaces, characterized by

sharp features, tend to emit electrons more readily [30]. This is attributed to

the fact that electrons are less tightly bound on rough surfaces, where there's

a lower density of surrounding atoms to exert attractive forces. Essentially,

a rougher surface on a photocathode can lower the energy threshold needed

for electrons to escape into a vacuum. However, this comes with drawbacks

- a larger intrinsic emittance.

This phenomenon is linked to the concept that the work function, the

minimum energy needed to remove an electron from the surface, is dependent

on surface energy. Atoms on the surface of a material are less tightly bound

than those inside, due to their fewer atomic bonds. When a surface is rough,

it exposes more facets with di�erent crystallographic orientations, leading to

a variety of surface states. These states, along with local variations in charge

distribution and electric �elds, can modify the material's work function and

thus a change in the QE of the material.

The �nal key factor which may negatively in
uence the QE during a cath-

odes operation, is ion back bombardment [31]. This phenomenon is driven
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by the emitted electron beam generating ions a small distance in front of the

cathode (a few mm), and back-scattering onto the cathode causing damage,

leading to a degradation in QE. In accelerators this e�ect can be reduced, by

o�-setting the emission point away from the centre of the cathode, so that

the electron beam is generated o�-axis to the emission.

To strictly improve the QE of a photocathode, the surface can be manipu-

lated to decrease its re
ectivity. As with a lower re
ectivity, the probability of

incident photons being adsorped increases. However, this is once again done

by roughening the photocathode surface to reduce its re
ectivity, which leads

to growth in the intrinsic emittance.

1.2.3 Intrinsic Emittance

The size of an electron beam is in
uenced by its emittance, which is a measure

of how spread the electrons are in position-momentum phase space [32]. A

low-emittance beam can be focused to a smaller size compared to a high-

emittance beam, assuming the focusing system's strength is the same in

both cases. Therefore if the emittance of a beam can be reduced, then the

overall brightness of the beam can be improved due to the following relation:

B =
Ne

� nx � ny � nz
(1.6)

whereB is the brightness,Ne is the number of electrons per bunch,� nx , � ny

and � nz are the normalised emittances in the x, y and z planes [33].

In terms of the electron source itself, a contributing factor towards the

normalised emittance is the intrinsic emittance of the cathode. Electrons
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which are emitted from a cathodes surface have a range of energies and di-

rections in which they travel, producing an angle from the surface that with

diameter of the beam, de�nes the intrinsic emittance. In a linear accelera-

tor, this source of emittance is preserved which also allows us to de�ne the

intrinsic emittance of a cathode as the lowest achievable emittance in the

accelerator [34]. The intrinsic emittance of a cathode is de�ned as:

� n = � x

r
hv � � ef f

3mc2
(1.7)

� i;x = � x

r
MTE
mc2

(1.8)

where � x is the initial rms size of the beam along a transverse plane. The

equation (1.7) can be rewritten as the MTE seen in equation (1.8), as the

excess energy of the emitted electrons which are equivalent tohv � � ef f , are

equal to the kinetic energy of the photoelectrons. The MTE of a cathode

is an important metric, as not only does it encompass the photocathode

properties, but also the illumination wavelength of incident photons.

1.2.4 Factors That In
uence Intrinsic Emittance

There are a number of factors which in
uence the intrinsic emittance of a

photocathode, including the laser spot size, the illumination wavelength and

the surface roughness. It is possible to arrange a suitable set-up in which

the intrinsic emittance can be predicted and manipulated by modifying these

factors.

One of the key factors which can in
uence the intrinsic emittance is the
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Schottky e�ect, visualised in �gure 1.5 [35], and by equation (1.9)

�� =

s
e3E
4�" 0

(1.9)

where � � is the reduction in the work function, e is the elementary charge

(1.6 � 10� 19C), E is the electric �eld at the surface of the metal and"0

is the vacuum permittivity (8.854 � 10� 12F/m). This e�ect refers to the

phenomenon of electrons being emitted from a metal surface when a high

electric �eld is applied to it. This occurs at the surface of a metal, where

the electric �eld lowers the potential barrier that electrons must overcome

in order to escape into the surrounding vacuum. This barrier is similar to

the Schottky barrier that forms at a metal-semiconductor interface, but in

this case, the barrier is formed between the metal and the vacuum. When

the electric �eld is strong enough, electrons can tunnel through the potential

barrier and escape from the metal surface, creating a beam of electrons that

can be accelerated and focused using electromagnetic lenses. The energy of

the emitted electrons depends on the strength of the electric �eld and the

work function of the metal surface.

The Schottky e�ect is a key factor in determining the performance of

electron guns, as it a�ects the brightness, energy, and stability of the electron

beam. By controlling the strength of the electric �eld and the properties of

the metal surface, it is possible to optimize the performance of electron guns

for a wide range of applications in science and technology.

Alongside this, reducing the laser spot size will reduce the area in which

electrons are emitted, which would inherently reduce the intrinsic emittance.

However, this reduction is not linear, as space charge e�ects will become
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Figure 1.5: Diagram of the Schottky e�ect in the case of a p-type doped
diamond with the valance band (VB) under di�erent bias. Figure from [36].

more apparent as the spot size is reduced. This is due to emitted electrons

being subjected to their own image charge, which produces an electric �eld

which attracts the electrons back towards the photocathode surface, acting

against any applied electric �eld [37].

Another way to manipulate the intrinsic emittance of a photocathode

is by altering the illumination wavelength of the incident light. By going

to high illumination wavelengths, the photon energy is reduced which will,

in turn, reduce the amount of excess energy an emitted electron will have.

However, this will also reduce the QE as a consequence.

Variations in the surface conditions of a photocathode can also drive

changes in the intrinsic emittance. Surface roughness in particular is known
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to produce two e�ects which results in a growth in emittance, known as

the slope e�ect and the �eld distortion e�ect [38]. The slope e�ect occurs

as a result of electrons that are emitted perpendicular to the local surface,

which have their own transverse velocity component. This means that a

rougher surface will have a larger emittance than a smooth surface. The

�eld distortion e�ect, as the name implies, is when the applied electric �eld

is distorted close to the photocathode surface due to its roughness, producing

variance in the applied �eld at di�erent locations on the surface, increasing

the intrinsic emittance [39].

1.2.5 Mean Transverse Energy

Once photoemission occurs, and electrons leave the surface of a photocath-

ode, the electrons have a transverse energy spread, also called the transverse

momentum. This is typically characterised in one of two ways; either as the

MTE, or as the intrinsic emittance, shown previously in equations (1.7) and

(1.8).

There are a couple of ways to extract the MTE values of a photocathode,

one of which is by indirectly measuring the intrinsic emittance, but for the

purposes of this thesis and the experiments within, one particular method was

chosen. By measuring the transverse energy distribution curve (TEDC) of a

photocathode at a particular illumination wavelength, it is possible to extract

an MTE value through the analysis of a cathodes photoemission footprint.

In their paper [40], Joneset al., describe how the transverse energy spread

spectrometer (TESS) is used to measure the TEDC of a photocathode. In

this method, the photocathode is illuminated by a low intensity broadband
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light source with what is considered a vanishingly small spot size at the

cathode surface. By knowing this and the drift distance that the electrons

move through at a known acceleration, then the TEDC can be determined

from a photoemission image, and the MTE extracted. This process is covered

in further detail within section 2.2.2.

1.2.6 Response Time

The response time is determined by the time taken between the absorption

of a photon and photoemission. Within di�erent materials the absorption

length of a photon varies, as does the mean free path of any excited electrons.

Di�erences in response times are mainly seen between di�erent classes of

materials due to the di�erent transport mechanisms at play. For metals, this

response time is very fast (< 100 fs) due to the transportation of electrons

by electron-electron scattering. However for semiconductor materials, the

transport mechanism of excited electrons to the surface is in
uenced heavily

by electron-phonon scattering, which signi�cantly slows down the process,

such that the response times can be orders of magnitude in di�erence (> 150-

250 fs) [41].

1.2.7 Lifetime

The lifetime of a cathode is a simple measure of its robustness, typically to

the photoinjector environment. The lifetime is usually determined by the

time it takes to reduce the QE of a photocathode to 1=eof its original value

[42]. There are two factor which typically determine how fast a cathode will
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degrade, the �rst is the vacuum conditions of the cathodes environment, and

the second the in
uence of the emission current during operation [43].

If the vacuum environment is not conditioned well, and the base pressure

of the vacuum not low enough, then the residual gases in the environment

may interact with the cathode surface, forming surface contaminants which

have been shown to decrease the QE of a cathode over time [44]. This

particular e�ect is studied more in detail later in chapter 4, which aims to

link cumulative gas exposure with a cathodes lifetime.

1.3 Photocathode Materials

Due to the applications driving certain requirements in accelerator design,

the choice of photocathode material is usually falls into broad classi�cations

which share similar performance characteristics. Three of the classi�cations

which I will summarize are the metal, semiconductor and alkali varieties.

In order to have a point of comparison between di�erent photocathodes,

�gures 1.6 & 1.7 shows a comparison of di�erent photocathodes with their

characteristics such as QE, illumination wavelength, laser average power and

vacuum conditions.
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Figure 1.6: Photocathode comparison in terms of QE and laser average power
[P. Musumeci, SSSEPB, SLAC, July 2013].

Figure 1.7: Photocathode comparison in terms of QE and lifetime [E.J. Mont-
gomery, DTIC ADA631149, 2010].
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1.3.1 Metal Photocathodes

Metal photocathodes are an attractive choice where a low average current is

required, as they have a typically low QE in the order of 10� 4% to 10� 5%

[13]. With a fast response time and a high level of robustness, leading to

longer lifetimes, metal photocathodes typically have a low intrinsic emittance,

allowing for a brighter beam. While a slew of materials, such as Mg, Pb and

Nb are good options for a metal photocathode, Cu in particular has been

used in a number of accelerators around the world [45{47]. This is due to its

advantages of being convenient to clean and prepare in comparison to other

materials, while being able to achieve high accelerating �elds.

A major disadvantage to using Cu and other metal photocathodes how-

ever, is that due to their typically high work function, drive lasers usually

have to be in a UV regime in order for metals to achieve photoemission.

This very heavily in
uences accelerator design, and limits application in this

manner.

1.3.2 Semiconductor Photocathodes

Semiconductor Photocathodes are typically used in accelerators due to their

high QE, with photoemission being possible at visible illumination wave-

lengths, reaching values of 10% and higher [48]. This allows accelerator

design to build injectors with practical and reliable drive lasers. A cru-

cial disadvantage to semiconductor photocathodes however, are their short

lifetimes. This is typically due to their surface sensitivity, leading to sig-

ni�cant contamination from residual gases within a vacuum system. This
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presents a di�erent limitation in design choice, as operating a photoinjec-

tor using a semiconductor photocathode requires at minimum Ultra-High

Vacuum (UHV) conditions, although ideally Extreme-High Vacuum (XHV)

conditions.

Semiconductor materials have a concept known as positive/negative elec-

tron a�nity as well, this concept describes how easily electrons can be emit-

ted from the semiconductor surface into vacuum. A semiconductor with a

positive electron a�nity (PEA) requires additional energy to emit an electron

because the vacuum level is above the conduction band edge. In contrast, a

negative electron a�nity (NEA) means the vacuum level is below the con-

duction band edge, facilitating easier electron emission. Due to this, NEA

semiconductors are sought after due to being able to drive emission with the

use of visible wavelengths of light.

For RF photoinjectors, a popular choice of photocathode over the past

few decades has been Cs2Te, when interest in the material saw a resurgence

in the 1990s as a high quality electron source for particle accelerators [49,

50]. During this resurgence, the Cs-Te cathodes found their popularity due

to their good balance of performance characteristics. Its properties showing

a high QE in the order of 10% or more under UV illumination, with a reason-

ably long lifetime and a good robustness to chemical contamination [51]. One

of the critical downsides of this particular photocathode however is that its

work function [52] dictates operation in the UV regime, which brings about

complex design choices for an accelerator.

Alongside the resurgence of Cs-Te cathodes, bi-alkali photocathodes, such

as Cs-K-Sb and Na-K-Sb [53], have also been investigated as potential high
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QE (in the order of 1% to 10%) [54] photocathode candidates which respond

in the visible wavelengths with low intrinsic emittances. The main limitation

currently being their surface sensitivity to contaminants and the vacuum

environment, presenting di�erent challenges to the Cs-Te cathode.
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Experimental Techniques

In this chapter the experimental setups and the techniques employed in-situ

and ex-situ to prepare and characterise photocathodes is described. The

section begins with a description of the TESS system and experiment which

provides performance analysis data for photocathodes, primarily the Mean

Transverse Energy (MTE), and describing key components, speci�cations

and showing what constitutes a standard MTE measurement with the TESS.

Afterwards I explain the transport mechanism which takes a sample from the

TESS experiment to Multiprobe, a surface characterisation suite.

A sample going through a full suite of surface and performance character-

isation is prepared and investigated in stages. Starting outside of vacuum, a

new sample goes through ultrasonic cleaning in acetone, as well as the com-

ponents of the sample holder it will be mounted in. Once initially cleaned and

degreased, the sample is then introduced to the Multiprobe system through

the loading chamber. Once under vacuum, the sample is transferred to the

main analysis chamber, where additional cleaning is carried out with cycles

27
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of Ar+ ion bombardment and annealing via electron bombardment. Once

clean, the surface characteristics of the sample are investigated using X-ray

Photoelectron Spectroscopy (XPS), Ultraviolet Photoelectron Spectroscopy

(UPS), Scanning Tunneling Microscopy (STM) and Low Energy Electron

Di�raction (LEED) if the sample is a single-crystal. Quantum E�ciency

(QE) measurements can also be taken at this stage with the 266 nm laser.

After surface characterisation, the sample is then transferred from the mul-

tiprobe system to the Photocathode Preparation Facility (PPF) via a vac-

uum suitcase. The sample can then be transferred to the Transverse Energy

Spread Spectrometer (TESS) where MTE measurements are performed.

2.1 The Photocathode Preparation Facility

Before reaching the TESS chamber itself, samples �rst go through the PPF

[55] as seen in �gure 2.1. This series of chambers were part of a photoinjec-

tor upgrade for the ALICE accelerator [56] as a means to clean samples and

prepare III-V GaAs photocathodes. As such, it is able to achieve XHV con-

ditions for photocathode storage between experiments in the TESS chamber.

Each chamber can be isolated from one another with the use of metal gate

valves. The PPF is equipped with the following, as annotated in �gure 2.1.

The facility as a whole consists of three chambers. A photocathode sample

is brought to the loading chamber via connecting the vacuum suitcase to the

top of the chamber, where the �rst of two magnetic transfer arms can remove

samples from the suitcase for transfer through the PPF. The loading chamber

is pumped down with a combination of a scroll pump and turbo pump, before
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Figure 2.1: The Photocathode Preparation Facility where cathodes are pre-
pared and processed before experiments are carried out in the TESS. The
annotations correspond to the following: 1) A Hydrogen gas cracker source.
2) Hiden IG5c Cs surface ion source. 3) Electrically isolated calibration plate.
4) Rotary drive for the activation chamber sample carousel. 5) QE measure-
ment station using LED laser sources.

being left to pump purely by means of an ion pump, typically reaching base

pressures of 10� 9 mbar.

The cleaning chamber is used to further clean and process cathodes with

two methods of cleaning, typically sitting at a base pressure of 10� 10 mbar.

The �rst cleaning method is through radiative heating up to 600� C with the

use of a shielded halogen bulb. The second method, which is ideally used in

conjunction with the �rst, is hydrogen gas cracking where hydrogen molecules

are passed thorough a thermal gas cracker to generate highly reactive hydro-

gen atoms for a short period of time. This method provides a gentle chemical

clean of the surface, as the hydrogen atoms interact with oxides and carbides



Chapter 2. Experimental Techniques 30

on the surface to form hydroxides and hydrocarbons that are then pumped

away. Lastly, the cleaning chamber was chosen as the location to house the

Cs ion source, used in later experiments, due to its cleaning facilities and the

chambers fast recovery time.

The third and �nal chamber of the PPF is the activation chamber. Orig-

inally designed for the activation of III-V GaAs photocathodes the chamber

was designed with very stringent requirements for the vacuum condition,

due to how sensitive they are to residual gases in the chamber. In this

chamber, base pressures of 10� 12 mbar are maintained through the use of

a noble-electrode ion pump and eight NEG strips, with the chamber only

being vented if absolutely necessary. The chamber is unable to achieve lower

pressures due to outgassing of the materials within the chamber, as well

as limitations in the pumping capacity. The activation chamber contains a

carousel with a capacity for 6 photocathodes, with the carousel being able

to be aligned to a second magnetic transfer arm for sample transfer into the

TESS chamber. Alongside this, there are two 250 W halogen bulb heaters

for further sample cleaning up to 600� C. As well as a QE measuring system

using modulated, eye safe, LED lasers of low power (< 1 mw � 0.005 mW).

With the use of a lock-in ampli�er for phase sensitive measurements, the

QE of a photocathode can be measured at: 405; 532; 635; 670; 780 and 808

nm. With the current highest QE measured using this system being 16 %

on NEA-GaAs photocathodes [44].
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Figure 2.2: The TESS layout. The annotations in the �gure corresponding to
the following: 1) Cooling pipes for the cryogenic reservoir. 2) Sample stage
mounted on a large Z-drive. 3) Piezo-electric leak valve with purging line.
4) High voltage connections for the detector. 5) Mounted PCO.2000 CCD
camera.

2.2 Transverse Energy Spread Spectrometer

The TESS, shown in �gure 2.2, is an experimental facility developed by

Daresbury Laboratory. The system is designed to measure the transverse

and longitudinal energy spreads of photocathode electron sources while un-

der illumination at a speci�c wavelength. The TESS incorporates a liquid

nitrogen cooling loop, seen in �gure 2.3, which can cool cathodes down to 170

K. This gives the ability to characterise the operational performance of the

chosen photocathodes candidates and compare them directly at room and

cryogenic temperatures. The chamber is operated at base pressures of 10� 11

mbar.

Figure 2.3 shows the TESS detector itself in more detail. The initial de-
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Figure 2.3: Cut-away of the upgraded TESS detector.(Left) An overview
without the vacuum chamber and the mu{metal magnetic shield and cathode
holder cut away to aid clarity. (Right) An exploded view of the detector.
[Image is reproduced from [40]]

sign of the TESS instrument was utilized as a general purpose detector, that

would image the photoemission footprint of semiconductor photocathodes

[57]. In order to do this, the detector originally had three independent grid

meshes with a 2-stage MCP (microchannel plate) electron multiplier1 along

with a phosphor screen, using a sensitive camera to image the photoemission

footprint.

The modi�ed detector uses a single grid, improving the transmission of

emitted electrons. The photocathode is illuminated with a broadband Ener-

getiq EQ{99 laser-driven plasma light source, which is coupled to a Bentham

TMC300 monochromator. This o�ers access to UV wavelengths, allowing

photocathodes to be investigated at illumination wavelengths between 230

nm - 850 nm. This modi�cation allowed the TESS detector to transition from

1Hamamatsu F1094-01 2-stage
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predominantly measuring high QE negative electron a�nity semiconductor

cathodes, to covering metallic and positive electron a�nity semiconductors

as well. The detector itself is mounted on a z-translation stage, which allows

the drift distance between the front of the detector the cathode surface to

be varied. Facing the phosphor screen is a PCO.2000 CCD camera2, which

has a 2048 x 2048 pixel array, images the photoemission footprint over a set

duration.

The energy resolution for data acquired from the TESS system, is related

to the number of pixels along the radius of the center of the photoemission

footprint. This typically leads to energy resolutions of� 2 meV, depending

on the instrument settings. However, this data is a�ected by uncertainties in

the fundamental resolving power of the system and the inherent measurement

uncertainties that arise from several sources and impact the calculation of

MTE. All of these uncertainties and errors for the TESS system are described

in detail by Joneset al in[40, 58].

2.2.1 Optical Setup

Figure 2.4 shows the optics setup used in the TESS experiment and how it

is transported to the photocathode. A laser-driven plasma provides a high

intensity broadband light source, which is coupled to a monochromator, using

o�-axis parabola mirrors. Once inside the monochromator, the light is passed

through multiple di�raction gratings to achieve the illumination wavelength

that is being used in the experiment. The bandwidth of the monochromated

light is determined by the output aperture of the monochromator. For the

2PCO 2000 - www.pco.de/scienti�c-cameras



Chapter 2. Experimental Techniques 34

Figure 2.4: Optical con�guration of TESS and the beam transport to the
photocathode under test. [Image taken and updated from [40]]

purposes of my experiments, a 0.75 mm aperture was used, producing a

bandwidth of � 3 nm.

The optical board then captures a portion of the monochromator output,

transferring the image from the aperture to the photocathode surface under

test and de-magnifying the image to a focused point. This is done through

the use of 
ipping mirrors where the beam is manipulated and characterized.
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Firstly to the beam pro�le camera, which has the same path length as the

photocathode, to verify the spot size of the light falling onto the photocath-

ode. Secondly to a high sensitivity optical power meter. The measurements

taken by the power meter are corrected in the data acquisition program to

account for transmission through the sapphire window into TESS.

Knowledge of the optical power of the light falling onto the cathode sur-

face is crucial, as this is an important measurement for the relative QE

calculations discussed later in this chapter.
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2.2.2 Data Acquisition

In order to take a measurement with the TESS detector, a program had to

be developed in order to communicate to all of the necessary components.

The data acquisition program to operate TESS was developed by L.B. Jones

using LabVIEW and has incorporated additional features as they have been

required. The �gure 2.5 shows a screenshot of the program, with the com-

ponents that can be used to set and monitor a few key parameters:

1. Voltages for the photocathode source, grid, the 2-stage MCP and phos-

phor screen. This allows the program to control the level of acceleration

applied to the emitted electrons, as well as how much gain is applied

onto the signal.

2. The illumination wavelength controlled through the monochromator in

steps of 1 nm.

3. The power readout from the optical power meter.

4. The Z-stage gap which determines the drift distance between the pho-

tocathode and the grid and writes it to �le.

5. The camera exposure time - this sets how long the camera takes each

dark image and data image for, in a range of 1 s to 120 s.

6. The data acquisition startup. Here it is possible to toggle whether

dark images are required, the amount of repetitions the program will

go through and how long to wait between each iteration.

7. The noise reduction settings, where it is possible to set a pixel cap,

helping to prevent hot pixels in the data recorded.

8. Photoemission image �le options.
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9. TESS vacuum chamber pressure. It is possible to record a base pressure

and output a log �le for 
uctuations during experiments.

10. DAQ camera image, showing an example photoemission after capturing

a data image.

11. Intensity parameters, which help to compare changes in the illumina-

tion wavelength, data max and total intensity of the photoemission.

Using a photoemission footprint and the associated dark image, the MTE

can then be extracted using a program designed by L.B. Jones. By subtract-

ing the dark background image from the data photoemission image pixel-

by-pixel we are able to see the true photoemission. In order to extract the

MTE, �rst the centroid of the photoemission is determined, which allows the

extraction of a RDF (radial distribution function). With knowledge of the

DAQ camera mm-to-pixel calibration, the RDF scale can be converted from

pixels to millimeters. Then, after calculating the emitted electrons time of


ight, we are able to convert the distance to energy. Through the work done

by D.P. Juarez-Lopez3 and L.B. Jones [40] a 10% uncertainty is attributed

to all MTE measurements due to the compounded errors presented in the

setup.

2.2.3 Relative QE Calculation

In addition to MTE measurements, the image intensities obtained in a stan-

dard TESS experiment can be used to estimate the relative change in QE

over the course of an experiment. This estimation is calculated using the

3Juarez Lopez, David (2021)https://livrepository.liverpool.ac.uk/3127323/
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overall detector chain settings and the measured optical power falling on the

photocathode. The basis of the relative QE estimate crucially relies on the

linearity of the detector chain. This necessitated an experiment to determine

if the detector was operating in a linear regime. For this, TESS measurements

of a fully characterised Ag sample were taken.

Figure 2.6: Image intensity of a Ag photocathode photoemission footprint,
as a function of the di�erence in the 2-step MCP voltage.

As seen in �gure 2.6, a uniform response in the detector chain was ob-

served when increasing the voltage di�erence within the 2-stage MCP. It

was found that the gain doubled for each increase 45:4 � 0:4 V. The gain is

therefore described by eq.2.1:

MCP Gain = 2
�MCP

45:4 ; (2.1)

where �MCP is the voltage di�erence between the MCP back plate and the

MCP front plate. The estimated relative QE for each wavelength is then
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calculated using eq. 2.2:

Relative QE =
Corrected Image Intensity
t � (P � T) � MCP Gain

; (2.2)

where the Corrected Image Intensity is de�ned as the intensity of the image

after the dark image has been subtracted from the data image,t is the

exposure time and (P � T) is the power of the light falling on the cathode,

whereP is the power of the light source as measured by the power meter and

T is the transmission of the uncoated sapphire viewport. Combined with a

direct QE measurement from the PPF or Multiprobe at one of the TESS

illumination wavelengths investigated, and the relative QE determined for

each TESS measurement, it is possible to calculate a QE at any measured

illumination wavelength for a tested photocathode.

2.3 Vacuum Suitcase

In order to transfer samples between the Multiprobe system and the TESS

experiment, the use of a vacuum suitcase is required, which helps maintain

prepared surface conditions. Originally designed in Daresbury Laboratory

for a collaboration with CERN, the suitcase design is centred on a small 4-

way cross vessel with a gate valve providing vacuum isolation. The suitcase

houses a magazine with the capacity to hold up to 4 photocathodes mounted

on 19 mm OmiCron sample plates which are inserted into the ALICE PPF

style adaptors, as shown in detail in Fig. 2.7 (left and right). The magazine

is mounted on a magnetic linear transfer arm. The suitcase incorporates a
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combined ion/NEG pump4 as can be seen in Fig. 2.7 (top).

Figure 2.7: (Top) Schematic of the XHV vacuum suitcase.(Left) Pho-
tocathode magazine with a capacity for up to 4 photocathodes.(Right)
Schematic detail of the OmiCron style 
ag holder used in Multiprobe, with
the ALICE PPF style adaptor used for TESS.

The NEG pump was conditioned following the baking of the system,

thus maximising the gas capacity of this device. During transfer from the

Multiprobe system to the TESS experiment, the ion pump of the suitcase

would be turned o� and the pressure maintained with the NEG. Transferred

cathodes experience minimal gas loads, with the suitcase settling with a base

pressure in the 10� 10 mbar regime when the ion pump was switched on.

4SAES Getters NEXTorr D100-5.
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2.4 The Multiprobe System

The Multiprobe system is a surface analysis suite consisting of 4 chambers

as shown in �gure 2.8, which shows a numbered picture of the system. The

loading chamber for Multiprobe consists of a seven-way cross, that houses a

magnetic transfer arm for moving samples to the other chambers. One port is

connected to a smaller six-way cross that houses a pirani gauge5 and a cold-

cathode gauge6 for pressure monitoring. The top viewport of the loading

chamber also acts as the connection point between the Multiprobe and the

vacuum suitcase discussed in section 2.3.

At atmospheric pressure, the fast-entry port can be opened and the pho-

tocathodes, mounted on OmiCron 
ag-style holders, are loaded onto the end

of the transfer arm. The loading chamber is pumped by means of a turbo

molecular pump backed by a scroll pump, allowing the chamber to reach base

pressures of 10� 9 mbar to 10� 10 mbar ranges, which is the ideal pressure to

open the gate valve to the main analysis chamber for sample transfer.

The main analysis chamber on Multiprobe, which sits at a base pressure of

10� 10 mbar, combines surface preparation and surface characterisation tech-

niques, which can be isolated from the other chambers for laser safety during

operation. This is done through the use of ZnSe viewport windows which do

not transmit UV wavelengths of light, and by sealing the chamber with two

metal gate valves, e�ectively making the chamber UV safe. Sample surfaces

into the chamber can be analysed with XPS, UPS and QE measurements.

The Multiprobe system includes dedicated chambers for LEED and STM/AFM

5MKS 317 Bakeable Convection Pirani Sensor
6MKS 422 Cold Cathode Sensor
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Figure 2.8: The Multiprobe surface analysis suite used for surface charac-
terisation of photocathode candidates. The annotations correspond to the
following: 1) Fast-entry port. 2) ZnSe Viewport. 3) Charge collector. 4)
Argon ion gun. 5) Crylas FQSS 266-Q4 diode laser system.6) A Thermo
Scienti�c Alpha 110 hemispherical analyser.7) A PSP Vacuum Technology
Model TX400 dual anode X-Ray source.8) A VG helium discharge lamp.
9) A Prevac Heat3-PS for electron bombardment annealing.

imaging which, when isolated, are pumped separately by a combined ion/NEG

pump, reaching a base pressure of below 10� 10 bar.
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2.5 X-Ray Photoelectron Spectroscopy and

Ultra-violet Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy

for Chemical Analysis (ESCA), and Ultraviolet Photoelectron Spectroscopy

(UPS) are both powerful surface-sensitive analytical techniques used for prob-

ing the electronic structure and chemical composition of materials [59]. The

main principles are based on the photoelectric e�ect described in chapter 1.

While XPS uses X-ray photons to eject core electrons from an atom, UPS

employs ultraviolet (UV) light to eject valence electrons. Both techniques

measure the kinetic energy of the ejected electrons to determine their bind-

ing energies. Providing insights into the material's properties to determine

information on the chemical species and chemical bonding in a material, as

well as its workfunction.

XPS utilizes a high-energy X-ray source (such as aluminum or magnesium

K� radiation) to irradiate a material, causing the ejection of core-level elec-

trons. These ejected electrons escape into the vacuum and are collected by

an electron analyser, which measures their kinetic energy and intensity. This

information helps identify the elements present in the sample and their chem-

ical states, observing chemical shifts in the binding energy of core electron

states due to changes in bonding. For instance, oxidation in copper with-

draws valence electrons, reducing the shielding of core electrons and thereby

increasing their binding energy, which is indicative of a di�erent chemical en-

vironment [60]. As this technique has a depth of analysis of a few nanometers,

it is an ideal choice for determining the surface composition of the samples
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investigated in this thesis.

Similarly, UPS employs a UV light source, typically He I or He II sources

(21.22 eV and 40.8 eV, respectively), to excite electrons from the valence

band of a material. These electrons are typically detected from a depth of

1-2 nm from the surface, based on the source energy. The emitted electrons

are then collected, and their kinetic energy is measured using a hemispherical

analyser, as in XPS. This measurement of kinetic energy allows for the de-

termination of the binding energy of electrons in the valence band, providing

insights into the material's surface electronic structure. Both XPS and UPS

are essential in revealing the electrostatic interactions between electrons and

the nucleus, which can be in
uenced by the removal or addition of valence

electrons, thereby o�ering a detailed understanding of the sample's chemical

and electronic characteristics.

2.5.1 Initial and Final State E�ects

Both initial and �nal state e�ects are crucial for the accurate interpretation

of XPS and UPS data [61]. Understanding these e�ects allows the precise

determination of the binding energies of electrons, which in turn reveals de-

tailed information about the chemical and electronic structure of the material

being analysed.

For both XPS and UPS, the initial state e�ects include chemical shifts and

crystal �eld e�ects which in
uence the binding energy of electrons. These ef-

fects are determined by the chemical environment and the electronic structure

of the atoms. The �rst e�ect, mentioned previously, is related to changes in

the chemical environment (e.g, oxidation states), which result in variations in
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electron binding energies. This allows for the di�erentiation between chemi-

cal states of the same element. Secondly, the electron binding energy can also

be a�ected by the crystal structure, which alters the electron orbital energies

through the crystal �eld splitting. Although this is typically for transition

metals [62].

There are phenomena that occur after the ejection of an electron from

an atom or molecule, in
uencing the measured kinetic energy of the ejected

electron and, consequently, the calculated binding energy. We call these �nal

state e�ects. One of these e�ects is the relaxation energy, which is the energy

released due to the rearrangement of electrons after one electron is ejected.

Another �nal state e�ect is surface charging, which is especially relevant

for XPS and UPS, particularly when trying to measure insulators. As the

buildup of positive charge on the surface alters the kinetic energy of any

ejected electrons.

2.5.2 Sensitivity and Uncertainties in XPS and UPS

The sensitivity of detection in XPS is generally high, capable of detecting

elements at concentrations as low as 0.1 atomic percent (1.0 at.%), this can

be written as 1 parts per thousand (ppt), depending on the element and

the matrix it is in. The sensitivity varies across the periodic table, with

heavier elements typically having higher sensitivity due to their more intense

core-level signals.

In UPS the sensitivity is a measure of the technique's ability to detect

and quantify the presence of elements and their speci�c electronic states,

particularly in the valence band of materials. UPS is highly sensitive to
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surface phenomena due to the low penetration depth of UV photons and the

emitted electrons, making it an excellent tool for studying surface chemistry,

electronic states, and thin �lms.

The accuracy of binding energy measurements and composition determi-

nation in XPS and UPS can be a�ected by several factors:

1. Variations in the calibration of the spectrometer can introduce errors

in kinetic energy measurements.

2. In-homogeneity in the sample can lead to variations in the measured

binding energies and composition.

3. Surface contamination can mask the true chemical state and composi-

tion of the material.

4. Improper charge compensation in XPS, particularly for insulating ma-

terials, can lead to inaccurate binding energy measurements.

To limit the level of uncertainty in XPS and UPS, rigorous calibration

of the spectrometer is required. Typically on clean Cu, Ag and Au foils, in

order to determine the energy scale calibration, pass energy alignment and

transmission functions of the spectrometer across all pass energies. This is

done so that the kinetic energy calculations and the quanti�cation of chemical

environments are calibrated.

To address the issue of improper charge compensation, several strate-

gies can be employed depending on the conductivity of the material under

study. These strategies ensure that any positive charge buildup on the sam-

ple's surface is adequately neutralized, thereby preventing distortion in the

measurement of binding energies.
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For conductive materials, an e�ective charge compensation method in-

volves grounding the sample. By establishing a direct electrical connection

between the sample and the earth, a pathway is created for electrons to 
ow

freely. This electron 
ow counteracts any accumulation of positive charge

on the surface, maintaining the sample at a neutral charge state throughout

analysis.

In the case of insulating materials, or those that possess insulating layers,

achieving charge neutralisation requires a di�erent approach. Charge neu-

tralization in such cases is accomplished by bombarding the materials surface

with low-energy electrons or negative ions. This technique o�sets the positive

charge that tends to accumulate when insulating materials are subjected to

X-ray or UV photon bombardment [63].

2.5.3 Determining Work Function Using XPS or UPS

The work function, which is the minimum energy needed to remove an elec-

tron from the surface of a material to a point in the vacuum immediately

outside the surface, can be determined using either XPS or UPS. For UPS,

the work function is directly measured by determining the cuto� in kinetic

energy of the photoemitted electrons. By knowing the photon energy of the

UV light and measuring the kinetic energy of the electrons at the threshold,

the work function can be calculated.

In XPS, the work function is not directly measured, but it can be inferred

from the binding energy measurements and the known photon energies. This

involves a more complex analysis, including understanding the material's

Fermi level and the spectrometer's calibration. Both XPS and UPS provide
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valuable insights into the chemical and electronic structure of materials. Un-

derstanding the nuances of these techniques, including the e�ects on binding

energy determinations and the methodological uncertainties, enhances their

utility in material science research.

2.6 Scanning Tunneling Microscopy

Scanning Tunneling Microscopy (STM) is a powerful technique which can

be used to image and manipulate individual atoms and molecules at the

nanoscale level. STM works by scanning a sharp metal tip over a conducting

sample surface at a very close distance, typically less than one nanometer.

An applied voltage between the tip and the sample generates a tunneling

current, which is highly sensitive to the distance between the tip and the

surface.

The STM tip itself is mounted on a piezoelectric scanner, which can pre-

cisely move the tip over the surface in three dimensions. This movement

is monitored by a feedback circuit that adjusts the tip-to-sample distance,

maintaining a constant tunneling current. The resulting image is a topo-

graphic map of the sample surface, which can reveal the atomic structure,

chemical properties of the material and importantly for later chapters, the

surface roughness.

Surface roughness with STM is determined by analyzing the topographic

map generated from the technique. The roughness is typically quanti�ed by

statistical parameters, such as the root mean square (RMS) roughness or the

average roughness (Ra). These parameters are calculated from the height



Chapter 2. Experimental Techniques 50

variations along the surface captured in the STM data. The RMS roughness

is calculated as the square root of the average of the squared deviations

from the mean surface height. The average roughness represents the average

absolute deviation from the mean surface height across a speci�ed area.

There are uncertainties that can occur with STM measurements. The

�rst of which is tip convolution e�ects. The �nite size and shape of the

STM tip can lead to convolution e�ects, where the measured surface features

are a combination of the actual surface topography and the tip geometry.

This can lead to an overestimation or underestimation of surface roughness,

especially for surfaces with steep or sharp features. The second e�ect which

can impact measurements is noise and drift. This is in the form of electronic

noise, thermal drift, and mechanical vibrations which can introduce errors

in the height measurements. This can a�ect the accuracy of the roughness

parameters.

The way these uncertainties can be mitigated, is through the use of a

well-characterized, sharp STM tip. Employing rigorous data processing and

analysis methods, including correcting for tip e�ects and �ltering noise. As

well as eliminating vibrations through the instrument - this is typically done

by having the STM stage mounted on a vibration isolator.



Chapter 3

Characterisation of Caesium

Telluride Photocathodes

Manufactured at CERN

In this chapter, I present the data of 4 caesium telluride cathodes synthesized

at CERN and characterised at STFC Daresbury Laboratory. The character-

isation involved measuring the surface composition of each cathode using

X-Ray Photoelectron Spectroscopy (XPS), surface roughness measurements

with an in{vacuum Scanning Tunneling Microscope (STM), and Quantum

E�ciency (QE) measurements on the Multiprobe system. Performance anal-

ysis was carried out on the TESS at room temperature and cryogenic tem-

peratures, extracting the Mean Transverse Energy (MTE) of each cathode

from their Transverse Energy Distribution Curves (TEDC).

The surface characterisation work and their respective �gures were carried

51
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out by Chris Benjamin in the Multiprobe system, with further performance

discussion and analysis with Hugh Churn. This data is fundamental to com-

plement this chapter for discussion, in order to arrive to the conclusions that

I do.

3.1 Introduction

Four copper substrates were prepared as described in section 2 and shipped

from Daresbury Lab to CERN. The four Cs-Te samples were synthesized

at room temperature as seen in �gure 3.1 and detailed in table 3.1, before

being transported back to Daresbury Lab while under vacuum inside the

vacuum suitcase, as described in section 2.3. They experienced pressures of

below 1� 10� 10 mbar for the majority of the journey, for a total cumulative

exposure of 0.85 L by the time the samples arrived on-site at Daresbury Labs.

These cathodes were �rst loaded and stored in the Photocathode Prepa-

ration Facility (PPF) described in section 2.1, but experienced a period of

worse vacuum conditions, of up to 5� 10� 9 mbar during transfer to and from

the PPF. Each sample was �rst transferred to the TESS chamber, which

had a vacuum level of 2� 10� 11 mbar during measurements, in order to ac-

quire both room and cryogenic MTE data. The cathodes were then moved

in-vacuum for surface characterisation (with the exception of the P5 cathode

which was exposed to atmosphere) in the Multiprobe system described in

section 2.4.
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Figure 3.1: Pictures of the 4 CsTe cathodes investigated as-seen in when
loaded into the PPF under the same lighting and camera conditions, where
(a) is Cathode P5, (b) is Cathode P6, (c) is Cathode P7 and (d) is Cathode
P8

The �rst impressions on seeing the unloaded cathodes was a mixed one,

due to the variation seen in the optical colour of the surfaces. We see how-

ever that there was more to these di�erences than what could be seen by eye.

This chapter will show the characterisation of each cathode shown in �g-

ure 3.1 along with justi�cations linking the variability seen in the deposition

thickness data, shown in table 3.1 and �gure 3.2, with the performance data

and the surface characterisation data of each individual cathode. Before each
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Photocathode Cs Te Cs:Te
thickness [nm] thickness [nm] thickness [nm] ratio

P5 (50.4) 37.6 12.8 2.9:1
P6 (120.3) 86.6 33.7 2.6:1

P7 (77.4) 57.2 20.2 2.8:1
P8 (64.1) 38.2 25.9 1.5:1

Table 3.1: Final elemental deposition thickness values for each photocath-
ode. The overall Cs:Te ratio is shown for reference, which may not directly
correlate to the elemental ratio on the surface.

cathode was investigated in the TESS, a set of calibration measurements were

made in order to determine the initial parameters.
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Figure 3.2: Critical deposition parameters and photocurrent recorded during
the synthesis of Cathodes P5(a)� P8(d).
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3.2 Experimental Details

3.2.1 Deposition at CERN

CERN's photoemission laboratory uses a co-deposition process to synthesize

Cs-Te photocathodes. Co-deposition methods are known to yield more pho-

tosensitive photocathodes when compared to sequential deposition methods

[64{66], one possible factor being reduced contamination from residual gasses

[67]. The deposition rates are independently controlled by their respective

dispenser power supplies, via resistive heating. A pair of quartz microbal-

ances monitor the deposition thickness of Cs and Te separately. When not

in operation, the preparation chamber is typically maintained at a pressure

� 4 � 10� 11 mbar. Depending on the dispenser temperatures, the pressure in

the preparation chamber could rise up to 5� 10� 7 mbar during the deposition

process. Further detail on CERN's photoemission laboratory's apparatus and

methods are described in Ref. [68, 69].

A batch of four Cs-Te photocathodes, viz. Cathodes P5! P8 (Cathodes

P1� P4 correspond to the Phase I trial [70]), were synthesized on four dif-

ferent days. Each substrate puck was extracted from the vacuum suitcase

and transferred into the photocathode preparation chamber for the Cs-Te

deposition process, and then transferred back into the suitcase. The pucks

were exposed to atmosphere during the re-commissioning of the prepara-

tion chamber before photocathode deposition, but they remained in UHV

after the deposition. Loading substrates from atmosphere matches CERN's

standard procedure for the deposition of Cs-Te photocathodes, and there-

fore makes this work a better comparison with previous results [71]. For
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each photocathode, the deposition process started with stabilizing Te depo-

sition rate to � 0.1 nm/min before introducing the Cs vapor. The Cs and

Te deposition rates were gradually increased by the operator to maximize

the photocurrent, by controlling the respective dispenser currents. The de-

position was stopped using a shutter when the photocurrent appeared to not

improve despite deposition rate adjustments.

The synthesis parameters for each photocathode were recorded in real

time at a data-acquisition rate of 2 Hz. The corresponding data relating

to Cs and Te deposition rate and thickness and photocurrent are displayed

in �gure 3.2. The elemental deposition rates were numerically computed

based on the thickness values. For better visualization and without loss of

validity, a 10-point moving average was applied to the deposition rate and

photocurrent curves in the plots. Only the critical and �nal thirty minutes

of deposition parameters are displayed in �gure 3.2, where the time value `0'

corresponds to the end of deposition. Since the deposition rates are adjusted

manually to maximize the photocurrent, each photocathode may exhibit dif-

ferent thickness and QE subjected to the operator's judgment regarding when

the deposition process should be terminated. The notably high photocurrent

baseline for Cathode P8 in �gure 3.2(d) is attributed to spurious electron

emission from other coated surfaces. Over time, such spurious emission is

overridden by the real photocurrent from the photocathode. Therefore, spu-

rious emission does not signi�cantly a�ect photocurrent optimization.

The �nal elemental thickness values recorded for each photocathode are

summarized in table 3.1. The substrate temperature for each photocathode

is simply the ambient temperature that day; no substrate heating was used.
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3.2.2 X-Ray Photoelectron Spectroscopy

Analysis was carried out in the Multiprobe surface analysis chamber where

survey and core region spectra were acquired using a pass energy of 50 eV

and 20 eV respectively. The calibrations of the spectrometer were checked

before analysis was carried out. All XPS spectra were acquired after the

MTE data was collected. All but the P5 cathode, were transferred using

a vacuum suitcase system with maintained pressures below 1� 10� 10 mbar.

Analysis was carried out with the CasaXPS software using a mix of Gaussian-

Lorentzian functions and a standard Shirley background across all cathodes

for all spectra discussed.

All reference binding energies used for �tting were acquired from the

NIST X-ray Photoelectron Database[72]. Relative Sensitivity Factors (RSFs)

derived from the Sco�eld cross-sections [73] were used to scale the peak areas

such that the intensity is relative to the C 1s. This facilitated meaningful peak

�tting and elemental composition analysis.

3.2.3 UHV Suitcase Transport

Using the vacuum suitcase described in section 2.3, transportation of the ini-

tial copper substrates to CERN, and the transportation of the grown Cs-Te

cathodes back to Daresbury Laboratory was possible. Pressure logging was

achieved by logging the ion pump drain current in the ion pump driver via

the external voltage{current data logger1, and using appropriate calibration

factors between current and pressure. Figure 3.3(a) shows the pressure pro-

�le and the corresponding residual gas dose delivered (langmuir [L]) to the

1Chauvin Arnoux L452
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Figure 3.3: Pressure pro�le inside the UHV suitcase and the corresponding
gas dose delivered as a function of time, during transport form Daresbury
Laboratory to CERN (loaded with substrate pucks) (a) and from CERN to
Daresbury Laboratory (loaded with �nished photocathodes) (b).

substrate pucks during the overland transit of the suitcase from Daresbury

Laboratory to CERN as a test-run. In order to minimize mechanical jerks

during the transit, the suitcase was transported on a dedicated commer-

cial vehicle with air-cushioned suspension. Figure 3.3(b) shows the pressure

and integrated gas dose delivered to the �nished photocathodes during their

transit from CERN to Daresbury Laboratory; this return transport data cor-

responds to longer time of transit due to logistical delays. The pressure spikes
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in the �gure correspond to the mechanical jerks caused during the transport

while the 
at regions correspond to stops and periods of rest.

It should be noted that �gure 3.3(a) corresponds to absence of the NEG

cartridge; the improvement in vacuum in �gure 3.3(b) is attributed to the

addition of the D 50 NEG cartridge. The plots in �gure 3.3 had negative

pressure (voltage) values as recorded by the data logger, whose source of

origin had not been identi�ed. These negative values are forced to zero in

the �gure, assumed to be spurious. Therefore, the pressure and gas dose data

shown in �gure 3.3 represents the optimistic case, contrary to incorporating

a positive pressure o�set to compensate for the negative values, for instance.
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3.3 Experimental Results

3.3.1 Roughness Analysis

Cathode Position RMS,Rq [nm] � 9.7 % Mean,Ra [nm] � 9.8 %

P5 1 6.1 4.5
2 12.3 10.5
3 11.1 9.0

P6 N/A N/A N/A

P7 1 11.1 8.8
2 8.1 6.8
3 5.4 4.2

P8 1 5.0 4.1

Table 3.2: STM surface roughness measurements over a 500� 500 nm2 area
for the P5{P8 photocathodes.

Surface roughness was measured for the P5, P7 and P8 cathodes by an

in-situ STM. Three positions were investigated, with Position 1 being the

centre of the photocathode under test, position 2 being displaced radially to

approximately 0.75 mm from the centre, and position 3 being the furthest

displacement possible from the centre at approximately 1.5 mm. Table 3.2,

displays the RMS and mean surface roughness for each position calculated

using Gwyddion [74] with a de�ned plane level. Figure 3.4 shows the source

images used to produce the �gures for table 3.2. The surface roughness data

obtained shows that the level of roughness remained very low after deposition,

with the measured values ofRa and Rq being similar to the copper substrates

prior to dispatch from Daresbury Laboratory.
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