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Abstract
Physics Department

Doctor of Philosophy

Characterisation of High–Performance Electron Sources for Particle
Accelerators using a Transverse Energy Spread Spectrometer

by Pavel Juarez

Electron beams have demonstrated to have the brightness needed to drive
free–electron lasers (FEL) at X–ray wavelengths. These state-of-the-art elec-
tron beams are now becoming limited by achieving a low mean transverse
energy (MTE) at room and cryogenic temperatures of electrons emitted from
photo–cathode–based electron sources. Reducing the MTE in an accelerator
which drives a FEL delivers a significant reduction in the saturation length
for an X–ray FEL, thus reducing the machine’s construction footprint and
operating costs whilst increasing X–ray beam brightness.

In this thesis I present in detail the commissioning of a transverse energy
spread spectrometer (TESS) following substantial upgrades to this system.
The commissioning work uses data for single–crystal copper photocathodes
illuminated at various wavelengths supported by a comparison to predi-
ctions from a sophisticated density–functional theory simulation. Additional
data for single–crystal zirconium and niobium is presented at different wave-
lengths and temperatures with comparison to simulation values.

I also present details of the complete characterisation of a batch of al-
kali metal photocathodes grown at CERN and transported to Daresbury to
utilise the TESS instrument. This batch comprised three caesium tellurium
and one caesium potassium antimony photocathodes grown on high–purity
polycrystalline copper substrates via a co-deposition process, none of which
had previously been characterised in such detail.
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Chapter 1

Introduction

1.1 Introduction

Electron beams have a long history of application, and have paved the way to

many new scienti�c discoveries. One inception could be the famous Frank-

lin's 1752 experiment with the kite in the lightning storm that showed that

lightning is a discharge between clouds and the ground, later inspired other

scientists to produce electric currents through various dilute gases in sealed

glass tubes. Among these, in the 1870's, was Sir William Crookes, the inven-

tion is known today as the "Crookes's tube", diluted gases in a sealed glass

tubes under very low pressure and with electrodes inside near each end (the

forerunner to neon lights and televisions). The apparatus was named catho-

de ray tube, this tube was used in 1897, by the English physicist Joseph John

Thomson (J. J. Thomson) which showed that the cathode rays were particles.

He created narrow beams of cathode rays an measured their de�ection in

electric and magnetic �elds. From its measurements of the de�ection of the

beam, Thomson calculated the mass-to-charge ratio of the cathode-ray parti-

cle, which was soon thereafter named the electron. For establishing the exis-

tence of the electron, J.J. Thomson was awarded the Nobel Prize on physics

in 1906.

The use of cathodes as electron sources is common these days, but they

have been used centuries before to discover new properties of matter. After

J. J. Thomson the next to investigate the properties of electrons was Robert

Millikan, who calculated the mass of an electron, for this work in physics,

Millikan received the 1923 Nobel Prize.

The understanding of electrons sources brought discoveries which led

to the idea of a beam of elementary particles. Since then the development

of process for the production, acceleration, focusing and collection of such

beams has given rise to a growing number of facilities designed to produce
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a variety of particle beams for multiple purposes, these facilities are know as

particle accelerators.

Thermionic guns are electron sources such as the "cathode ray tube", in-

stead the thermionic guns are kept under low vacuum and �ll up with no

gasses, the electrons are produced by heating a �lament (cathode), and those

electrons are transported to a positive charge plate (anode). These ones with

relatively low energy are common in commercial applications such as: elec-

tron beam welding, electron beam heating, electron beam evaporation, elec-

tron beam lithography and cathode ray tubes, just to mention some. They

are also implemented in research techniques such as: electron diffraction.

In general terms, the electron source performance requirements depend

strongly on the accelerator application, for example particle accelerators such

as Free Electron Lasers (FELs), Energy-Recovery Linacs (ERL), advance X–

ray sources, high energy linear colliders and pump-probe experiments re-

quire high brightness electrons beams. In order to produce such high bright-

ness beams scientist uses photoinjectors, which are electrons sources with the

difference than photoinjectors emit electrons when light is shined on them

rather than increasing its temperature such as thermionic sources. The ex-

planation to this effect called "photoelectric effect" was published on a Nobel

Prize-winning paper in 1905 by Albert Einstein, in which he challenged the

wave theory of light by explaining how electrons are liberated when light

strikes on a photosensitive metal surface.

Thermionic injectors are inexpensive and relatively simple but its large

emission region reduce the beam quality, in some cases a "spatial �lter" might

be needed for radio frequency (rf) structure which might be inef�cient. In-

stead photoinjectors can be modulated by a laser an �tted in a rf–structure,

making powerful electron bunches, they present a bight electron beam and

can produce polarised electrons, photoinjectors demand a good vacuum and

the need of a laser.

1.2 ALICE accelerator

The Accelerators and Lasers In Combined Experiments1 (ALICE) was a pro-

totype accelerator which was designed and constructed at the STFC2 Dares-

bury Laboratory as seen in �g.1.1. The development of ALICE was a sig-

ni�cant milestone in the development of UK accelerator technology. ALICE

12010 ICFA Beam Dynamics Newsletter No.51, pages 161-170
2Science and Technology Facilities Council, part of UK Research and Innovation
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utilised a 350 kV DC gun based on a III-V GaAs photocathode to generate a

high–quality beam comprised of a series of short bunches, each several 10s

of picoseconds duration at a repetition rate of 81.25 MHz. This beam was fur-

ther accelerated to around 6.5 MeV by a superconducting L-band linear ac-

celerating (LINAC) module before passing into the main ALICE "racetrack"

ring. The main ring incorporated a second superconducting LINAC module

which increased the beam energy to around 27 MeV. The high energy beam

was used to drive an Infra–Red Free–Electron Laser (IR-FEL), after which the

FEL–disrupted beam passed through the main linear accelerating module a

second time where with careful control of timing, the beam was decelerated

and its energy recovered by the accelerating structure before the beam was

dumped at low energy.

FIGURE 1.1: ASTeC ALICE [stfc.ukri.org/research]

ALICE was the �rst Energy Recovery Linac (ERL) to be operated in Eu-

rope, and the electron beam was used to drive the UK's �rst FEL. The con-

trolled generation of synchrotron radiation in this way has been the primary

goal in the design and operation of electron accelerators since the mid 1970s.

The FEL process is the ultimate expression of this whereby the generation of

radiation is managed to such an extent that the radiation emitted by succes-

sive electron bunches has phase coherence so the overall output is coherent.

This is a key property which has previously only been possible to achieve

using quantum lasers, with the consequent limit on the wavelength achiev-

able, somewhere in the UV spectral range, with achievable power declining

sharply as wavelength is reduced. The advent of FEL accelerator technol-

ogy, and its up–scaling to suitable ener-gies has allowed us to build coherent



4 Chapter 1. Introduction

X–ray sources and start a new chapter in the evolution of accelerator–based

light sources.

1.3 Fourth generation light sources

Synchrotron radiation or magnetobremsstrahlungis electromagnetic radiation

which is generated when a charged particle beam is subjected to an acceler-

ating force. Relativistic electron beams produce prodigious amounts of syn-

chrotron radiation when they pass through a magnetic �eld and are de�ected

radially, as is evident from this rearrangement of the Lorentz force law:

F = mea = q(E + v � B)

a =
q

me
(E + c � B) for v � c

(1.1)

First observed around 1946, the properties of synchrotron radiation have

been extensively studied, and eventually it was recognised that electron ac-

celerators designed speci�cally for the purpose of generating this radiation

would provide the ultimate research tool for a huge range of scienti�c dis-

ciplines. Thus the concept of the electron synchrotronwas born, and over the

decades they have evolved in progressively more sophisticated generations.

In order to better understand these electron accelerators, must be consider

the concept of beam brightness and emittance. Brightness is de�ned as the

radiation concentration and is measured in photons/time/area/divergence

(ph/s/mm 2/mrad 2). Emittance is the product of the beam size and its diver-

gence, and though the formal unit is p -mm-mrad, the accelerator community

commonly uses simply mm as the shorthand version 3.

First generation storage rings are those built for high energy physics re-

search based on fast–cycling electron synchrotrons. These machines were

developed from the early 1950's to early 1970's, and produced synchrotron

radiation as a by–product.

The second generation are those built from the outset as light sources, i.e.

storage rings completely dedicated to synchrotron radiation (SR) research.

These machines were designed with many bending magnets to feed SR into

beam lines for experimental users, and featured much stronger focussing

than the �rst generation machines to increase beam brightness.

3The factor p is implied and often omitted in literature, and as radians are dimensionless
this too can be omitted
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The third generation of electron storage rings featured improved focus–

sing and shorter electron bunches, but most crucially they utilised insertion

devices placed in the long straight sections between the bending magnets.

Consequently these machines are generally larger than their second genera-

tion predecessors, but they are capable of producing much synchrotron ra-

diation from their undulator arrays which may be 10s of metres in length

and have integrated bend angles which are very large. With electron beam

emittance of about 5-10 nm, their undulators can reach brightness levels of

of 1020 ph/s/mm 2/mrad 2 4. The reduction in beam emittance results in in-

creased photon beam brightness, particularly at X–ray wavelengths. Pho-

toinjectors play a crucial role in further increasing beam brightness, and are

an important aspect of the fourth generation source technology.

A fourth generation light source differs crucially from earlier versions as

they are single–pass machines rather than storage rings. The basic concept

is to produce synchrotron radiation generated as a bunch of electrons passes

through a magnetic structure called "undulator". This step–change facilitates

a signi�cant increase in beam brightness which itself supports the use of FELs

optimised for speci�c areas of the UV and X–ray spectrum as the primary

radiation sources. Consequently these exceed the performance of previous

sources by 8 or 9 orders of magnitude [4GLS CDR reference, page 3-11], and

crucially they are capable of delivering coherent X–ray beams at power levels

not accessible using previous technology based on accelerators or quantum

lasers.

1.4 Free electron lasers

In order to generate electromagnetic radiation using the FEL process, high–

brightness electron bunches are produced in a photoinjector then accelerated

to high energy. With careful management of the beam properties through the

acceleration process, and the application of bunch compression techniques

at key stages to reduce the bunch length and increase the peak current, the

electron bunches are delivered to the FEL. In its most basic form, this is a long

array of permanent magnets arranged with alternating polarities, known as

an "undulator". In a long wavelength FEL operating perhaps in the IR range,

mirrors exist with high re�ectivity and thus the undulator can be at the centre

of an optical cavity and create a FEL in this way, with an out–coupling hole

4A brightness of 1020 ph/s/mm 2/mrad 2 is about 1013 times higher than that from
rotating–anode X–ray sources
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in one of the mirrors to allow some fraction of the radiation generated to exit

the cavity and propagate to the experimental area. At shorter wavelengths,

particularly in the X–ray regime where such mirrors do not exist, the FEL

process relies on Self–Ampli�ed Spontaneous Emission (SASE [1]).

In the SASE process, the synchrotron radiation generated at the beginning

of the radiator array generate an electric �eld which interacts with the elec-

tron bunches. This occurs because SASE scheme uses much longer undulator

sections than oscillator mode, forcing the electrons to bunch with this regular

spacing.

When they pass through later undulator sections, their emission is cohe-

rent with a huge amount of energy concentrated in a very narrow spectral

range which is dependent on the incoming electron beam energy and the

magnetic �eld to which this is exposed in the undulator sections.

FEL accelerator facilities generally operate over different spectral ranges.

For example: the ALICE test facility included an IR-FEL tunable over the

4–12mm range and what was the world's most powerful pulsed terahertz

(THz) radiation source; Jefferson Lab's Free Electron Laser5 was the world's

highest–power tunable IR-FEL achieving more than 114 kW; FELIX (Free Elec-

tron Lasers for Infrared eXperiments) 6 facility in Nijmegen is an international

user facility providing tunable radiation of high brightness in the mid– and

far–infrared as well as the THz regime.

Currently the European-XFEL 7 (X–ray Free Electron Lasers) generates ul-

trashort X–ray �ashes 27 000 times per second and with a brilliance that

is a billion times higher than that of the best conventional X–ray radiation

sources.

Many areas of science pro�t from these accelerator facilities such as medicine,

pharmacology, chemistry, physics, materials science, nanotechnology, energy

technology, and electronics. This due to the wavelengths of the X–ray �ashes

being so small that it is possible to research the composition and structure of

complex biomolecules and materials on the atomic scale.

With its special characteristics, XFELs produced ultrashort pulses and ul-

trahigh brilliance X–rays, XFELs allow scientist to map the atomic details

of viruses and cells, taking three-dimensional pictures of the nanocosmos,

�lming chemical reactions, and studying processes similar to those occur-

ring deep inside planets. This last one by studding matter under extreme

5www.jlab.org/free-electron-laser
6www.ru.nl/felix/
7www.xfel.eu
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conditions of temperature and pressure, such as occurring in the interior of

planets.

In order to understand the 4th generation accelerators and FELs is im-

portant to discuss the characteristics of the electron beams required for this

accelerators. The concept of 6D brightness is de�ned as B6D = Ne
V6D

, where

Ne is the number of electrons and V6D is the volume occupied by the beam

in the 6D phase space (x, px, y, py, z, pz), different limitations are faced such

as the "Brightness quantum limit" 8 and the "Number of electrons per trans-

verse coherence area". The 6D beam brightness is a meaningful quantity to

use to describe electron sources.

1.5 Electron guns

Since the �rst rf photoinjector built at the Los Alamos National Laboratory

was operated to drive �rstly an infrared (IR) and then in ultraviolet (UV) FEL

[2, 3], the way was paved for more that two decades of continuous develop-

ment in rf photoinjectors. Notable progress has been made since the mid

80's, and the high current and high quality electron beams needed for FELs

is now achievable thanks to this photoinjector technology.

Photoinjectors fall into several basic classi�cations which re�ect the man-

ner in which their electric �eld is generated: DC, normal conducting ra-

dio frequency (NcRF) or superconducting radio frequency (ScRF or SRF).

Hernandez–Garcia et al. provided a useful summary of the key aspects of

these technologies [4]. RF guns have a key advantage over DC guns due to

their higher peak electric �eld which permits rapid acceleration of the beam,

though they are signi�cantly more complex. DC guns also suffer ion back–

bombardment because the constant electric �eld can accelerate positively–

charged residual gas ions generated by the electron beam back toward the

photocathode, reducing its quantum ef�ciency (QE) and affecting the photo-

cathode lifetime. This is not an issue for rf guns as their accelerating �eld is

periodic so ionised particles cannot move very far during the rf cycle.

DC photoinjectors tend to be larger in size that rf injectors due the �eld

gradients permitted by DC �elds are limited by the dielectric breakdown

and so longer accelerating regions are needed to achieve a given beam en-

ergy, though this does depend on the rf frequency used as higher frequency

will result in a more compact design. DC guns have the advantage of being

cheaper and simpler in many ways than rf injectors, and have demonstrated

8IEEE Journal of Selected Topics in Quantum Electronics [1077-260X] J.:1988 Bd.:24 S.:1958
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high le-vels of performance using semiconductor photocathodes to drive IR–

FELs [5, 6]. A unique characteristic of DC guns is their ability to generate

polarised electron beams, and variants of the IR–FEL gun have been used

to very effectively deliver highly–polarised electron beams to the CEBAF 9

experiment halls at JLab for many years [7].

Superconducting rf main difference from normal conducting rf guns is

the cathode not being mounted on the back-wall of the cavity, but in a se-

parate structure designed to provide focusing and compensate the emittance

by using the rf electric �elds [8]. The default advantage of conducting cur-

rent without resistance in the superconducting structures lead to higher �eld

gradients, longer duty cycles and higher beam energies, the disadvantage is

the complexity to continuously maintain the cavities at 2 K.

In conclusion, photocathodes and their use in photoinjector electron guns

offer many advantages over earlier methods to generate high–current elec-

tron beams, as Travier noted in his comparison between thermionic and pho-

toinjector sources [9], but this family of DC, NcRF and SRF gun technologies

continue to present signi�cant challenges which the community seek to over-

come.

1.6 Emittance

A beam is composed of particles distributed in phase space. The emittance is

the area or volume of phase space the particles occupy.

The rms emittance in terms of the moments of the electron distribution is

de�ned as [10],

#x �
q

hx2ihx02i � h xx0i 2, (1.2)

where the moments h...i are evaluated with respect to a distribution of par-

ticles, for example if the emission is cylindrical symmetric, then #x = #y,

and this assumption will be made. The factor x0 is the ratio of an elec-

tron's transverse deviation Dx after moving longitudinally forward Dz, or

x0 = Dx/ Dz � vx/ vz, where vx = h̄kx/ m and vz = h̄kz/ m are the velocities

in the x̂ and ẑ directions, respectively. In this procedure just one direction is

considered for explanation.

9Continuous Electron Beam Accelerator Facility
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From this expression Dowel [11] assumed that since the electrons are

rapidly accelerated from rest, their relative velocities are small and the a-

verage longitudinal momentum of the ensemble, which he express bgmc, in-

stead of pz. This assumption is fundamental to the paraxial approximation.

Then Dowell writes the emittance in terms of the momentum as:

#x =
1

bgmc

q
hx2ihpx

2i � h xpx i 2. (1.3)

If is assumed that there is no correlation between the location of emission

and the transverse momentum then Dowell shows that the rms normalised

emittance becomes simply:

#x = sxspx , (1.4)

where spx is the dimensionless rms transverse momentum.

Dowell considers the the maximum angle of escape inside the metal, which

can be analytically integrated and the normalised rms emittance of the di-

mensionless transverse momentum for photoemission is found to be:

#n = sxspx = sx

s
h̄w � f e f f

3mc2 , (1.5)

where h̄w is the photon energy and f e f f is the effective work function de�ned

as the material work function minus the Schottky work function.

1.7 Mean transverse energy

Once the electrons leave the cathode they carry an energy spread, this pho-

toemitted electron transverse10 energy spread (or transverse momentum) is

commonly characterised by one of two quantities; the Mean Transverse En-

ergy (MTE) or the intrinsic emittance, related from the section 1.6 these two

quantities are related by:

#n = sx

r
MTE
mc2 , (1.6)

where sx is the initial rms size of the beam along a transverse Cartesian coor-

dinate x and mc2 is the electron rest energy. This relation is similar in Eq.(1.5)

where three times the momentum can be expressed as MTE.

10A photoemitted electron's longitudinal energy spread study can be found at [12]
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The MTE can be measured depending on the system in matter, i.e. can be

directly measured with a camera, or can be measured with a momentatron,

or can be indirectly measured in a photoinjector by measuring the intrinsic

emittance.

In a high voltage DC photoemission electron gun such as the one devel-

oped by the Cornell group [13], the MTE measurements can be performed as

Cultrera et al.shown in their paper [14] in which the solenoid scan technique

was implemented and the transfer matrices were computed R = R( i ! f )
(before i subscript and after f subscript of the �eld region), which relate the

particle's transverse coordinate x and divergence dx/dz from before to after

the region of interest. They use a single solenoid which implies coupling of

x, y transverse planes. Subsequently, electric and magnetic �elds overlap in

a small region of the beamline, this can be addressed by obtaining an exact

analytical solution of the 2 � 2 transfer matrix in the Larmor frame for the

overlapping constant E, B�elds in the z direction with length Dz,

R(Dz) =

 
C Sbi g i

b

� S b
b f g f

C bi g i
b f g f

!

, (1.7)

where g and b are Lorentz factors, C � cos(Dq) and S � sin(Dq) for Lamor

angle dq � qf � qi = ( b/ a) ln [g f (1+ b f )/ g(1+ bi )] and the normalised �eld

strengths are a � eE/ mc2 and b � eB/2 mc. The edge effect matrix for rising

and falling edges of the electric �eld E is given by

Redge,i, f =

 
1 0

� a
2bi , f g i , f

1

!

. (1.8)

The full matrix from the cathode to the screen location (and the overall

Larmor angle) is obtained by matrix multiplication of small dz slices of E(z)

and B(z)using Redge, f R(Dz) Redge,i .

Another way to measure the MTE is by analysing the image of the elec-

tron emission footprint to measure the transverse energy distribution curve

(TEDC). Joneset al. in their paper [15] explain how used different con�gu-

rations of the transverse energy spread spectrometer (TESS) to measure both

the TEDC N (#tr ) and the longitudinal energy distribution curve (LEDC). In

this approach, the photocathode is illuminated with a low intensity light

source and its electron emission footprint is recorded. By assuming a va-

nishingly small source size, and knowing both the drift distance that the elec-

trons move through and the effective voltage through which they have been

accelerated, the TEDC can be derived from the photoemission image. These
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curves have an exponential character so the MTE can be extracted from the

spectra by �tting a curve:

y = A � exp
�

� #tr

B

�
, (1.9)

where A is the peak intensity and B is the MTE at the 1/e level. In chapter 2

a full description of this process will be analysed.

Finally, MTE can also be measured by the transverse momentum distri-

bution in terms of the normalised photoemission intensity, Vecchione et al.

describe this process in [16], by integrating the intensity distribution they ar-

rived at the radial distribution of normalised transverse momentum. This

distribution was used to calculate the normalised transverse emittance.

1.8 Photocathode materials

An optimal photocathode would have good quantum ef�ciency (> 1 %), be

robust enough to stand low vacuum pressures, have long lifetime (> 100 h),

be able to withstand high �elds (50 MV) and be simple to build-activate and

rehabilitate or replace. No photocathode has met these requirements yet, but

there are some successful candidates.

1.8.1 Photocathode characteristics

To better understand the different classes of photocathodes, an understand-

ing of their characteristics and under–pinning physics is needed. This is ex-

plained in greater depth in the next chapter, but some of these characteristics

will be introduced now in brief:

Quantum ef�ciency

Quantum ef�ciency is simply the ratio of the number of electrons extracted

from a photocathode ( Ne) over the number of photons of a speci�c wave-

length incident on that photocathode ( Np). It may be expressed as a percent-

age, but often as a simple numeric ratio.

Spectral response

Spectral response is the photocathode characteristic which refers to the man-

ner in which quantum ef�ciency varies with frequency of the incident light.

This is more commonly referred to as the illumination wavelength(l ). Some
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photocathodes will emit across a wide spectral range, and this is true for

those which are sensitive to visible light, while others may emit only at shorter

wavelenghts so their spectral response is con�ned to the UV spectral range.

Response time

Response time is governed both by the photocathode class (whether it is

a metal, a semiconductor or an alkali metal mixture) and the illumination

wavelength. The differing physics relating to electron density and photon

penetration depth in these different material classes has a direct correlation

on the point at which a photoelectron is generated within the material, the

likelihood of interactions of this electron with scattering mechanisms (other

electrons, phonons, crystal defects), the question is to whether it will have

suf�cient energy to escape through the vacuum interface on reaching the sur-

face. The electron transport time is a convolution of all of these factors, and

thereby de�nes the overall response time of the photocathode.

Lifetime

The photocathode's operational lifetime depends strongly on the vacuum

conditions in which the cathode operates. Different factors contribute to limit

the lifetime depending on the kind of cathode. For example, semiconductors

absorbs different gasses like oxygen that decrease its quantum ef�ciency [17],

where the background pressure will dictate the rate in which the cathode is

being poisoned. Ion back bombardment in DC guns damages the cathode

surface and degrades the cathode performance. Instead in a rf cavities under

non-UHV conditions affects the lifetime of the cathode, for example a multi-

alkali [18]. Multi-alkali cathodes have an extended operational lifetime and

can be rejuvenated by increasing its temperature, as shown in section 7.5.1.

Damage threshold

Damage threshold is related to the maximum laser intensity a photocathode

can withstand before damage to its surface occurs. Some photocathodes have

thin �lms on its surface to reduce their work function, the high laser power

could damage or even completely evaporate this �lm and damaging the pho-

tocathode itself. If the photocathode QE remains suf�ciently high that the

required electron bunch charge and beam current can be extracted from the

photocathode before the incident laser power levels become unacceptably

high and damage the emitting surface, then this is not an issue.



1.8. Photocathode materials 13

Intrinsic transverse emittance and MTE

The intrinsic transverse emittance and the MTE are contributions to the to-

tal beam emittance. These two depends strongly on the photocahotde itself,

but factors such as photocathode temperature and illumination wavelength

are operation parameters. The intrinsic transverse emittance is measured in

[mm/mm rms] and the MTE is measured in [meV], even though these two

are different parameters with different units, both characterise and describe

the photocathode performance.

1.8.2 Metals

Metal photocathodes have a relatively low QE, typically between 10 � 4 %

10� 5 % [11], even though its low QE metal photocathodes are used in ra-

dio frequency rf photoinjectors for their fast response, durability, and va-

cuum compatibility, even if they just response in the ultraviolet (UV) light

spectrum. In the past decade metal photocathodes have been studied in the

community looking for optimising their performance, copper have been the

choice to operate in rf electron guns, such as the mentioned bellow.

Intrinsic emittance measurements using a copper cathode in a rf photo-

cathode gun were performed in the SwissFEL Injector Test Facility [19], Dival

et al. found a reduction of the intrinsic emittance when tuning the laser pho-

ton energies close to the effective work function of the material.

Harris et al. used copper and niobium photocathodes, in which they

reported measurements of the quantum ef�ciency under illumination with

266 nm light at temperatures between 85–400 K [20]. They found that quan-

tum ef�ciency of copper vary strongly over this range, while there was only

a minimal change in the quantum ef�ciency of niobium. Brachmann et al. re-

ported the performance and the operational experience of the Linac Coherent

Light Source (LCLS) rf gun copper photocathodes [21].

1.8.3 Gallium arsenide (GaAs)

Semiconductor photocathodes, particularly the III-V class such as GaAs have

been widely used in particle accelerators to generate electron beam for se-

veral decades. This is due largely to the fact that they can achieve high le-

vels of quantum ef�ciency when carefully activated [22, 23] and because they

are sensitive to visible light which greatly simpli�es the laser technology re-

quired for the illumination source. They are relatively easy to activate, but
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do require extreme high vacuum (XHV) conditions and so frequently have a

poor operational lifetime. As such, they are not compatible with rf gun tech-

nology, but instead are used in DC guns operated between perhaps 120 kV

and 500 kV. Their unique selling point is their ability to act as a source of po-

larised electrons, albeit with relatively low QE around 0.07 % [24] compared

to their un–polarised variants which can easily reach 25 % or more when ac-

tivated under ideal conditions.

In order to increase the QE a superlattice photocathode is fabricated with

a distributed bragg re�ector (DBR), this technique enhances the absorption

of incident laser light thereby enhancing QE. GaAs/GaAsP superlattice DBR

photocathodes reach a high polarisation of 84 % and signi�cantly enhanced

QE of 6.4 % [25].

GaAs photocathode used in DC electron guns are operational at a num-

ber of different laboratories worldwide as injectors for ERL and FEL due to

their potential to deliver beams of high average current with a relatively low

normalised emittance.

DC guns with GaAs and other III-V family semiconductor photocathodes

have typically being used as a source of polarised electrons. GaAs photo-

cathode based high voltage DC electron guns are operational at a number of

different laboratories worldwide as injectors for ERL and FEL due to their

potential to deliver beams of high average current with a relatively low nor-

malised emittance.

GaAs based DC guns have been employed at TJNAF [26], Daresbury La-

boratory [27] and JAEA/KEK [28], to mention some, with power supplies

rated to 500�kV and at Cornell University [13] with a 750 kV power supply 11.

Alkali photocathodes

Since the �rst use of Cs2Tephotocathode on a rf gun at CERN [29, 30], alkali

photocathodes have been studied in different laboratories.

Caesium tellurium (Cs-Te 12) photocathodes early applications used to be

limited to solar blind light detectors [31] with great expectations. The inter-

est in this material was renewed in the 90's with applications in high qual-

ity electron sources for particle accelerators [32, 33]. Now days and for the

past decades, Cs-Te has been chosen as the electron source material for high

bunch charge, high repetition rate superconducting radio frequency electron

11With max capabilities of 750 kV and 100 mA DC supply by Kaiser Systems, Inc. in
Beverly, MA. But normally operates to about 500 or 550 kV maximum.

12Representation stoichiometrically independent
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injectors, which is essential for the state-of-art energy recovery linacs and

high-power FELs [34, 35].

The popularity of Cs-Te as cathode material comes from its balanced pro-

perties between the high quantum ef�ciency (10% higher at the UV spec-

trum), long lifetime (months range) and its robustness to chemical contam-

ination and high gradient environment (compared to other regularly used

cathode materials such as GaAs). Its properties makes Cs-Te the "ideal" photo-

cathode for laser-driven photoinjectors. The price to pay is the relatively high

threshold energy (3.6 eV) [18], making the use of UV radiation to procedure

the electron emission.

The growth recipe of caesium tellurium has been studied by various fa-

cilities and the conditions and performance still varying, indicating the com-

plexity of the mechanisms in the chemical reaction of caesium and tellurium

[36]. Recently, Cs-Te coating was developed to protect the GaAs photocatho-

de as spin-polarised electron sources [24]. Comparisons in the preparation

have been made between the sequential growth method and codeposition

method [37].

Caesium potassium antimony (Cs-K-Sb13) photocathodes are well-known

by routinely being synthesised across the world's accelerator laboratories,

with typical QEs of up to � 10 % in the green laser spectrum, Cs-K-Sb photo-

cathodes establish the basis for the current and new generation of monochro-

matic X–ray free electron lasers [38], energy recovery linacs [16, 39, 40] and

superconducting rf linacs that require ultra-short, high brightness [41, 42]

and high current electron beams [38].

13Representation stoichiometrically independent
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1.8.4 Photocathode comparison

In order to compare the photocathodes in a visible way �g.1.2 shows a com-

parison of different photocathodes with their characteristics such as QE, illu-

mination wavelength, laser average power and vacuum conditions.

FIGURE 1.2: Photocathode comparison in terms of QE and laser
average power [P. Musumeci, SSSEPB, SLAC, July 2013]
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TESS Experimental setup

The TESS is an experiment developed by ASTeC to measure the transverse

energy distribution of electrons emitted from photocathode sources.

The operation can be described of: light is produced in the plasma light

source with an adaptor this one is transported into the monochromator to

select the wavelength wanted to work with, an aperture at the end of the

monochromator is placed to choice the beam size, this image is transported

with a set of lens placed on an optic board onto the photocathode. Electrons

are produced in TESS chamber, they get accelerated by a bias on the cathode

holder and the grid, subsequently the electron signal is amplify in order to

be transmitted on a phosphor detector, this image is captured with a camera

an analysed to subtract photoemission footprint and with this calculate the

MTE.

A description of each component and its speci�cation is presented in de-

tail in this chapter, including photocathode preparation, MTE measurement

with the TESS, description of the data analysis and commissioning of some

components.

The TESS chamber is connected to a III-V GaAs photocathode preparation

facility (PPF) originally constructed for the ALICE accelerator (described sec-

tion 1.2). Samples to be tested in the TESS are �rst loaded, cleaned and stored

in the PPF before their MTE is measured in TESS. A brief overview of the PPF

is given in section 2.2.

A complete photocathode characterisation requires additional work to be

carried out using the Multiprobe system which is described in section 2.1.

Multiprobe provides sample cleaning, X–Ray photoemission spectroscopy

(XPS) for the determination of surface chemistry, low energy electron difrac-

tion (LEED) for the determination of crystalline surface structure, and atomic

force microscope (AFM) and scanning tunnelling microscope (STM) capabil-

ities for the determination of surface roughness.
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2.1 Multiprobe surface analysis system

The Multiprobe system is also know as SAPI [43], this is a surface analysis

system used to characterise different types of photocathodes, the system con-

sist in four chambers as shown in �g. 2.1, the vacuum in each chamber is dif-

ferent, going from 10 � 9-10� 11 mbar. The Multiprobe sample loading cham-

ber is a six–way cross with a long magnetic transfer arm which allows sample

loading and exchange through a fast–entry port or a va-cuum suitcase. The

pressure is monitored with a penning and pirani gauges. When loading sam-

ples the loading chamber is �lled with nitrogen vapour, the fast–entry port

door can be opened and a omicron �ag-style sample is loaded onto the end

of the transfer arm, or the vacuum suitcase can be connected / disconnected

from the top of the loading chamber. Once the loading chamber pressure has

reached the UHV regime, the gate valve can be opened and the sample(s) can

be transferred through the system. The main chamber houses:

FIGURE 2.1: Labelled photograph of the Multiprobe system,
also known as SAPI.

1. A dual anode X–ray source and Alpha 110 hemispherical energy analy-

ser.
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2. A VG Scienti�c LEED assembly.

3. A Scienta Omicron UHV AFM/STM system.

Samples can be cleaned by repeated cycles of Ar+ ion bombardment (sput-

tering) and annealing via electron–beam heating. Surface cleanliness is as-

sessed by XPS using AlKa radiation. The structure of single–crystal samples

(and indirectly the surface cleanliness) is assessed using the LEED optic, and

surface roughness measured using STM or AFM when appropriate. Further

information on XPS and STM can be found in appendix C.
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2.2 Photocathode preparation facility

The PPF was originally built for the ALICE 1 photoinjector upgrade program,

that consisted of an integrated gun and PPF for III-V GaAs photocathodes

supporting XHV storage, photocathode transfer and loading to photocatho-

de production and minimise replacement time.

FIGURE 2.2: Photocathode preparation facility in VISTA Lab,
Daresbury Laboratory.

The preparation facility, shown in �g. 2.2, consists of three chambers:

a loading chamber where photocathodes are introduced to the system, a

hydrogen-cleaning chamber, to remove contaminants from the photocathode

surface and the activation chamber, where photocathodes are storage and ac-

tivated. Two magnetic transfer arms are used to transport the photocathode

between the three chambers and the TESS.

2.2.1 Loading chamber

The photocathodes are introduced into the loading chamber , as shown in

�g. 2.3, by a motorised z-translation stage arm containing a magazine holder

with capacity for photocathodes. To load new photocathodes, the chamber

is vented with dry nitrogen gas then the magazine holder is removed from

the loading chamber and the cathodes are loaded-removed. Once the system

fully closed, it is pump down by the power of a scroll, turbo and ion pumps,

1Accelerators and Lasers In Combined Experiments (ALICE) is an Energy Recovery Linac
(ERL) built at STFC Daresbury Laboratory
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