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Science is not about building a body of known ’facts’. It is a method for
asking awkward questions and subjecting them to a reality-check, thus
avoiding the human tendency to believe whatever makes us feel good.

- Terry Pratchett, The Science of Discworld
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Abstract

Gallium Arsenide has been in use as photocathode material for many years, exclusively
providing photo-emitted spin-polarized electrons for a multitude of applications. The
negative electron affinity (NEA) surface layer that is required for electron photo-emission
close to the band gap of the semiconductor commonly consists of Cs in combination with
O2 or NF3. The optimization of this surface layer is a central challenge for the operation of
GaAs photocathodes, since the layer dictates the performance of GaAs photocathodes and
is prone to decay. It is of great interest to enhance the surface layer robustness in order to
slow the decay, increasing the performance and operational uptime of GaAs photo-electron
sources.
This dissertation presents several experiments aimed at improving GaAs photocathode
effectiveness and surface layer robustness by investigating the activation process that
is used to deposit the NEA layer. To this end, the parameters of the process were
scrutinized and the effects of introducing Li during the procedure were studied at the
Institut für Kernphysik (IKP) of the Technische Universität Darmstadt (TUDa) for Cs in
combination with O2, and at the Center for Injectors and Sources (CIS) of the Thomas
Jefferson National Accelerator Facility for Cs in combination with NF3.
At the IKP, the test stetup Photo-CATCH was used to conduct activations with Cs and O2.
The resulting surface layers were studied with respect to quantum efficiency and decay,
with a focus on the amount and ratio of ingredients introduced during activation. Based
on these parameters, a co-deposition activation scheme has been optimized. This served
as basis for the first successful proof-of-principle of an automated activation procedure for
GaAs photocathodes. Using bulk-GaAs cathodes, typical quantum efficiencies between
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7 and 10 % for manual and between 4 and 6 % for automated activation have been
established at wavelengths of 780 nm to 785 nm with an anode bias voltage of 102V. An
enhancement of the photocathode performance by introduction of Li during the activation
process has also been demonstrated, yielding a significant increase in surface layer lifetime
by a factor of 7. Additionally, the effects of anode bias variation on both quantum efficiency
and lifetime have been investigated. A change in dependency of the quantum efficiency on
the anode bias voltage was observed for Li-enhanced surface layers, hinting at a connection
between the height of the surface Schottky barrier and the electric potential present at
the photocathode surface.
At the CIS, the performance of bulk-GaAs activated with Cs and NF3 was investigated
and compared in a test chamber, yielding quantum efficiencies between 4 and 7 % at a
wavelength of 773 nm and an anode bias voltage of 282V. Through the addition of Li, the
lifetime could be extended by a factor of 2. The first operational use of a Li-enhanced
photocathode in the DC photo-electron source of the UITF at a wavelength of 780 nm
with an operating voltage of −144 kV, producing a beam current of 100µA, demonstrated
a superior surface layer lifetime, reproducing the increase by a factor of 2 observed in
the test chamber. Additionally, an increase in quantum efficiency by a factor of 1.1 was
observed.
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Zusammenfassung

Galliumarsenid wird bereits seit vielen Jahren als Material für Photokathoden genutzt
und stellt die einzige zuverlässige Photo-Emissionsquelle spin-polarisierter Elektronen für
eine Vielzahl von Anwendungen dar. Um Photo-Emission bei Energien nahe der Bandlücke
des Halbleiters betreiben zu können, muss das Material eine negative Elektronenaffinität
(NEA) besitzen. Dazu wird eine Oberflächenschicht benötigt, welche aus Cs und O2 oder
NF3 besteht und die Leistungsfähigkeit von GaAs-Photokathoden vorgibt. Diese Ober-
flächenschicht ist anfällig für Abnutzung und zerfällt mit der Zeit. Eine Optimierung
der Oberflächenschicht zur Verbesserung der Leistungsfähigkeit und Verlangsamung des
Zerfalls ist von zentraler Bedeutung, um die Effektivität und Laufzeit von GaAs-basierten
Photo-Elektronenquellen zu erhöhen.
Diese Dissertation präsentiert mehrere Experimente, die darauf ausgerichtet sind, die Ef-
fektivität von GaAs-Photokathoden zu verbessern. Zu diesem Zweck wurden die Parameter
des Aktivierungsprozesses, welcher zur Aufbringung der NEA-Schicht genutzt wird, sowie
die Auswirkungen der Zugabe von Li während dieses Vorgangs untersucht. Diese Experi-
mente wurden für die Kombination von Cs und O2 am Institut für Kernphysik (IKP) der
Technischen Universität Darmstadt (TUDa) sowie für die Kombination von Cs und NF3 am
Center for Injectors and Sources (CIS) der Thomas Jefferson National Accelerator Facility
durchgeführt.
Aktivierungen mit Cs undO2 erfolgten am IKP mit Hilfe des Teststandes Photo-CATCH. Die
Quanteneffizienzen sowie die Zerfälle der resultierenden Oberflächenschichten wurden
untersucht, wobei der Einfluss der Menge und des Verhältnisses der im Zuge der Aktivie-
rung verwendeten Substanzen besonders im Fokus lag. Basierend auf diesen Parametern
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wurde ein Co-Deposition Aktivierungsschema optimiert. Dies diente als Basis für eine erste
erfolgreiche Machbarkeitsstudie eines automatisierten Aktivierungsverfahrens für GaAs-
Photokathoden. Für Bulk-GaAs wurden bei Wellenlängen von 780 nm bis 785 nm und einer
Anoden-Biasspannung von 102V typische Quanteneffizienzen zwischen 7 und 10 % für
manuelle und zwischen 4 und 6 % für automatisierte Aktivierungen nachgewiesen. Durch
die Zugabe von Li während des Aktivierungsprozesses konnte eine verbesserte Leistungs-
fähigkeit der Photokathode in Form einer Erhöhung der Lebensdauer um einen Faktor 7
gezeigt werden. Zudem wurde die Abhängigkeit von Quanteneffizienz und Lebensdauer
von der angelegten Anodenspannung untersucht, wobei mit Li behandelte Oberflächen-
schichten für diese Abhänigkeit der Quanteneffizienz einen veränderten Verlauf zeigten.
Dies deutet auf einen Zusammenhang zwischen der Höhe der Schottky-Barriere und dem
an der Oberfläche der Photokathode vorherrschenden elektrischen Potential hin.
Die Leistungsfähigkeit von Bulk-GaAs-Photokathoden, welche mit Cs und NF3 aktiviert
wurden, wurde in einer Testkammer am CIS untersucht. Dabei wurden Quanteneffizienzen
zwischen 4 und 7 % bei einer Wellenlänge von 773 nm und einer Anodenspannung von
282V gemessen. Die Zugabe von Li ergab eine Verdopplung der Lebensdauer. Beim ersten
Einsatz einer mit Li behandelten Photokathode in der Gleichstrom-Photoelektronenquelle
des UITF bei einer Wellenlänge von 780 nm und einer Betriebsspannung von −144 kV zur
Erzeugung eines Elektronenstrahls mit einem Strahlstrom von 100µA konnte die Verdopp-
lung der Lebensdauer reproduziert werden. Des Weitern wurde eine Vergrößerung der
Quanteneffizienz um einen Faktor 1.1 gemessen.
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Glossary

activation Process used to vapor-deposit a
thin film on a material in order to in-
crease its electrical sensitivity to light

bunch charge Total electric charge of a
pulse or bunch of particles

collider Particle accelerator that collides
two separate particle beams for experi-
ments

doping Intentional introduction of impuri-
ties into a semiconductor during produc-
tion in order to adjust its properties

electron affinity Amount of energy required
to move an electron at a semiconductor-
vacuum surface from the bottom of the
conduction band to the vacuum just out-
side the semiconductor

emittance Product of divergence and cross-
section area of a particle beam

Faraday cup Metal cup designed to capture

charged particles and measure the re-
sulting current. Usually made from cop-
per and used in vacuum

gun Source of charged particles for particle
accelerators

injector Preliminary stage of a particle accel-
erator, containing a source of charged
particles and the infrastructure, such as
a first acceleration stage, required to
prepare the charged particles for trans-
fer into the main accelerator

lifetime Time parameter used to character-
ize a decay process

photocathode Piece of material engineered
to convert light into electrons using the
photoelectric effect

quantum efficiency Ratio of incident pho-
tons to converted electrons. Describes
a device’s electrical sensitivity to light
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and is used to classify the efficiency of
a photocathode

spin polarization Degree to which the spin
of a charged particle beam is aligned
with a given direction

storage ring Type of circular particle ac-

celerator used to continuously circulate
charged particles for a prolonged period
of time

synchrotron radiation Electromagnetic ra-
diation emitted by radially accelerated
charged particles
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Acronyms

AC Activation Chamber
AHCC Atomic Hydrogen Cleaning Chamber
AL Acceptor Level
AlAs Aluminium Arsenide
AlGaAs Aluminium Gallium Arsenide

CAC Cathode Activation Chamber
CAN Controller Area Network
CBmin Conduction Band minimum
CEBAF Continuous Electron Beam Accelera-
tor Facility

CH4 Methane
CIS Center for Injectors and Sources
Co-De Co-Deposition
Cs2Te Caesium Telluride
Cs2O Caesium Oxide
CTC Cathode Test Chamber

DBR Distributed Bragg Reflector
DC Direct-Current

EPICS Experimental Physics and Industrial
Control System

ESD Electron Stimulated Desroption

FEL Free-Electron Laser
FOM Figure of Merit

GaAs Gallium Arsenide
GaAsP Gallium Arsenide Phosphide
GC Gun Chamber
GUI Graphical User Interface

hh heavy-hole
HV High-Voltage

IADC Current Analog to Digital Converter
IBB Ion Back-Bombardment
IG Ion-Getter
IIGG Inverted-Insulator Geometry Gun
IKP Institut für Kernphysik
InGaAs Indium Gallium Arsenide
IOC Input/Output Controller

JLab Thomas Jefferson National Accelerator
Facility

LD Laser Diode
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LEED Low-Energy Electron Diffraction
lh light hole
LLC Load-Lock Chamber

NEA Negative Electron Affinity
NEG Non-Evaporable Getter
NF3 Nitrogen Trifluoride

PD Photodiode
PEA Positive Electron Affinity
Photo-CATCH Photocathode Activation,
Test and Cleaning using atomic Hydro-
gen

PV Process Variable

RF Radio-Frequency
RGA Residual Gas Analyzer

S-DALINAC Superconducting Darmstadt
Linear electron Accelerator

SPIn Spin-Polarized Injector
SRF Superconducting Radio-Frequency

TS Two-Stage

UHV Ultra-High Vacuum
UITF Upgraded Injector Test Facility
UV Ultraviolet

VBmax Valence Band maximum

x



Symbols

a lattice constant
A area
A⃗ vector potential
α absorption coefficient

c speed of light
C constant factor
χeff electron affinity, effective

d photocathode depth or thickness
D dipole operator
δFV energy gap between VBmax and EF

∆SO spin-orbit split
∆ES energy difference, level split

e elementary charge
E energy
EA electron affinity
Eel electric field
Ef energy, final state
EF energy, Fermi level
EG energy, band gap
Eγ energy, photon

Ei energy, initial state
Ekin energy, kinetic
Eth energy, threshold
Evac energy, vacuum level

Γi→f transition rate, initial to final state

h Planck constant
H int interaction Hamiltonian
ℏ Planck constant, reduced

i intensity, total contribution
I intensity
ICs current, caesium dispenser
Iγ intensity, incident light
ILi current, lithium dispenser
Ip current, photo-

j current density

k⃗ wave vector
K thermal conductivity
kB Boltzmann constant
k⃗∥ wave vector, surface-parallel component
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κ absorption index

la absorption length
Lesc exit depth
λ wavelength

m∗ mass, effective
me mass, electron

N,n number
ν frequency

p pressure
P spin polarization
Pem probability, emission
Pex probability, excitation
Pf spin polarization, final
Pγ power, incident light
Pi spin polarization, initial
PL power, laser
Ptr probability, transport
p⃗ momentum operator
ϕ surface potential
ΦB Schottky barrier height

Ψ wave function

q charge
Q charge, total
η quantum efficiency

r ratio
R reflectance
r⃗ position vector
R⃗ lattice periodicity
ρg density, gas

sz spin quantum number
σ helicity
σi ionization cross section

t time
T temperature
τ lifetime
ϑ, φ escape angles

u periodic function
U voltage

V background potential
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1. Introduction

Electron accelerators have a multitude of applications in basic science and industry. High-
energy electrons can be used directly or indirectly to probe the structure of matter over
multiple orders of magnitude, ranging from nuclear structure using scattering processes
[1] to biomolecular imaging using X-rays [2] emitted from accelerated electrons as syn-
chrotron radiation [3]. Industrial applications range from modification of polymeric
materials to pollution control [4].
Electron sources or electron guns for particle accelerators are commonly based on thermionic
emission, field emission or photo emission. The concept of a photo-injector was first demon-
strated at the Los Alamos national laboratory over 35 years ago [5]. Here, a photo-emission
based electron gun or photo-electron gun is used that emits electrons by laser irradiation
of a so-called photocathode to provide electron beams to an accelerator. This type of gun
quickly proved to be a reliable source of high-brightness electron beams for accelerator
applications such as free-electron lasers (FELs) and colliders [6].
Two types of photo-electron guns have emerged, referred to as direct-current (DC) guns
and radio-frequency (RF) guns. The former design uses a static electric field created by
applying an acceleration voltage Uacc between a cathode on negative potential and an
anode on positive or ground potential, accelerating the emitted electrons with elementary
charge e to an energy of E = e · Uacc. In the latter design, the photo-emitter is placed
directly in an RF cavity in order to use an alternating electromagnetic field gradient for
initial acceleration. If this cavity is superconducting, the design is referred to as surpercon-
ducting RF (SRF) gun.
SRF guns appear to be the most promising choice for high currents and bunch charges,
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providing in theory the highest field gradients. However, they also pose the greatest
technological challenges and are still viewed as least mature. Promising operational perfor-
mances of this type of gun have been reported recently, cf. [7]. DC guns, in combination
with an SRF injector for acceleration to high energies, are considered to be the most
mature and reliable choice, having demonstrated better performance efficiency compared
to RF guns over many years [8–10], in particular providing very good vacuum conditions
required for some types of photocathodes [8].

Aside from gun design, photocathode research has also become a main focus of photo-
electron gun development [11]. The emission efficiency of the cathode is an important
parameter for cathode characterization and is commonly referred to as quantum efficiency.
Two material types have emerged as suitable candidates for photocathodes: metals and
semiconductors. Metal photocathodes, such as copper (Cu), are very robust and are
therefore commonly used in RF guns. However, it is difficult to obtain high quantum
efficiencies from them due to high work functions, requiring photons in the UV range.
Semiconductor cathodes can be differentiated into two groups depending on the type of
electron affinity they possess: positive electron affinity (PEA) and negative electron affinity
(NEA). PEA cathodes, such as caesium telluride (Cs2Te), also need to be operated in the
UV or close UV range, but are able to provide higher quantum efficiencies than metal
cathodes while sharing their high robustness. NEA cathodes are less robust since they
require a thin surface layer to obtain the NEA condition. One such material is gallium
arsenide (GaAs), a III-V semiconductor that requires an NEA layer consisting of caesium
(Cs) in combination with either oxygen (O2) [12] or fluorine (F) [13] and is able to provide
high quantum efficiencies in the IR range. This material is of special interest as source
of spin-polarized electrons [14] because it can emit much higher currents compared to
various other available polarized sources, such as scattering from unpolarized targets,
photo-ionization of polarized atoms, the Fano effect, optically pumped He discharges,
and field emission [15], with very high degrees of spin-polarization of 80% to 90% [16].
GaAs-based photocathodes are therefore ideal for providing spin-polarized electron beams
which can be used for many experiments exploring the frontiers of physics, like the search
for anomalous boson couplings [17] and high-precision investigations of the electroweak
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mixing angle [18].
GaAs-based DC guns have been in use in laboratories and facilities around the world
for many years [19–30], providing electron beams for high-brightness and high-current
applications, such as FELs [31] and energy-recovery linear accelerators (ERLs) [32–34].
This type of gun has also been proposed for use in a multitude of future projects, such as
colliders [35–37], positron production [38], and electron cooling at high-energy storage
rings [39].

The Institut für Kernphysik (IKP) at the Technische Universität Darmstadt (TUDa) operates
the Superconducting Darmstadt Linear electron Accelerator (S-DALINAC) [40], capable of ERL
operation [41]. It features the Spin-Polarized Injector (SPIn), equipped with a GaAs-based
DC electron gun that is able to provide degrees of spin-polarization of up to 86% at an
accelerating voltage of Uacc = −100 kV [42], complementary to a DC thermionic gun
with Uacc = −250 kV for unpolarized operation. Experimental campaigns utilizing spin-
polarized electron beams planned at the S-DALINAC include studies on parity violation in
photo fission using intense polarized photon beams and investigations of electron-induced
reactions with light nuclei using polarized-electron scattering [43–45].
In addition to SPIn, a separate test stand for Photo-Cathode Activation, Testing, and Cleaning
using atomic Hydrogen (Photo-CATCH) has been constructed [46, 47], allowing research
on gun development [48] and studies on photocathode parameters [49] without requiring
beamtime at the S-DALINAC.
At the Thomas Jefferson National Accelerator Facility, commonly referred to as JLab,
GaAs-based photocathodes have been in use for over 23 years at the Continuous Electron
Beam Accelerator Facility (CEBAF [50]). This superconducting multi-pass linear electron
accelerator uses a GaAs-based DC photo-injector to provide multi-GeV polarized beams to
a multitude of particle and nuclear physics experiments [51]. At JLab’s Center for Injectors
and Sources (CIS), the Upgraded Injector Test Facility (UITF) is available as a test bed for
injector experiments and experimental setups meant for future use at CEBAF, as well as
a setup for low-energy experiments. A long-standing collaboration has been established
between the CIS group and the source group at the IKP.
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The main constraint of GaAs photocathodes is the sensitive NEA surface layer required for
efficient operation. This layer is unstable and deteriorates over time, hence limiting the
operational lifetime of the photocathode [52]. Application of the layer is done via a process
called cathode activation. The exact procedure greatly influences the resulting surface layer
stability as well as the quantum efficiency. The optimization and standardization of this
process is therefore of great importance to provide easily reproducible high-performance
photocathodes for reliable use in accelerator facilities.
Increasing surface layer stability has been the goal of intense research since the advent of
GaAs photocathodes, showing that a pressure below 10−11mbar in the environment of the
cathode surface is required for long-term efficient operation [53]. However, even at such
low pressures, cathode lifetime remains limited for high-current operation, and RF and
SRF guns have so far been unable to provide the required vacuum conditions altogether.
Hence, in order to adapt GaAs photocathodes for the high demands of future projects and
RF gun designs, a more robust surface layer is required. The most promising approach
to achieve this goal is the introduction of additional elements, such as antimony (Sb)
[54], tellurium (Te) [55] or lithium (Li) [56], during the activation process, improving
the layout of the surface layer. While initial investigations of these advanced activation
methods have demonstrated considerable success in prolonging cathode lifetime, a lot
of work still remains to be done in order to establish them as reliable, ready-for-use
procedures that can be easily adapted.

Within the scope of this thesis, several approaches have been investigated in order to
optimize photocathode activation procedures, with the goal of achieving high quantum
efficiencies as well as long photocathode lifetimes. A thorough overview of the required
fundamentals is given in Ch. 2. The experimental setups at Photo-CATCH and UITF,
where studies concerning both quantum efficiency and surface layer lifetime have been
conducted, are described in detail in Ch. 3, including changes and upgrades implemented
at Photo-CATCH during this work. The measurements and their results are presented
and discussed in Ch. 4. The thesis is concluded by Ch. 5, giving a summary and a brief
outlook.
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2. Fundamentals of photoemission from
GaAs semiconductors

2.1. Photo-electron emission

The first observation of photo-electron emission was reported by H. Hertz in 1887 [57].
He discovered that spark discharges between the electrodes of a spark gap developed
more easily and with increased sparking distance if the negatively charged electrode
was subjected to ultraviolet light. W. Hallwachs, among others, investigated this further
[58], irradiating a freshly polished zinc plate with ultraviolet light from an arc lamp. By
applying different charges - negative, none, positive - to the plate during his experiments,
he observed that the plate was accumulating positive charge. From this, he concluded
that negatively charged particles must be emitted from the plate when irradiated with
ultraviolet light. He also investigated this effect for different types of polished metal plates
- iron, aluminum, gold and copper - and discovered that the effect varied for the different
materials, being strongest in copper. In further experiments, P. Lenard observed a number
of fundamental characteristics of this photoelectric effect [59]:

• The inital velocity of the emitted particles is independent from the incident light
intensity.

• The initial velocity of the emitted particles depends on the incident wavelength. For
the same incident wavelength, it depends on the type of irradiated material.
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• The number of emitted particles is proportional to the incident light intensity.

These findings were in direct contradiction to the wave theory of light which predicted
that the energy, i.e. the velocity of the emitted particles should be proportional to the
intensity of the incident light.
A. Einstein’s interpretation of the photoelectric effect [60] solved this problem by estab-
lishing that electrons in a material can be emitted only if excited by discrete quanta of
light, now known as photons. Their energy depends on the frequency ν or wavelength λ
of the light: E = hν = hc/λ, with Planck’s constant h and the speed of light c. From the
conservation of energy it follows that

hν = Ekin + eϕ , (2.1)

with the kinetic energy of the emitted electron Ekin, the elementary charge e and the
material surface potential ϕ. This model paved the way for a deeper understanding of
photo-emission.
In the century after Einstein’s postulation, the theoretical description was gradually
advanced and adapted. Tamm and Schubin established that the process was not only
a surface phenomenon, but also included a volume effect [61], and that the latter only
contributes significantly to the photo-emission process at higher frequencies of the incident
light. The volume effect was further elaborated by H. Y. Fan [62], foreshadowing the
works of W. E. Spicer and C. N. Berglund on photo-emission from metals and alkali-
antimony compounds, including semiconductors, during the 1950s and 1960s [63–66].
They developed a phenomenological model which treats photo-emission in solids as a
three-step process and is therefore called three-step model. This provided the means to
establish type III-V semiconductors, such as gallium arsenide (GaAs), as suitable photo-
emitters [67].
A more sophisticated model was subsequently proposed by I. Adawi for the surface
effect [68] and developed further by G. D. Mahan [69] to describe the coupling of an
electromagnetic wave with an electron wave by means of a stationary scattering theory. A
formula for the angle- and energy-resolved photocurrent was derived by P. J. Feibelman
and D. E. Eastman based on Fermi’s golden rule [70]. They also showed that the model,
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with appropriate approximations, is equivalent to the three-step model. A first complete
version of this so-called one-step model was introduced by J. B. Pendry [71].

2.1.1. Three-step model

The three-step model depicts the photo-emission process as consisting of three independent
steps, as described in [63, 72, 73]:

• Photo-excitation
Electrons are excited from the valence band into the conduction band by incident
photons. The intensity I0(λ) of the incident light is reduced by reflection at the
material surface and absorption within the material. Both depend on the incident
wavelength λ and are represented by the material reflectance R(λ) and the absorp-
tion coefficient α(λ), respectively. Therefore, the intensity I(x, λ) of incident light
at a distance x from the surface of the material is given by

I(x, λ) = I0(λ) · (1−R(λ)) · e−α(λ)x . (2.2)

The absorption coefficient can be expressed as α = 4πκ/λ, with the absorption index
κ. The absorption length, defined as the distance at which the unreflected intensity
at the surface, i.e. I0(λ) · (1−R(λ)), has been reduced to a fraction of 1/e, can then
be defined as la(λ) = 1/α(λ).
Only electrons which are excited to energies higher than the vacuum level are capable
of escaping and therefore contribute to photo-emission. This can be expressed
through a reduced, so-called photo-emissive absorption coefficient αpe. The ratio
of total exited electrons and electrons excited above the vacuum level can then be
defined as αpe/α. The probability of exciting an electron above vacuum level within
a thickness dx in the material is therefore given by

Pex(x, dx, λ) = I0(λ) · (1−R(λ)) · αpe(λ)e
−α(λ)xdx . (2.3)
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• Transport
On their way to the surface, excited electrons are subject to elastic and inelas-
tic scattering processes, reducing their energy and inhibiting their transport. In
solids commonly used for photo-emission, such as metals and semiconductors, these
processes include electron-phonon scattering (lattice vibrations), electron-electron
scattering (thermalization) and scattering due to plasmon creation. Another scatter-
ing process, the Auger process, presents a special case since it can cause emission of
additional electrons [65].
For a simplified view of the transport process, the so-called exit depth Lesc is intro-
duced. It is defined as the distance after which the excited electrons retain at least
a fraction of 1/e of the energy required for emission from the material. Since the
probability of an electron being subject to a scattering process is proportional to the
traveled distance, the probability of an electron reaching the surface with sufficient
energy to be emitted may then be assumed as

Ptr(x, λ) = e−x/Lesc(λ) . (2.4)

• Emission
Excited electrons that arrive at the surface with sufficient energy are emitted by
tunneling through the surface barrier with a finite probability Pem(λ). This probabil-
ity increases with wavelength, with the exact correlation depending on the emitter
material, and typically does not exceed 0.5. For most metals, with electron-electron
scattering being the dominant process during transport, Pem is well below 0.1 due to
small energy losses and changes of direction from each scattering process [72]. For
some special cases, such as cesium iodide, Pem is close to 1 since high photo-yields
are observed [74].

A schematic representation of the model is shown in Fig. 2.1.
The intensity contribution to the photo-emission yield at a distance x from excitation
within a thickness dx can then be expressed as the product of the probabilities of each
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Figure 2.1.: Schematic representation of the three-step model. An electron with the initial energy
Ei is excited by an incident photon with the energy ∆E = hν to an energy Ef above
vacuum level Evac, transported to the surface and emitted into vacuum. Figure based
on [75, Fig. 6.1].

step1 [72]:
di(x, dx, λ) = Pex(x, dx, λ) · Ptr(x, λ) · Pem(λ) . (2.5)

The total contribution for an emitter with infinite depth is then calculated as [72]

i(λ) =

∫︂ ∞

0
di(x, dx, λ) = I0(λ) · (1−R(λ)) ·αpe(λ)/(α(λ)+1/Lesc(λ)) ·Pem(λ) . (2.6)

1The equations presented here follow the formalism used in Ref. [72], which can be considered lax from a
purely mathematical point of view. Pex should be treated as a differential quantity dPex with the presented
formalism, which is unusual.
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One should note that this approximation is only valid for photocathodes with a sufficiently
large depth or thickness d ≫ Lesc. Emission from thin photocathodes operated in trans-
mission mode require the thickness to be included into the calculation.
In order to parametrize the effectiveness of the photo-emission, the quantum yield or
quantum efficiency η is defined as the number of electrons emitted per number of incident
photons Ne−/Nγ . This can be interpreted as the ratio of emitted electron intensity to inci-
dent photon intensity. Considering the reflectance of the material and the approximation
for the photo-emission intensity made in Eq. (2.6), the effective quantum efficiency ηeff
can be written as

ηeff(λ) =
i(λ)

I0(λ) · (1−R(λ))
=

(αpe(λ)/α(λ)) · Pem(λ)

1 + (la(λ)/Lesc(λ)
. (2.7)

Therefore, a material is an effective photo emitter if the ratio αpe/α is high and la/Lesc is
low. Thus, a high percentage of excited electrons must posses an energy above vacuum
level, and the absorption length must be significantly smaller than the exit depth.
The three-step model is well comprehensible, easy to implement in practice and performs
well in predicting the behavior of photo-emitters. However, since it is based purely on
phenomenological findings, important aspects such as the wave-particle duality of electrons
and influence from surface effects are ignored. While a more sophisticated approach is
required to gain a more complete theoretical description of photo-emission, this model is
commonly used as a useful approximation [76–79]. For a more detailed description and
discussion of the model, one may consult [75]. Detailed Monte-Carlo implementations
can be found in [77, 79].

2.1.2. One-step model

This description of the one-step model follows along the lines of [69, 71, 75]. The model
treats photo-emission as a scattering process, describing it as an excitation from an initial
state within the material to a final state near the surface. The Hamiltonian for such an
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interaction of an electron with electromagnetic radiation can be written as

H int =
e

mec
· p⃗ · A⃗ , (2.8)

with the electron momentum operator p⃗ and the vector potential A⃗ of the electromagnetic
radiation, which is perpendicular to the propagation direction of the photons. This
Hamiltonian represents the perturbation between initial and final state. The transition
rate, or transition probability per unit time, between the initial state |Ψi⟩ and the final
state

⃓⃓
Ψf

⟩︁
is then given by Fermi’s golden rule as

Γi→f =
2π

ℏ
|
⟨︁
Ψf

⃓⃓
H int |Ψi⟩ |2 · δ(Ef − Ei − hν) , (2.9)

with the reduced Planck constant ℏ, the energy of the final state Ef and the energy of
the initial state Ei. For the purpose of implementing scattering and surface effects into
the model without losing the coherence of the wave, the wave function of the final state
is adapted to a plane Bloch wave at the boundary surface between solid and vacuum,
such that the excitation of an electron occurs in a dampened state. The exact emitted
photocurrent can then be calculated by applying the true initial and final states to this
equation, as shown in [75, p. 380]. Using this formalism, the photocurrent can be
approximated as [80]

Ip ∼
√︁

Ekin ·
∑︂
i,f

|
⟨︁
Ψf

⃓⃓
D |Ψi⟩ |2 · δ(Ef − Ei − hν) , (2.10)

with the photo-electron kinetic energy Ekin and the dipole operator D = p⃗ · A⃗.
In order to find the suitable final state, the relatively short exit depth must be taken into
account properly. For this purpose, the theory of low-energy electron diffraction (LEED)
offers a suitable framework. The LEED process describes the interaction of low-energy
electrons with the surface of a sample. The particles are either reflected from or transmitted
into the material, where interactions with the material structure, e.g. scattering, occur. If
the directions of the transmitted and incident electrons are reversed, reflected electrons
are ignored and an incident photon is introduced, all important characteristics of the
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photo-emission process are present. Then, a time-reversed LEED state Ψ∗
LEED can be used

as the final state. This is also called the inverse LEED theory. A schematic representation
of the one-step model and both LEED and inverse LEED process are shown in Fig. 2.2.
Adapting Eq. (2.10) to this formalism gives [81]

Ip(E, ϑ, φ) ∝
√︁

Ekin ·
∑︂
i

|
⟨︂
Ψ∗

LEED(k⃗∥)
⃓⃓⃓
D
⃓⃓⃓
Ψi(k⃗∥)

⟩︂
|2 · δ(E − Ei − hν) . (2.11)
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Figure 2.2.: Left: Schematic representation of the one-step model. An electron with the initial
energy Ei is excited by an incident photon with the energy ∆E = hν to a damped
state, represented by a Bloch wave with the energy Ef above vacuum level Evac. This
wave can propagate as an undamped free wave after transition through the surface
of the solid. Right: LEED (top) and inverse LEED (bottom) process. Figure based on
[75, figs. 6.1, 6.17].
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The surface-parallel component of the wave vector k⃗∥ is determined by the escape angles
ϑ and φ as well as the kinetic energy Ekin of the emitted photo-electrons [81]:

k⃗∥ =
√︁

2meEkin/ℏ2 · sinϑ

(︄
cosφ

sinφ

)︄
. (2.12)

Inside the material, excited electrons have a conical distribution. Projecting these cones
through the surface results in an angular distribution of the emitted electrons. This
prediction was quickly validated through experiments with Ag [82] and GaAs [83].
Due to the more complex nature of this model, it is in practice not suited for modeling
the photo-emission process in polycrystalline materials such as multi-alkali substances.
For monocrystalline materials such as metals and some semiconductors however, the
one-step model can be applied and used for simulations without the assumption of ad-hoc
parameters, as shown for Ag [84] and GaAs [80].

2.1.3. Quantum efficiency

A very important parameter to characterize the photo-electron emission effectiveness of a
sample or photocathode is the quantum efficiency η. As already introduced in Eq. (2.1.1), it
is defined as the ratio of emitted photo-electrons to incident photonsNe−/Nγ and depends
on the wavelength λ of the incident light. As a fraction of outgoing to incoming intensity,
η can be estimated as [85]

η(λ) =
hν

e
· Je
Iγ

=
hc

e
· je
λ · Iγ

, (2.13)

where je is the current density of the emitted electrons and Iγ is the intensity of the
incident light. Canceling out the areas in je and Iγ yields

η(λ, Ip, Pγ) =
hc

e
·

Ip
λ · Pγ

(2.14)
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with the observables being the emitted electron current or photocurrent Ip and the power
of the incident light Pγ . In practice, η is commonly given in units of percent, with Ip

measured in µA, λ in nm and Pγ in mW. η can then be approximated as

η ≈ 123.98 nmmW µA−1% ·
Ip

λ · Pγ
. (2.15)

In order to equate these formulas to Eq. (2.7), the reflectance R(λ) must be included,
yielding the effective quantum efficiency ηeff = η/(1−R).

2.2. Gallium arsenide photocathodes

Type III-V compound semiconductors, in particular GaAs, were first introduced as photo-
emitter material in the 1960s [67], marking a major step in photocathode development.
These materials showed several advantages compared to other photocathodes used so
far, such as a significant increase in quantum efficiency and a good usability over a wide
spectral range, performing best in the infrared region. Using the three-step model, this
can be partially explained by the behavior of the optical absorption coefficient of III-V
compounds: it increases rapidly for incident photon energies Eγ just above the band gap
energy EG, which, in semiconductors, is the energy difference between the maximum
of the valence band VBmax and the minimum of the conduction band CBmin. This is a
characteristic of so-called direct band gap semiconductors [86].
GaAs was one of the first III-V direct band gap semiconductors to be investigated for use
as a photocathode material. J. J. Scheer and J. van Laar established, both theoretically
and experimentally, that GaAs was suitable as a high-yield photo-emitter if the material is
p-doped and a thin layer of electropositive metal atoms, such as caesium (Cs), is adsorbed
at the surface, lowering the so-called electron affinity EA [67]. Further investigations
showed that photo-emission can be enhanced further by combining Cs and oxygen (O)
[12] or fluorine (F) [13] for surface coating, yielding a negative electron affinity (NEA)
layer. The adsorption process is commonly referred to as either preparation or activation
and is described in more detail in sec. 2.3.
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GaAs is of particular importance as a photo-emitter because it allows the emission of
highly spin-polarized electrons, as first proposed by G. Lampel and C. Weisbuch [87] and
established by D. T. Pierce, F. Meier and P. Zürcher in 1975 [14].

2.2.1. Crystal and band structure

The underlying crystal structure of GaAs can be described along the lines of [88]: the
Ga and As atoms each form their own face-centred cubic (fcc) lattice, displaced by a
vector of (a/4, a/4, a/4) along a diagonal direction of the body, with the lattice constant
a. Therefore, their base atoms are located at the coordinates (0, 0, 0) and a/4, a/4, a/4),
respectively. Since the base atoms of the two inter-penetrating lattices are different, the
resulting structure is called Zincblende structure (if both base atoms would be of the same
element, it would be called diamond structure instead). A schematic representation of the
crystal structure is shown in Fig. 2.3. For photocathodes, GaAs cut by the (110) plane is
most commonly used. An extensive review of the structure of GaAs and its properties can
be found in [89].

a
a

a

Ga

As

Figure 2.3.: Crystal structure of GaAs. Each unit cell of the fcc lattice has the length of a in each
direction of the underlying base. Figure based on [90, Fig. 2.2 (a)].
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The range of energy levels available to electrons in a solid are described by the band
structure of the material. The band structure of GaAs was first described in its entirety by
H. Ehrenreich in 1960 [91], based on a previous model proposed by J. Callaway [92]. He
concluded that the band structure of GaAs close to the band edges is comparable to that
of indium antimonide (InSb), therefore allowing the adaptation of E. O. Kane’s model for
this material [93] as method of calculation. This approximated, semi-empirical approach
uses perturbation theory and is also called k·p model. A detailed adaption of this method
to calculate the band structure of semiconductors, including GaAs, is described in [88,
sec. 2.8]. Hereinafter, only the basic approach will be described.
For electron movement in a periodic structure, such as crystals, the Schrödinger equation
can be written as [88] (︃

−ℏ2

2me
∇2 + V (r⃗)

)︃
Ψ(r⃗) = EΨ(r⃗) , (2.16)

with the electron mass me, the wave function Ψ, the position vector r⃗, the periodic
background potential V (r⃗) = V (r⃗ + R⃗) with the lattice periodicity R⃗, and the electron
energy E. If V = 0, the energy is given by [88]

E =
ℏ2k⃗

2

2m∗ , (2.17)

with the wave vector k⃗ of a bound electron and the effective electronmassm∗. Using Bloch’s
theorem [94], the eigenfunctions of the Schrödinger equation of a periodic potential are
the product of a plane wave eik⃗r⃗ and a periodic function with the same periodicity as the
crystal structure u

k⃗
(r⃗) = u

k⃗
(r⃗ + R⃗), thus yielding [88]

Ψ
k⃗
(r⃗) = eik⃗r⃗ · u

k⃗
(r⃗) . (2.18)

For semiconductors such as GaAs, spin-orbit coupling needs to be included into band
structure calculations because the top of the VB consists mostly of p-type states. This results
in a spin-orbit split ∆SO between the P1/2 and P3/2 states. Additionally, the P3/2 state
forms two sub-bands: the light hole (lh) and heavy-hole (hh), referring to the difference
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in effective mass of the holes in each sub-band. In total, this means that the top of the
VB consists of three twice-degenerate sub-bands. A schematic representation of its shape
close to the CB and VB edges is shown in Fig. 2.4.

conduction band

valence band

spin-orbit splitt-off bandP1/2

P3/2

S1/2

EG

heavy-hole

light-hole

Figure 2.4.: Schematic representation of the GaAs band structure close to the band edges. CBmin

and VBmax are at k⃗ = 0 and separated by the band-gap energy EG. A depiction of
the complete band structure can be found, e.g., in Ref [88, Fig. 2.11].

Since GaAs is a direct band gap semiconductor, both CBmin and VBmax are located at
the Γ-point, which is the center of the Brillouin-Zone. The former is represented by the
Γ6-state and the latter by the Γ8-state. The Γ7-state represents the maximum of the
split-off sub-band. The energy gap EG depends on the temperature T of the material and
is given by [95]

EG(T ) = EG(T = 0K)− α · T 2

(T + β)
, (2.19)
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with the constants α and β. Inserting the values for EG(T = 0K), α and β obtained in
[95], one gets

EG(T ) = 1.519 eV − 5.405× 10−4 eVK−1 · T 2

(T + 204K−1)
, (2.20)

with the temperature given in units of K. At room temperature (≈ 300K), this results
in an energy gap of EG = 1.422 eV. This corresponds to an incident photon wavelength
of λ = 872 nm. The spin-orbit split for GaAs is ∆SO = 0.34 eV [96]. Thus, for incident
photons with Eγ ≥ 1.762 eV or λ ≲ 704 nm, transitions from the split-off VB to the CB are
also possible.

2.2.2. Negative electron affinity

The exact nature of the surface layer required for improved photo-emission from GaAs is
still subject of ongoing research [97–100]. Several different models to describe its effects
have been proposed so far:

• Heterojunction model
The heterojunction model was proposed shortly after the improvement of photo-
emission by a surface layer was discovered [101]. It hypothesizes a thick surface
layer.

• Dipole layer model
In contrast to the heterojunction model, this model assumes a monolayer on the
GaAs surface [102].

• Double dipole model
Based on the dipole model, this approach suggests the presence of two dipole layers
on the surface [103].

• Cluster model
This model hypothesizes the formation of Cs11O3 clusters on the GaAs surface [104].

The main difference between those models is the description of the barrier at the surface
interface, although some similarities exist. It has been suggested that the two models
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considered most practical, the heterojunction model and the dipole layer model, are
valid in different domains of surface layer thickness [98]. Hereinafter, the effects of the
surface layer causing negative electron affinity are described along the lines of common
descriptions in literature [101–103, 105, 106].
Based on Eq. (2.1), the threshold energy Eth required for incident photons to rise an
electron from VBmax to the vacuum level Evac, and hence to cause photo-emission, is
given by [106]

Eth = hνth = eϕ+ δFV = EG + EA , (2.21)

with the material work function ϕ, the energy gap δFV between VBmax and the Fermi
level EF, the band gap EG and the electron affinity EA. The latter is a very important
parameter for photo-emission and can be expressed by reshaping Eq. (2.21)

EA = eϕ+ δFV − EG . (2.22)

It represents the barrier which the electrons have to overcome in addition to the band gap
to escape the material, as shown schematically in Fig. 2.5 (a). Bulk GaAs has an electron
affinity of EA = 4.1 eV [86]. At room temperature, the photo-emission threshold energy
is therefore Eth = 5.522 eV, corresponding to a wavelength of about λ ≈ 224.5 nm. In
order to increase the photo-emission yield from the material, Eth needs to be reduced.
There are two ways to achieve this: either reduce EG or reduce EA. However, EG could
only be reduced significantly by increasing the temperature of the material considerably,
which is not practical. Hence, it is desirable to find means to reduce EA.
Since EG is assumed as constant, EA can be altered by reducing the surface potential eϕ
and/or lowering EF such that δFV is minimized. Sheer and van Laar showed that EA can
be reduced to virtually zero by a combination of p-doping GaAs (in their case with Zn)
and applying a thin layer of Cs to the surface [67]. The p-doping of the material alters the
electronic structure by introducing impurities with less electrons in the VB, thus creating a
surplus of acceptors. Electrons from the surface then occupy these acceptors, establishing
an acceptor level (AL) and lowering EF. This charge exchange creates a space-charge
region with parabolic potential distribution [105]. Both VBmax and CBmin are then bent
near the surface, and Evac is lowered, as shown in Fig. 2.5 (b), resulting in a reduced
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Figure 2.5.: Schematic band diagram of GaAs.
(a) For undoped material, electrons excited by incident light have to overcome the
barrier represented by the electron affinity EA, requiring photon energies hνth far
greater than the band gap energy EG.
(b) P-doping the material creates an acceptor level (AL), lowering EF and leading
to band bending at the surface. Excited electrons now only need to overcome the
effective electron affinity χeff .
(c) Adding a surface layer of Cs in combination with an oxidant further increases
this effect and reduces χeff below zero, thus achieving negative electron affinity.
Excitation with photon energies close to the band gap of the material is now possible.
A Schottky barrier with height ΦB is formed at the conjunction of the bulk material
and the surface layer.
Figure based on respective figures in [67, 86, 101, 105].

effective electron affinity χeff . The strength of the band bending depends on the amount
of impurity atoms introduced into the material, with heavily p-doped GaAs showing the
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strongest band bending effect [105].
Adsorption of Cs causes Fermi-level pinning, lowering EF further to a level close to VBmax,
where it stabilizes. The surface layer has a reduced eϕ, causing an additional band bending
effect and lowering Evac even further such that χeff is reduced to zero. The formation of a
Schottky barrier with height ΦB at the conjunction between bulk crystal and surface layer
now still impedes electron emission. Addition of an oxidizing agent, such as O or F, to the
Cs layer enhances band bending, bringing Evac below CBmin, as shown in Fig. 2.5 (c). In
this case, χeff is reduced below zero, and this state is called negative electron affinity (NEA).
The barrier for electrons escaping to the vacuum level is now Evac +ΦB and lies below
CBmin, hence enabling the emission of electrons excited with photon energies close to
EG. H. Sonnenberg proposed that the adsorption of Cs2O on GaAs would form a n-doped
surface [101], but Scheer and van Laar were able to prove that a p-doped surface is
formed [105].

P-doped GaAs is also called p-type GaAs. In this work, the notation p-GaAs is used.
The elements of the surface layer are put in parentheses behind the carrier material. For
example, p-doped GaAs with a surface layer of Cs and O is denoted as p-GaAs(Cs, O).

2.2.3. Emission of spin-polarized electrons

Electrons in the conduction band of solids can be polarized by optical pumping with circu-
larly polarized light [107, 108]. Based on this effect, p-GaAs(Cs) [87] and p-GaAs(Cs, O)
[109] were proposed as suitable candidates for a reliable source of polarized electrons,
with maximum polarization predicted to be about 50 %. D. T. Pierce and F. Meier first
gave a detailed description of spin-polarized electron photo-emission, defining the spin
polarization P of an electron ensemble as [109]

P =
N↑ −N↓
N↑ +N↓

, (2.23)

where N↑ and N↓ are the numbers of electrons with spin quantum number sz = +1
2 and

sz = −1
2 , corresponding to a spin parallel and anti-parallel to a preferred orientation. The
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maximum spin polarization of an electron beam emitted from a material is determined by
the transition probabilities of the transitions energetically possible at the incident photon
energy Eγ . For a direct band-gap semiconductor such as GaAs, the allowed transitions
at Eγ ≈ EG are from VB to CB, with the selection rule that the difference between the
respective quantum numbers mj of the final state mj,f and the initial state mj,i must be
∆mj = mj,f −mj,i = ±1. For full spin polarization, all excited electrons need to end up
in a final state with the same quantum number mj,f . Since the CB is two-fold degenerate
and the VB is split by spin-orbit interaction into a four-fold degenerate P3/2 level and
a two-fold degenerate P1/2 level, transitions from mj = ∓3

2 to mj = ∓1
2 with relative

transition probability 3 and mj = ∓1
2 to mj = ±1

2 with relative transition probability 1
for circularly polarized light with helicity σ± are allowed. A schematic representation of
the transitions with their respective relative transition probabilities is shown in Fig. 2.6
(a). This gives a spin polarization of

P =
1− 3

1 + 3
= −0.5 for σ+ , and (2.24a)

P =
3− 1

3 + 1
= +0.5 for σ− . (2.24b)

If Eγ is increased above EG + ∆SO, additional transitions from mj = ∓1
2 to mj = ±1

2

with relative transition probability of 2 are allowed, thereby reducing spin polarization
to 0. Therefore, choosing Eγ < EG +∆SO = 1.762 eV, or λ > 704 nm, is a fundamental
requirement for spin-polarized electron emission from GaAs photocathodes. As discussed
in sec. 2.2.2, effective photo-emission from photons with Eγ ≈ EG is only possible if NEA
conditions are present. Therefore, p-GaAs(Cs, O) can be used as an effective source of
spin-polarized electrons.

The limiting factor for spin polarization in GaAs is the degeneracy of the P3/2 level.
If this level could be split into two two-fold degenerate sub-levels (lh and hh) with an
energy difference of ∆ES, as shown in Fig. 2.6 (b), only one transition would be allowed
for EG ≤ Eγ < EG +∆ES, effectively increasing P to 1. An increase of polarization up to
0.8 has been demonstrated by applying uni-axial stress to GaAs samples [110], but this
approach requires a complex mechanism and can easily destroy the sample.
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The first measurements of spin polarization by D. T. Pierce and F. Meier were conducted
at low temperatures, reporting P = 0.4 at T ≤ 10K [109]. Subsequent studies discovered
that the degree of spin-polarisation at room temperature is about 2 times lower and
demonstrated a relative increase in P of about 25% for a temperature reduction from
300K to 80K [111]. Considering the technological challenges involved in the design and
operation of a cold photo-electron gun, this increase in P alone is rather small to warrant
the effort. However, cold photo-electron guns based on GaAs cathodes have become a
focus of interest due to other advantages posed by operation at low temperatures, such as
low energy spread (see, e.g., [112]) and improved vacuum conditions (see, e.g., [113]).
Hence, the prospect of higher spin polarization at low temperatures adds another benefit
to these types of photo-gun design.

Removing the degeneracy by means of growing thin epitaxial layers with smaller EG and
slightly larger lattice constant on a GaAs-based substrate, as first proposed for a lattice
formed by GaAs/AlAs monolayers [115], proved to be a promising and more practical
approach. This induces a split of the P3/2 level with an energy difference ∆ES by differ-
ent means. Growing a single layer on a substrate with smaller lattice constant creates
an uniaxial defomration of the crystal lattice, hence causing the level-splitting. This is
commonly referred to as strained layer, designated here in the form layer/substrate.
A more complex structure formed by multiple, alternating layers of two different com-
pounds with the same lattice constant, but different EG, is referred to as unstrained
superlattice. If both lattice constant and EG of the layers are different, it is referred to as
strained superlattice. Both are designated here in the form <layer 1> - <layer 2>, with
the material of layer 2 in some cases also being used as basis substrate.

Spin polarization values between 0.71 and 0.92 have been reported in literature for
a variety of strained layers and superlattices. Tab. 2.1 lists strained-layer and superlattice
materials that have been presented in literature so far, with a selection of reported values.
η is mostly below 1% for both strained-layer and superlattice compounds, significantly
lower than what can be obtained from normal GaAs crystals (also referred to as bulk
GaAs). This appears to be a necessary trade-off in order to achieve high spin polarization.
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Figure 2.6.: Schematic representation of transitions responsible for emission of spin-polarized
electrons from GaAs. Transitions are shown as solid lines for σ+ light and as dashed
lines for σ− light, labeled with their respective relative transition probabilities (num-
bers in circles).
(a) Bulk-GaAs: for excitation with Eγ ≈ EG, transitions are possible from the four-
fold degenerate P3/2 band to the two-fold degenerate S1/2 band, hence limiting spin
polarization to P ≤ 0.5 since two final states can be excited.
(b) Strained-layer/superlattice GaAs: P3/2 is split by an energy difference of ∆ES

between the hh and lh sub-bands, hence only one transition is allowed for EG ≤
Eγ < EG +∆ES, increasing spin polarization to P = 1.0.
Figures based on [109, Fig. 2] and [114, Fig. 1].

For strained-layer materials, photo-emission is reduced because the layer causing the
strain is limited to a thickness of below 100 nm, compared to la of about 1µm [116].
The integration of a distributed Bragg reflector (DBR) into the superlattice has been
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proposed as a possible way to overcome this limitation and significantly increase η [117].
Despite having similar restrictions in the thickness of the superlattice structure, strained
superlattices appear to be more suitable candidates, yielding higher values for both η and
spin polarization. In particular, the GaAs-GaAsP strained-superlattice shows promise, with
highest values of both spin polarization and quantum efficiency reported for this cathode
type. Values for η in the same order of magnitude as observed for bulk-GaAs have been
reported for a GaAs-GaAsP cathode with DBR [16].
As experimental data suggests, a spin polarization of 1.0 is only possible in theory, but
cannot be obtained in practice. This observable reduction in spin polarization is caused by
spin-relaxation. This process is used to describe several interaction mechanisms that lead
to a spin-flip of the photo-electrons within the crystal prior to emission. It is characterized
by the average lifetime τpe of an electron within the crystal, and the spin relaxation time τs,
defining the exponential decay of spin population difference over time after the incident
light is turned off. The final spin polarization Pf can then be expressed as [109]

Pf =
τs

τs + τpe
· Pi·, (2.25)

with the initial spin polarization Pi. For a detailed description of the involved interaction
mechanisms, one may consult [79, 134, 135].
Additionally, spin-flip scattering can also take place at the surface of the material. Taking
this into consideration as well, the measured spin polarization Pm is influenced by the
fraction ζ of spins flipped through scattering at the surface and can be written as [109]

Pm = (1− 2ζ) · P . (2.26)

For experiments with counting statistics limiting the uncertainty of the measurement, one
may classify sources of spin-polarized electrons by defining a figure of merit (FOM) [109]

FOM = P 2 · I, (2.27)

with spin polarization P and emitted current I.
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Table 2.1.: Variety of literature reports on NEA cathode materials for high spin polarization,
together with respective values for spin polarization P , quantum efficiency η and laser
wavelength λ. All measurements listed here have been performed at room temperature.
Uncertainties have been omitted for a better overview.

Type Material P η in % λ in nm reference
Bulk GaAs 0.20 5.0 800 [111]

0.25 6-10 750 [23]
Strained-layer InxGa1−xAs/GaAs(100) 0.71 0.005 984 [118]

0.68 0.0001 954 [114]
GaAs/GaAs1−xPx(100) 0.86 0.02 860 [119]

0.90 0.03 849 [120]
0.75 0.05 870 [121]
0.80 0.4 830 [122]
0.80 0.2 805 [123]

Superlattice AlGaAs-GaAs 0.71 0.0003 802 [124]
0.71 0.5 756 [125]
0.68 0.9 739 [126]

InGaAs-GaAs 0.83 0.015 911 [127]
0.91 0.004 908 [126]

InGaAs-AlGaAs 0.80 0.7 741 [126]
0.77 0.7 741 [128]

InAlGaAs-AlGaAs 0.92 1.0 825 [129]
InAlGaAs-AlGaAs 0.88 1.0 810 [130]

InAlGaAs-AlGaAs (DBR) 0.83 1.0 810 [130]
InAlGaAs-GaAsP 0.84 0.4 855 [131]

0.80 0.07 870 [130]
InAlGaAs-GaAsP (DBR) 0.77 0.4 860 [130]

GaAs-GaAsP 0.86 1.2 785 [132]
0.92 0.5 778 [128]
0.92 1.6 780 [133]

GaAs-GaAsP (DBR) 0.70 1.3 860 [117]
0.84 6.4 776 [16]
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2.3. Activation process

The process of applying a thin surface layer on a photocathode in order to achieve NEA
is called activation. The detailed implementation of this procedure greatly affects the
performance of the prepared photocathode.
First, the photocathode must be placed in an ultra-high vacuum (UHV) environment with
a base pressure below 10−10mbar. Before the NEA layer can be applied, any particles
contaminating the surface must be removed. This is done through heat cleaning, heating
the GaAs cathode to temperatures between 610 ◦C and 650 ◦C [136, 137]. Another
established cleaning method uses atomic hydrogen [138]. Some impurities that can’t be
removed by heat cleaning, such as carbon, can be removed with this method [139]. Both
methods have shown that restoration of surface purity is possible to a level that allows
successful re-activation. After thorough cleaning, Cs and the oxidant are applied in a
predefined order, also referred to as activation scheme or activation method. Cs is applied
using an evaporator or dispenser, while the oxidant is usually introduced in gaseous form
through a leak valve.
Experiments [52, 140] and practical experience [21] showed a deterioration of the surface
layer over time. This decay is characterized by a lifetime τ . More recently, it has been
demonstrated that the incorporation of additional substances to the activation process
may enhance the quality and lifetime of the surface layer. Adding a second alkali metal
has been tested, with lithium (Li) yielding the most promising results [49, 56]. Antimony
(Sb) and tellurium (Te) have also been reported to show a positive effect when introduced
into the activation process [141, 142].

2.3.1. Activation schemes

A few different activation schemes have been developed and are used in laboratories
around the world. They all combine Cs with either O2 or NF3 and also have in common
that the photocathode is exposed to Cs first. Previous studies have shown that the
performance of GaAs photocathodes can be considered equivalent regardless wether O2
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or NF3 is used, although some differences in the time evolution of the activation process
have been reported [143]. Cesiation of the surface will result in an observable peak of
photocurrent, commonly called Cs peak. However, the methods differ in the sequence
used for adding the oxidant after the Cs peak. For quick reference of the used oxidant,
the notation <method>(Cs, <oxidant>) can be used when describing activations. It
is common practice to optimize the scheme such that the final quantum efficiency is
maximized. Several methods, here described for Cs and O2, can be found in literature:

• Yo-Yo
In the initial studies by Turnbull and Evans [12], the surface layer was created by first
applying Cs to the surface to form a base layer, then oxidizing it by introducing O2

and finally applying another layer of Cs. J. J. Uebbing and L. W. James expanded this
alternating preparation scheme further by applying first Cs until the photocurrent
was maximized, then alternating between O2 and Cs exposure, maximizing the
photocurrent for each until it could not be increased further [144]. W. Klein had
established a similar method a year earlier, applying Cs up to the photocurrent
maximum, then introducing O2 instead until the photocurrent peaked and then
declined to 2/3 of the peak value, before switching back to Cs until the photocurrent
peaked again. This cycle was repeated several times until no further increase in
photocurrent was observed [145]. A schematic representation of photocurrent over
time for this scheme, commonly referred to as Yo-Yo method, is shown in Fig. 2.7 (a).
The percentage of the peak value at which the exposure is switched, as well as the
number of cycle repetitions, can be adapted in order to optimize the process. While
starting with Cs exposure may be more common, it is also possible to do a "reverse
Yo-Yo" activation, starting with O2 exposure. It has been reported that there is little
difference between these sub-variants of this method [144].

• Nagoya
Based on the reverse Yo-Yo method, another scheme, shown in Fig. 2.7 (b), was
developed by K. Togawa et al. [146]: Cs is applied until the photocurrent drops back
to zero from the initial peak. Then, Cs-exposure is stopped and O2 is introduced.
This causes a rise in photocurrent. Once it reaches its peak, O2 is stopped and Cs
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is introduced again, dropping the photocurrent to zero once more. This cycle is
repeated until the photocurrent peak from O2 exposure does not increase compared
to the previous peak. Since this method was first established at Nagoya University,
it is commonly referred to as Nagoya method or Nagoya activation (Na-Ac).

• Co-deposition
In studies regarding photo-emission from indium arsenide phosphide (InAsP), H. Son-
nenberg formed a Cs-O layer on the material by first exposing the surface to an
optimized rate of Cs until the photocurrent is maximized. Cs exposure is maintained
at the set rate and O2 is simultaneously introduced. Like in the Yo-Yo method,
the addition of O2 can be delayed until the photocurrent has fallen to a certain
percentage of the initial Cs peak in order to optimize the process. The level of
O2 exposure is then adjusted to maximize the photocurrent gradient [147]. Once
the photocurrent reaches a plateau, both Cs and O2 exposure are stopped. This
Co-Deposition (Co-De) method is simple to implement and widely used. As shown in
Fig. 2.7 (c), it is common to start O2 exposure once the photocurrent peak caused
by initial Cs exposure has fallen to about 75 % of its maximum.

• Yo-Yo co-deposition
It is possible to combine the Yo-Yo and co-deposition methods into a hybrid activation
procedure, as described by C. Y. Su, W. E. Spicer and I. Lindau [103]: one begins with
Cs exposure and maintains it throughout the activation. O2 is applied to increase
the photocurrent and switched off at the peak, letting the photocurrent subside to
a certain percentage of its peak before starting O2 exposure again. This cycle is
repeated until the photocurrent does not increase further, as shown in Fig. 2.7 (d).
For further reference, this method is called Yo-Yo Co-De. It may also be possible to
alter this method by applying O2 once the photocurrent has been reduced to zero
after the previous peak, hence creating a Nagoya Co-De hybrid.

• Two-stage
B. J. Stocker describes in [148] a two-stage (TS) process to improve the final per-
formance of a GaAs photocathode, using two consecutive activations separated by
a short heating process. The duration of this heating depends on the maximum
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Figure 2.7.: Schematic representations of different activation methods, showing the time-
dependent change of photocurrent Ip and the corresponding changes in exposure to
Cs and O2. The progression of Ip for each method is equivalent if O2 is substituted
with NF3. Note that the number of alterations in exposure shown in (a), (b) and (d)
is arbitrary and should be optimized for each individual activation setup.

temperature to which the cathode is heated, from several seconds at 585 ◦C to
10-20 minutes at 520 ◦C. A Yo-Yo scheme is used for each individual activation,
but in principle, any combination of single activation schemes may be used. The
combinations of twice Co-De [149], first Co-De and second Nagoya [47] and twice
a hybrid of Co-De and Yo-Yo [98] have been reported so far.
Repeating the heating process for a three- or multi-stage activation does not improve
photocathode performance further, as reported in [150]: while the photo-response
after a three-stage activation is shown to be still better than after a single activation,
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it is lower than after a two-stage process, indicating a reduction of transmission
probability in the resulting NEA layer.

Other methods based on the procedures above have been tested as well. For example, H.
Gao and Q.-B. Lu have described a process [151] where they introduced O2 first after
heat cleaning until reaching an exposure corresponding to about half a monolayer of
oxygen adsorbed on the surface, before heating the surface to 450 ◦C and annealing the
cathode at this temperature for about 15 minutes. Once the cathode has cooled down to
room temperature, a Co-De scheme is performed. This process can be conducted as both
single-stage and two-stage, although the initial O2 exposure is not repeated before the
annealing between the stages.

2.3.2. Surface layer decay and lifetime

Photo-emission from NEA-activated GaAs is only stable under ideal conditions. In practice,
it decays over time. E. M. Yee and D. A. Jackson Jr. first attributed this decay to a
deterioration of the NEA surface layer, changing the corresponding band structure and
hence increasing the photo-emission threshold energy over time [52].
The time-dependent photo-emission decay can be described with a single-exponential
model, writing the photocurrent Ip as a function of time [143]:

Ip(t) ≈ Ip(0) · e−t/τ , (2.28)

with the initial photocurrent Ip(0) and the lifetime τ , defined as the time it takes for Ip
to reach a fraction of 1/e of its initial value. If the laser power PL and wavelength λ are
assumed to be constant, η can be expressed in the same way:

η(t) = η(0) · e−t/τ . (2.29)

This deterioration can be attributed to three main processes that influence the surface
layer [152]:
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(i) Residual gas adsorption
Even under UHV conditions, residual gas particles remain within the vacuum system
and can be adsorbed on the surface layer. These impurities then change the prop-
erties of the layer and decrease η. Several contaminants, such as chlorine, sulfur,
oxygen and carbon have been observed [139].
It has been demonstrated that this effect can be countered by both re-cesiation
and heating of the cathode to about 150 ◦C, effectively recovering (or sustaining)
photo-emission efficiency [140]. This is consistent with an over-oxidization of the
surface through adsorption of residual O2 (or other chemically active molecules
containing oxygen) over time, as suggested in [150], leading to a reduction in η.
Introducing additional Cs then restores the balance, similar to a Yo-Yo activation
scheme. In contrast, heating the cathode both reduces adsorption and removes
impurities from the surface, therefore stabilizing NEA conditions.
T. Wada et al. have been able to show that the deterioration rate of the surface
layer caused by exposure to gas particles, and the ability to recover photo-emission
after exposure through re-cesiation, depends on the type of gas interacting with the
surface [153]. While inert gases, such as hydrogen (H2), nitrogen (N2), methane
(CH4), argon (Ar) and carbon monoxide (CO) cause little to none degradation even
at high exposure, reactive gases such as O2, water vapor and carbon dioxide (CO2)
cause rapid decay of observed photo-emission [53]. These findings were confirmed
in a subsequent study, showing that re-cesiation of the photocathode can restore η
partially after CO or CO2 exposure, and almost completely after O2 exposure [154].
For the exposure to water vapor, D. Durek et al. demonstrated a direct dependence
of τ on the residual pressure p [155]:

τ(p) = τ0 ·
(︃

p

p0

)︃−n

, (2.30)

with the initial lifetime τ0 at initial pressure p0 and the parameter n, given as 1.01 for
water vapor [155]. The parameter n may have other values for different gas species.
Recently, a more detailed model using a dynamic approach to describe residual gas
adsorption has been proposed, showing good agreement with experimental data for
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decay from O2 exposure [78].
One should note that residual gas adsorption occurs irrespective of photo-emission
from the cathode, since it solely depends on the vacuum conditions. However,
during operation as a photo-electron source, vacuum conditions may deteriorate
due to various effects. Photo-emitted electrons cause electron-stimulated desorption
(ESD [156]) from the anode [140] and the vacuum chamber [24]. This can also
be caused by secondary electrons from field emission at high electrode potentials
[157].
The lifetime associated with the vacuum conditions is commonly referred to as
vacuum lifetime τvac. If no illumination is applied and the cathode is on ground
potential, the lifetime corresponding to deterioration from storage only is called
dark lifetime τd.

(ii) Ion back-bombardment
Electrons emitted from the photocathode are accelerated by a negative potential
applied to the cathode or by a positive potential applied to the anode, or both.
Since those potentials usually are ≥ 100V, the kinetic energy of the electrons is
sufficient to ionize residual gas particles [158, 159]. Those ions are then accelerated
in the opposite direction, impacting the emission surface on the cathode. This
effect, first described for photocathodes by H. Schade et al. [140], is called ion
back-bombardment (IBB)2. It has been demonstrated by P. Rabinzohn et al. that low-
energy ion bombardment removes oxide layers on the GaAs surface, also suggesting
that an incorporation of ions into the crystal structure takes place at higher ion
energies [161]. Hence, IBB can decrease photo-emission by deteriorating the NEA
surface and by introducing unwanted doping into the crystal structure.
Operational experience of DC photo-guns with GaAs cathodes has shown that IBB
greatly contributes to photo-emission deterioration [24, 26, 157, 162], with high
deterioration of η at both the electrostatic center of the cathode and the position of
the laser spot [24, 26, 53, 162, 163]. H2 appears to be the predominant remaining

2This effect has been described before for other applications, usually being referred to as electron-stimulated
desorption (ESD). For a detailed description of the effect, see, e.g., [160]. However, in the accelerator
community, the term "ion back-bombardment" is more commonly used.
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residual gas species in the gun chamber, and thus is most likely the main cause of
photo-emission degradation through IBB. As suggested in [161], two independent
deterioration mechanisms have been demonstrated: surface sputtering by hydrogen
ions [53], similar to hydrogen cleaning, and implantation of hydrogen ions into the
GaAs crystal [164]. While the former effect can be easily reversed by heat cleaning
and re-activation [53], this reversibility depends on the kinetic energy of the ions
for the latter mechanism [164].
While most ions responsible for IBB originate in the proximity of the cathode,
additional ions can be produced further downstream in the beamline and become
trapped in the electric potential of the DC electron beam [165]. Those ions can then
travel along the beamline towards the gun and contribute to IBB. For a distance l
traveled by a number of electrons Ne through a gas with density ρg, the average
number of produced ions Ni is given as [166]

Ni = ρgσilNe , (2.31)

with the ionization cross section σi for the respective type of gas. IBB from residual
gas ionization therefore depends on chamber pressure, gun geometry and extracted
photocurrent. Minimizing pressure is an important design criterion in order to
suppress residual gas adsorption as well. Since many applications require high
currents, the number of emitted photo-electrons cannot be reduced as easily.
It has been demonstrated that the introduction of a positively biased anode ring can
reduce the impact of IBB, effectively inhibiting ion influx from further downstream
and reducing the distance l where ions can be produced to the gap between cathode
and anode [165–167].
The lifetime associated with IBB is referred to as IBB lifetime τIBB. Assuming that
this lifetime is inversely proportional to the ion current density, given as ji ≈

dNi
dt · 1

A

with ionization rate dNi/dt and beam cross-sectional area A for a laser spot at the
electrostatic center of the photocathode, and further considering the proportionality
dNi/dt ∝ pIp/Eel with chamber pressure p, photocurrent Ip and gun electric field
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Eel, τIBB can be expressed as [116]

τIBB ∝ AEel

pIp
. (2.32)

It has been demonstrated that this effect can be greatly inhibited by adding an
external magnetic field, deflecting ions away from the area of beam extraction [140].
However, since such a magnetic field may influence electron beam parameters in
an undesired way, it must be carefully investigated if it can be integrated into a
DC electron-gun design without impeding efficient and high-quality electron beam
extraction.

(iii) Thermal desorption
It has been shown that an increase in temperature accelerates the decay of η through
thermal desorption [168–171]. The corresponding thermal desorption lifetime τtd
can then be derived from the Arrhenius equation as [170]

τtd =
1

ν
· e

E
kBT , (2.33)

with the rate constant ν, the binding energy E, the Boltzmann constant kB and
the temperature T . For a Cs atom bound to a GaAs surface at room temperature
T = 300K, one can assume ν = 1 × 1013 s−1, E = 1.6 eV, and kBT = 25.85meV

[170]. Hence, at room temperature, τtd can be estimated as τtd = 2.1 × 1010 h,
which is about 2.41 million years. B. Goldstein and D. Szostak have shown through
flash-desorption studies that O is almost completely desorbed in the form of Ga2O at
temperatures above 500 ◦C, with no detectable desorption below that temperature
[168]. Thermal desorption of both Cs and O can therefore be safely neglected as
source of deterioration if the cathode is operated at room temperature.
For applications with high beam current, GaAs photocathodes need to be operated
with a high-power incident laser. At the position of the laser spot, the maximum
temperature rise Tmax at the photocathode surface by laser irradiation with Gaussian
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beam profile can be approximated3 by [172]

Tmax ≈ PL

2π1/2KwL

, (2.34)

with laser power PL, thermal conductivity K and 1/e2 beam width wL.
For operational and planned photo-injectors, typical diameters of the laser spot, or
2wL, range from 0.3mm to 10mm [173]. For GaAs withK = 45.5Wm−1K−1 [172],
an incident laser beam with PL = 100mW would heat the cathode by about 4K for
0.15mm beam width, and about 0.12K for 5mm beam width. Assuming operations
with high beam currents of up to 100mA, laser powers in the range of 10W are
required, heating the cathode by about 400K for 0.15mm beam width, and about
12K for 5mm beam width. The actual increase in temperature of the cathode can be
observed by measuring the spectral shift caused by the change in EG (cf. Eq. (2.20)),
and has been reported as about 0.4KmW−1 for laser powers of up to 185mW [174].
This suggests a far higher temperature increase than theoretically calculated. The
main reason for this is most likely that the thermal resistance between the cathode
and its mount is too high, preventing sufficient heat dissipation [174].
Desorption of Cs from a Cs-O surface layer on GaAs has been shown to start at
about 423K, significantly increasing to a first peak at 573K [168]. Hence, operating
NEA-coated GaAs photocathode at high laser powers and small laser spot sizes
will lead to significant Cs desorption, greatly reducing cathode lifetime. At 500K,
Eq. (2.33) yields a lifetime of just 0.37 h. Active cooling is then required to increase
NEA-surface stability. Considering a temperature increase of 0.4KmW−1, operating
the cathode with PL ≤ 200mW will yield τtd ≥ 5 years. Therefore, for cathode
operation with laser powers below 200mW, contribution from thermal desorption
to photo-emission decay can be considered negligible even for small laser spot sizes.
Thermal desorption, and thermal effects in general, can have additional, secondary
effects that deteriorate η. M. Kuriki et al. reported a decrease in lifetime even for
small increases above room temperature, parallel to a rise in pressure within the

3The actual maximum temperature rise is slightly smaller, as shown and calculated in [172]. However, Tmax

is easier to calculate and sufficient as approximation since it represents the temperature rise threshold.
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chamber [171]. Vacuum conditions are deteriorated through heating of the cathode
due to elevated outgassing and (above 150 ◦C) desorbed Cs, in turn accelerating
deterioration through residual gas adsorption and IBB.

Other effects have also been suggested to contribute to photo-emission deterioration.
However, it is either unclear if and/or how they influence decay, or their contribution can
be eliminated with adequate preparation of the source before operation:

• Field emission
Field emission does not directly deteriorate cathode lifetime, but causes secondary
effects associated with the main deteriorating processes: desorption of direct ions
[175] increases IBB; ESD from secondary electrons at high electrode potential
[157] deteriorate vacuum conditions, hence increasing residual gas desorption and
IBB; and heating of the electrode increases thermal desorption [157]. However,
these effects can be effectively inhibited by decreasing the field-emission current
below a threshold of about 10 nA [162]. This is usually achieved by designing the
gun electrode such that field gradients are reduced at its surface [162, 176], and
conditioning the gun at high voltage before operation [26]. Therefore, field emission
contribution to photo-emission decay can be considered negligible in well-prepared
photo-guns.

• Electron emission surface desorption
Desorption caused by the electron flux passing through the surface layer has been
proposed to accelerate decay [140]. However, it is unclear if this is in fact caused
by effects within the surface layer, or due to increased IBB from elevated electron
flux. Experiments have shown that applying laser powers of up to 50mW cause
no degradation of η if the cathode is kept at ground potential during illumination
[162]. Considering that under these conditions electrons are still excited within the
material, transported to the surface and emitted, but not accelerated, this indicates
that the passage of high charge densities through the surface layer does not influence
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photo-emission stability4.
H. Schade demonstrated that the emission degradation rate increases with anode
voltage [152]. However, the observed threshold voltage was lower than what would
be expected for IBB only. Even at low anode voltages and with an additional magnetic
field in place in order to inhibit IBB, a slow decay persists. He proposed that this
is caused by desorption of previously adsorbed atoms from the surface through
excitation by electron emission. Up to this date, this effect could not be conclusively
proven as the origin of the observed slow decay. Another explanation could be a
combination of residual gas adsorption and IBB.

The overall lifetime τ can then be expressed as [177]

τ =

(︄∑︂
i

τ−1
i

)︄−1

, (2.35)

with corresponding lifetimes τi for each process contributing to photo-emission decay.
However, the individual processes are not entirely independent of each other. Residual gas
desorption deteriorates vacuum conditions, hence leading to increased IBB. The same is
true for thermal desorption. Therefore, for practical purposes it is convenient to separate
these contributions into those that are related to extracting photocurrent, and those
that are not. The decay contribution of the latter group can be approximately expressed
through the dark lifetime5 τd. The former group is characterized by the extracted charge
Q(t) =

∫︁ t
0 Ip(t

′) dt′, and its contribution to decay is therefore expressed through the
so-called charge lifetime6 τc. However, as discussed above, the decay caused by effects
related to charge extraction such as IBB depend on the amount of extracted charge,
i.e. the extracted photocurrent Ip. Two separate cases then have to be considered: if

4Since no acceleration or bias voltage was applied during the experiment, the photocurrent could not be
measured directly. However, a laser power of 50mW corresponds to a photocurrent of about 230µA with
η = 0.9% and λ = 640nm, as stated in Ref. [162].

5Beside residual gas adsorption, only field emission would contribute to this group. However, as discussed
above, this can be neglected in most cases.

6In literature, τc is usually expressed in units of Coulomb. However, for the sake of symbol consistency, in
this work τc is expressed in units of time instead. The parameter known from literature is here referred to
as qc.
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Ip = constant, τc can be written as τc = qc/Ip, with the corresponding charge qc extracted
until t = τc. If Ip ̸= constant, τc itself is time-dependent. Assuming Q(t) is of the
form Q(t) = Qtot · (1 − e−t/τ∗c ), with the total extractable charge Qtot = Q(t = ∞), an
approximate charge lifetime τ∗c can be introduced. This gives the estimate qc = Q(τ∗c ) =

Qtot · (1− 1/e), or about 2/3 of the total charge extractable from the cathode. The decay
of η is then given as [178]

η(t) =

⎧⎨⎩η0 · e−t·(1/τd+Ip/qc) for Ip = const.

η0 · e−t/τd−Q(t)/qc for Ip ̸= const.
(2.36)

For large τd, only τc significantly contributes to photo-emission decay of the cathode,
which can then be approximated as

η = η0 · e−Q(t)/qc (2.37)

This approximation is commonly used in the literature to characterize cathode uptime in
an electron gun.
In practice, it has been observed that the decay of η can be more accurately described by a
double-exponential decay, hinting at a fast and a slow decay taking place simultaneously
[100, 179–181]. The exact modelling of the quantum efficiency decay and its relation
to the different decay processes is the focus of ongoing investigations and will not be
discussed in detail here.

2.3.3. Enhanced surface layer

Measures that can be taken in order to reduce contaminating and deteriorating factors
greatly depend on gun design. While DC photo-guns can provide favourable operational
conditions for GaAs cathodes, RF photo-guns fare much worse (see, e.g., [182]). The
extraction of high beam currents also puts a heavy strain on cathode lifetime. In DC
guns, some measures can be taken to counter this, but they usually come at the cost of
increased emittance [163]. It is therefore of great interest to increase the robustness of
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the NEA-layer itself to produce NEA-GaAs photocathodes with high η and high τ .

It has been demonstrated that the robustness of the NEA surface layer can be enhanced
through introduction of additional elements with smaller covalent radii than Cs. Two
groups have been of particular interest so far:

• Antimony (Sb) and tellurium (Te)
M. Hagino and R. Nishida were able to demonstrate an increase in photo-emission
yield by addition of Sb or Te to a Cs layer on p-GaAs, compared to a Cs-only layer
[183]. H. Sonnenberg proposed that this was based on the same principle as the
increase caused by the addition of oxygen to form a Cs-O layer [184], the NEA
characteristic of which had been demonstrated a short time earlier.
The emergence of caesium telluride photocathodes as viable candidates for RF photo-
guns [185] renewed interest in Cs-Te as a surface layer. Further studies confirmed
its NEA character [186] and showed increased lifetime without impacting spin
polarization [142]. However, η was reported to be more than one order of magnitude
lower for p-GaAs(Cs, Te) compared to p-GaAs(Cs, O). A recent study demonstrated
that oxygen can be added to this layer, effectively resulting in a Cs-O layer enhanced
with Te [55]. For a bulk p-GaAs(Cs, O, Te) cathode, η = 4.5% at λ = 780 nm has
been observed, a factor of about 0.5 lower compared to values commonly obtained
for p-GaAs(Cs, O). The activation scheme used for both Cs-Te and Cs-O-Te layers is
shown in [55, Fig. 2]. So far, no lifetime studies have been conducted to verify if
p-GaAs(Cs, O ,Te) exhibits the same robustness as p-GaAs(Cs, Te).
For p-GaAs(Cs, Sb), an increase in lifetime compared to p-GaAs(Cs, O) has been
reported [187]. As for Te, an improvement in both η and τ has been observed if
oxygen is added, producing p-GaAs(Cs, O, Sb) [141]. Further studies on this type
of NEA layer reported that with increasing Sb thickness, τ significantly increases,
while η and P are reduced [188]. Minimizing Sb thickness such that P is not
reduced yields a reduction of η by a factor of 3, but an increase in τ by a factor of
6.8, as reported for GaAs-GaAsP strained-superlattice cathodes [54]. A schematic
representation of the activation method used for the best results of this study can
be found in [54, Fig. 3 (c)].
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The similar behaviour of Sb and Te can likely be attributed to their just slightly
different electron affinities and covalent radii. It has yet to be examined if the
behaviour of p-GaAs(Cs, O, Sb) and p-GaAs(Cs, O, Te) can be considered identical
with regard to quantum efficiency, spin polarization and lifetime, or if one shows
superior performance. Also, there have been no reports so far if substituting O2 for
NF3 makes any difference regarding cathode performance.
Cs-Te layers may also be enhanced by adding potassium (K), yielding an increase
in lifetime by a factor of 16 to 20 compared to p-GaAs(Cs, O) for bulk-GaAs [189].
However, the reported values for η are about a factor of 100 lower than what can be
achieved for bulk p-GaAs(Cs, O). Further studies are required to determine if this
performance can be optimized, for example by adding oxygen. Furthermore, it may
be interesting to test the effect of adding different alkali metals, such as Li, and if
the same effects of an additional alkali metal are present if Sb is used instead of Te.

• Alkali metals
The use of a second alkali metal during activation was first proposed and studied
by G. A. Mulhollan and J. C. Bierman [56]. Their assumption that this would be
beneficial for the enhancement of NEA layer robustness was based on the observation
that the Cs layer formed on GaAs contains gaps between its atoms due to its large
covalent radius. There, the initial adsorption of oxygen during activation takes place,
as reported by previous studies using LEED and Auger electron spectroscopy [190].
These gaps could be blocked by another alkali metal with smaller covalent radius.
This model appears to be consistent with previous studies on NEA activation with a
Li-O layer [191], showing that oxygen adsorbs on top of a thin Li layer. Since the co-
valent radius of Li is smallest among the alkali metals, the gaps formed between the
atoms of a thin Li layer are presumably not big enough to effectively accommodate
oxygen. The properties of the enhanced Cs-Li-NF3 layer were further investigated
by Y. Sun et al.. Their synchrotron radiation photo-emission studies suggest that the
enhanced surface layer robustness is caused by Li-induced changes in the charge
distribution within the layer, stabilizing the layer structure and reducing adsorption
of contaminants [192].
Mulhollan and Bierman studied the effects of adding one of Li, Na, K, or Rb to a
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Co-De activation with Cs and NF3. First, they activated the cathode with only one
alkali metal in combination with NF3, showing that the Cs-NF3 layer yields the best
η. Next, they conducted Co-De activations with Cs, introducing the second alkali
metal just as the Cs peak occurs. A schematic view of this procedure is shown in
Fig. 2.8 (a). Since the deposition of the second alkali metal is done similarly to the
deposition of the oxidant, this scheme can be refered to as bi-alkali double Co-De or
double Co-De(<alkali metal 1>, <alkali-metal 2>, <oxidant>). Both Cs and the
second alkali metal were introduced at an exposure rate equal to that needed for
single-alkali activation, with the amount of introduced NF3 adapted accordingly.
This procedure yielded a reduced η for the bi-alkali activations compared to stan-
dard activation with Cs. Exposure to CO2 revealed a lower slope for Cs-Li-NF3 and
Cs-Na-NF3, although τ showed no significant increase overall.
Subsequent testing revealed that the performance of the bi-alkali activation proce-
dure was significantly improved by limiting the introduction of the second alkali
metal to several short periods, with their number, duration and distribution along
the activation process chosen such that the final η was not reduced compared to
Cs-NF3 activation. This procedure is shown schematically in Fig. 2.8 (b). Since
the second alkali metal is deposited in a YoYo-like fashion, this procedure can be
referred to as bi-alkali Co-De + YoYo or Co-De(<alkali metal 1>, <oxidant>) +
YoYo(<alkali metal 2>). The results of this optimized method showed an increase
in both η and τ for Na as well as Li, with Li performing better [56]. An increase
in η by a factor of about 1.53 was reported, as well as a decrease in decay by a
factor of about 0.56 for low and about 0.2 for high CO2 exposure. Further studies
showed that applying bi-alkali activation with Li to GaAs-GaAsP strained superlattice
cathodes also exhibits enhanced robustness with no change in spin polarization
even for high amounts of introduced Li, while η is reduced and τ augmented with
increased Li exposure [193].
Mulhollan also conducted preliminary studies concerning bi-alkali activations us-
ing O2 instead of NF3, demonstrating that this type of activation resulted in an
increased robustness of the surface layer as well [193]. Further investigations by N.
Kurichiyanil et al. demonstrated increased dark lifetime for a Li-enhanced two-stage
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activation procedure beginning with a Co-De(Cs,O2) + YoYo(Li) activation, followed
by annealing at 510◦ for 30min, and finished by a Nagoya(Cs, O2) activation [49].
The Li-enhanced Co-De scheme used for these two-stage activations followed the
optimized procedure shown in Fig. 2.8 (b), but without adding Li during the initial
Cs exposure up to the Cs-peak. Compared to a Nagoya(Cs, O2) scheme and to a
Co-De(Cs, O2) + Nagoya(Cs, O2) two-stage scheme, a respective decrease in η by
a factor of about 0.9 and 0.8 was observed for the Li-enhanced two-stage method.
However, its dark lifetime increased significantly by a factor of about 4.15 and 3.45,
respectively. For the Li-enhanced Co-De alone, η was reported to be about the same
as for Co-De without Li. No dark lifetime measurements comparing enhanced and
standard Co-De were conducted [49].
While the reported results on the behavior of η for Li-enhancement are still inconclu-
sive, they do not indicate the same significant reduction as observed for enhancement
with Sb. As reported in [193], Li-enhanced layers do not influence polarization, even
if created with exposure to high doses of Li during activation. Balancing Li exposure
such that τ is maximized with minimal η reduction should therefore yield a robust
surface layer without inhibiting spin polarization. Li-enhanced activation is therefore
a strong contender in achieving high-lifetime NEA layers for GaAs photocathodes.

The exact mechanism that leads to the increased surface-layer durability is not well
understood so far. All elements that have exhibited the best performances in enhancing
surface layer robustness to date have a similar covalent radius: 139 nm for Sb, 138 nm for
Te and 128 nm for Li. This is about 50% to 60% of the covalent radius of Cs (244 nm), and
about double the covalent radii of O (66 nm), N (71 nm) and F (64 nm). It is interesting
to note that Sb and Te belong to the groups 15 and 16 in the periodic table, respectively,
hence possessing the same electron configuration as N (group 15) and O (group 16),
which are commonly used in combination with Cs to achieve an NEA layer. For F, the
equivalent element in its group 17 would be iodine (I), which has a covalent radius of
139 nm. While CsI is an established photocathode material in the UV region and has been
proposed as an NEA layer candidate [101], there appear to be no studies of this compound
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Figure 2.8.: Bi-alkali activation schemes as reported in [56], showing the time-dependent change
of photocurrent Ip and the correspondent changes in exposure to the ingredients,
using Cs and Li as alkali metals and O2 as oxidant. The progression of Ip for each
method is equivalent if Li is substituted with another alkali metal and if O2 is substi-
tuted with NF3. Note that the number of Li exposures shown in (b) is arbitrary and
should be optimizied for each individual activation setup.
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as an NEA layer on GaAs (or similar materials)7.
Systematic studies of the available enhanced surface layers and other possible combinations
are required in order to better understand their properties. Of particular interest is the
optimization of the established enhancements with either Li, Sb or Te, as well as the
structural analysis of those layers. Since enhanced robustness has been demonstrated
using Cs-K-Te, it would be interesting to investigate the performance of Cs-Li-Te and
the effect of adding O2 or NF3 to this layer, as well as substituting Te with Sb in these
investigations. This will hopefully pave the way for further optimization of NEA layer
robustness for GaAs photocathodes.

2.3.4. Mask activation

Photo-emission from a cathode is usually confined to the small area of the laser spot.
However, the entire cathode surface is activated with an NEA layer and therefore con-
sidered active for photo-emission. Stray light from the laser and other sources in the
environment of the gun may then lead to the emission of additional electrons. If such an
emission takes place relatively close to the laser spot, a halo around the electron beam can
form, increasing energy spread, transverse emittance and beam loss. Electrons emitted
far from the area of beam extraction are likely lost and may interact with the chamber
walls, causing ESD and deteriorating vacuum conditions. Reducing the active area of the
cathode should therefore increase cathode lifetime.
Anodization of the GaAs surface [195] can be used as a means to reduce the active area
of a photocathode [196]. This has been demonstrated to increase cathode lifetime [197]
and reduce beam halo [198].
Another method to effectively limit the active area of a photocathode is to place a cover
with a small aperture, referred to as a mask, over the cathode surface before activation
[174]. This limits the adsorption of the activation agents, i.e. the active area, to the
aperture area. While cathode anodization requires time-consuming chemical treatment
of the photocathode, this method, referred to as masked activation, can be applied easily
7The availability of iodine should not represent a problem since cheap sources for molecular iodine are
available, see for example [194].
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by mechanically introducing an aperture in the activation chamber. This can be done by
adding a modified cathode holder into which the standard cathode holder is placed [174],
or by installing a movable aperture assembly [163]. It has been reported that the use of
this method significantly increases cathode lifetime during operation in the MAMI DC
photo-gun [174], and it is used at other DC photo-gun facilities as well, for example at
CEBAF [163].
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3. Experimental setups

3.1. Photo-CATCH

The Institut für Kernphysik (IKP) at the Technische Universität Darmstadt (TUDa) houses
the Superconducting Darmstadt Linear electron Accelerator (S-DALINAC). It can be operated
with spin-polarized electron beams that are generated from a DC photogun using GaAs
photocathodes at the Spin-Polarized Injector (SPIn). SPIn is situated in the accelerator hall
of the S-DALINAC and hence not easily available for independent research during operation
andmaintenance of the S-DALINAC. In order to conduct research on DC photo-electron gun
design as well as photocathodes, an independent test stand for photocathode activation,
testing, and cleaning using atomic hydrogen (Photo-CATCH) has been established at
the IKP. It features a set of vacuum chambers for photocathode handling, a −60 kV DC
photogun, and an adjacent beamline. The setup will be described in this section, starting
with a short overview and followed by a focus on the activation chamber which was used
for experiments presented in this work and will be depicted in more detail. Major changes
to the laser system of Photo-CATCH were also conducted within the scope of this thesis
and will be presented. For a more detailed description of the entire setup, one may consult
Refs. [46, 47].
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3.1.1. Overview

An overview of the Photo-CATCH test stand is shown in Fig. 3.1. The vacuum chambers
of the setup are placed in line, separated by all-metal gate valves. Within the cham-
bers of the setup, molybdenum photocathode holders, referred to as pucks1, are used
for photocathode handling. The puck is designed such that it fits into forks connected
to magnetically-coupled push-pull devices, referred to as manipulators. A picture of a
puck with inserted photocathode next to a fork can be found in Ref. [47, Fig. 2.3]. The
manipulators are used to transfer photocathodes between chambers. Each cathode is
placed in an individual puck before being inserted into the vacuum system.
New photocathodes are introduced into the vacuum system using a load-lock chamber
(LLC) which can be vented, opened and evacuated again down to a pressure in the low
10−7mbar range. Venting is usually conducted using dry N2 gas in order to prevent unnec-
essary contamination of the vacuum system. The pressure is measured with a combined
Pirani and cold-cathode vacuum gauge2. A tungsten filament situated inside the chamber
can be used to anneal puck and photocathode. It is a common procedure to first anneal
the empty puck to remove contaminations prior to cathode installation. To do so, it is
pre-cleaned and introduced into the LLC, which is vented before the puck is annealed at a
temperature3 of up to 500 ◦C, corresponding to a heating power of 100W applied to the
filament, for about 1 h to 2 h. Depending on the puck’s contamination, the duration can
be increased to up to 24 h. The puck is then removed from the chamber for photocathode
installation, after which it is immediately reintroduced into the LLC. Pucks that are loaded
into the chamber are placed directly on the manipulator used for transfer into the next
chamber of the setup.
Next to the LLC, the atomic hydrogen cleaning chamber (AHCC) is located, which consists
of a hydrogen atom beam source and heating coils. This chamber has been baked out to
provide a base pressure in the low 10−11mbar range. A cold-cathode vacuum gauge4 is
used to monitor the vacuum conditions within the chamber. Mounted at the top flange is
1A detailed description of the puck, including technical drawings, can be found in [46].
2Pfeiffer Vacuum®PKR 251 compact full range gauge
3Measured with a portable infrared pyrometer, see [47].
4Pfeiffer Vacuum®IKR 270 compact cold cathode gauge
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Figure 3.1.: Overview of the Photo-CATCH test stand. New photocathodes are introduced into
the system using the LLC. After cleaning and activation in the AHCC and CAC, an
activated photocathode can be transferred to the photogun situated in the CTC. The
electron beam extracted from the gun is transferred to the adjacent beamline by a
bending magnet. There, the beam properties can be analyzed. The support frame
and the Helmholtz coils are hidden to provide a clear view.
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a carousel that can be moved both vertically as well as radially and can hold two pucks at
a time. A manipulator is available to pick up pucks from the carousel and transfer them to
the cathode activation chamber (CAC). This chamber is used to apply an NEA surface layer
on the photocathodes and has been used for the experiments at Photo-CATCH presented
in this work. It is described in more detail in the following subsection.
The last chamber is the cathode test chamber (CTC). It holds a DC photogun featuring a
so-called inverted insulator geometry gun (IIGG) design. The gun cathode, which is set on
negative potential during operation, consists of two parts: the high-voltage electrode and
the lift. The former is mounted on the outer insulator which is connected to the top flange.
The latter serves as puck mount and is mounted on the inner insulator. Using an assembly
for vertical translation mounted on the top flange, the puck mount can be lowered out of
the high-voltage electrode in order to receive the photocathode. The high voltage supply5

is connected to the lift through a cable inlet in the outer insulator. During operation, the
lift is in direct contact to the high-voltage electrode, and up to −60 kV can be applied. A
picture of the gun after assembly in the clean room is shown in Fig. 3.2. The bottom of
the vacuum chamber at ground potential serves as anode. The laser beam is introduced
from below, either vertically through a window at the end of the vertical beamline, or at
an angle of 17.77◦ relative to the photocathode surface through a window at the bottom
of the chamber. The pressure inside the chamber is measured with a hot-cathode ion-
isation vacuum gauge6, with a required base pressure in the low 10−11mbar range for
gun operation. A high-voltage electrode made out of stainless steel7 and a lift made out
of titanium8 with mirror-polished outer surfaces are installed. The lift design has been
changed from the original all-cylindrical shape conceived in [46] to a design with a conical
section at the bottom in order to prevent jamming of the lift inside the electrode due to
misalignment. Both inner and outer insulator have been renewed9. The outer insulator
now includes two holes for pumping. This was necessary since it became apparent during
tests of the initial design that the volume enclosed by electrode and outer insulator could

5Heinzinger®PNC 60000-3 neg
6VACOM®BARION®passive hot cathode ionisation gauge
7SS316L (1.4404)
8Ti6Al4V (3.7165)
9Ordered from Friatec®(now Kyocera®).
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Figure 3.2.: Picture of the IIGG currently installed in the CTC at Photo-CATCH, taken during
assembly in the clean room. The gun is mounted on the top flange of the chamber.
For gun operation, a high voltage is applied to the lift, here shown in fully extended
position, through the inlet at the top flange of the z-translator and transferred to the
electrode through direct mechanical contact. The grounded chamber is separated
from the parts that are on potential by the inner and outer insulator.
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not be pumped sufficiently when the lift was retracted into the electrode while holding a
cathode. This virtual leak led to an increased pressure inside the chamber during operation.
The adapted design has been successfully conditioned, achieving 60 kV at a pressure of
3×10−11mbar. Technical drawings of the adapted design can be found in the appendix A.2.

Adjacent to the CTC is a beamline for electron-beam parameter measurements and low-
energy experiments. It consists of two sections: a short, vertical section leads from the
CTC to a bending magnet which injects the beam into the main horizontal beamline.
Two differential pumping stages separate the pressure at extreme high vaccum (XHV)
level in the gun chamber and the vertical beamline from the higher pressure in the rest
of the beamline, usually in the scale of 10−8mbar. Retractable beryllium oxide (BeO)
fluorescent screens are available for beam-position measurements. Solenoids, steerer
and quadrupole magnets are used for controlling and focusing the electron beam. Weak
external magnetic fields, such as the Earth’s magnetic field, are compensated by oper-
ating a set of two Helmholtz coils placed along the horizontal beamline. A Wien filter
spin-manipulator is available to control electron-spin orientation. The emittance of the
beam can be measured using wirescanners at two separate positions along the beamline.
Electron bunch-shape measurements can be conducted using a 3GHz RF deflector cavity
in combination with a slit10. The spin-polarization of the electron beam can be measured
using a Mott polarimeter. Faraday cups are used for beam-current measurements.
The installation of an additional gun chamber, housing a crygenic electron source, is
envisaged for the future. Testing of a cryogenic gun design for this purpose is currently
conducted using a seperate test setup [113, 201].

All beamline components and the photo-gun high voltage supply are controlled remotely
using the Experimental Physics and Industrial Control System (EPICS [202]), which is also
employed at the S-DALINAC. This is done for most components with in-house electronics
based on the Controller Area Network (CAN bus) standard. Examples include CPS-05 and
CPS-14 power supplies for magnet control, as well as QM-07 and RS485 modules for data

10This kind of setup has been used previously for bunch-shape measurements at the S-DALINAC, see [199,
200].
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acquisition and sensor control. Some devices are integrated via Ethernet. Data acquisition
and remote control is managed by a dedicated EPICS input/output-controller (IOC) server.
For this purpose, so-called process variables (PVs) are used to describe single aspects and
parameters of the handled devices and processes, for example input and output of current
and voltage for power supplies, status bytes for control processes, and commands for
device control. Each PV is predefined in the database of the IOC server. For more detailed
information, one may consult the documentation of EPICS available on the website [202].

3.1.2. Activation chamber

The Photo-CATCH activation chamber is described in the following along the lines of
Ref. [47], highlighting changes that have been introduced during this work. A rendered
view of the chamber and its insides can be found in [47, Fig. 4.12].
Two vacuum pumps, one ion-getter (IG) pump and one non-evaporable getter (NEG)
pump, provide a base pressure of about 2× 10−11mbar within the chamber after bake-
out. The pressure is measured using a cold-cathode ionization gauge11 connected to a
remote-controllable multi-channel gauge controller12. This allows precise online pressure
measurements required for accurate exposure control of the ingredients administered
during the activation process.
A carousel assembly of the same kind as the one used in the AHCC is available, capable of
holding two pucks at a time. It can be moved vertically using a translator stage mounted
to a bellows on top of the chamber, and radially by a rotary drive. The position of the
photocathode is characterized by two coordinates: the height h and the angle α. The
height is displayed in mm on the scale of the translator assembly and is inverted, with
h = 0 corresponding to the carousel being positioned at the very top of the chamber.
The angle is indicated in degrees by a scale on the turning knob of the rotary drive. A
manipulator is available for puck transfer into the adjacent CTC. The positioning of the
puck via carousel and manipulator can be visually observed through a large window. It
is situated at mid-level of the chamber vis-à-vis to the valve connecting the CAC and the
11Pfeiffer Vacuum®IKR 270 compact cold cathode gauge
12Pfeiffer Vacuum®TPG 366 Maxigauge
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AHCC. For heat cleaning, two tungsten coils are mounted on an electric feed-through,
situated in the top half of the chamber. The photocathode temperature is measured with
an infrared pyrometer13 attached to the large window at the bottom of the chamber. This
pyrometer can only measure temperatures above 100 ◦C. A camera is mounted below the
window in order to check the correct alignment of the pyrometer and the laser beam on
the cathode surface.

Activation setup

The chamber is equipped with a dedicated setup for photocathode activation, capable of
online quantum efficiency and lifetime measurements. A schematic representation of the
setup is shown in Fig. 3.3. An activation assembly is mounted on an electric feed-through
at mid-level of the chamber. It features a ring-anode and two dispensers, one for Cs and
one for Li. The ring-anode is connected to a power supply, providing a positive bias voltage
Ubias, and a current meter for measuring the photocurrent received by the anode. The
CPS-14 power supply (Umax = 102V) and QM07-IADC current meter of the original setup,
both developed and produced in-house at the IKP, have been replaced recently to increase
the available maximum bias voltage to Ubias,max = 500V, using a precision high-voltage
module and a digital multimeter14. A high-voltage compatible IADC based on the in-house
RS485 design is currently under development at the IKP electronics workshop and will
replace the digital multimeter. The Cs and Li dispensers are operated with two separate
power supplies, providing their respective operating currents ICs and ILi. For Cs, an
in-house-produced CPS-05 unit is used. Due to both dispensers using the same ground
potential, the originally intended CPS-10 unit cannot be used to control the Li dispenser if
the Cs dispenser is operated simultaneously. Instead, it is controlled using a programmable
DC power supply15. An upgraded CPS power supply unit is currently under development
in the IKP electronics workshop to address this issue. Oxygen is provided from a separate
reservoir attached to the chamber, with the gas flow administered by a piezoelectric
13LumaSense®IMPAC IGA 320/23-LO (MB 7)
14Iseg®DPSmini DPp 05 156 24 5 MS and Fluke®8846A digital multimeter
15Tenma®72-2645
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leak-valve. The valve is operated with a precision high-voltage module16, providing a
maximum voltage of UO2,max = 1kV, which is the safety limit of the piezoelectric control
unit of the valve.
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Figure 3.3.: Schematic representation of the CAC setup for activation and subsequent measure-
ments. Cs and Li are administered to the photocathode by running current through
the dispensers, and Oxygen is introduced from an external reservoir by applying
voltage to the piezo-electric valve. A cold-cathode ionization gauge measures the
pressure inside the chamber. Incident laser power is monitored indirectly using a
beam splitter cube. Alternatively, a white-light LED array (not shown) can be placed
in front of the window. Emitted photo-current is captured by the ring-anode, which
can be biased between 0V and 500V. All components are connected to an EPICS
IOC server for data acquisition and remote control. Figure based on [47, Fig. 5.6].

16Iseg®DPSmini DPp 10 805 24 5 M_SHV
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Incident light is introduced through the bottom window, using either a white-light source17

or a laser beam. The laser beam is provided by a dedicated laser system situated on a
separate table and described in more detail in the following subsection, and guided to the
CAC through a polarization-maintaining fiber-optic patch cable18. The fiber is connected
to a decoupling assembly, which is attached to the bottom window of the chamber. It
is based on the Thorlabs©30mm cage-system standard. An aspheric lense19 is used for
collimation after decoupling from the fiber. The laser beam can be blocked directly behind
the fiber decoupling with a manual shutter. A non-polarizing beam splitter20 with a laser
power ratio rL 70:30 between straight transmited laser power PL,T and perpendicularly
reflected laser power PL,R is used to divert a constant fraction of the laser beam to a
photodiode21. The diode current is read out by a QM07-IADC current meter and power
calibrated using a handheld power meter22. Two coated dielectric mirrors, placed in
right-angle kinematic mirror mounts23, allow accurate alignment of the laser spot on the
photocathode surface.
The reflected power PL,R measured by the calibrated photodiode can be converted into the
actual power PL on the photocathode surface by multiplication with two factors: the split
ratio r∗L = P ∗

L,T/PL,R (with P ∗
L,T being the transmitted power after the two mirrors) and

the window transmission coefficient CT. With r∗L = 1.908± 0.001 and CT = 0.9± 0.02,
this gives

PL = r∗L · CT · PL,R = (1.72± 0.04) · PL,R . (3.1)

Control interface

The setup is controlled using a dedicated Control System Studio (CS-Studio [203]) graphical
user interface (GUI). The base GUI has been set up in [204] and developed further within
17Currently, an array of 2x6 type 2835 warm white LEDs with a color temperature of 2500K to 3500K is
used.

18Thorlabs©P3-780PM-FC-10
19Thorlabs©C560TM-B, f = 13.86mm
20Thorlabs©BS020 with CCM1-4ER/M mount.
21Thorlabs©SM05PD1B
22Thorlabs©PM100D with S121C power sensor.
23Thorlabs©KCB1/M
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this work by supplementing additional functionalities. It replaces the previously used
LabVIEW™GUI and is fully compatible with the CS-Studio-based GUI of the S-DALINAC
[205]. Fig. 3.4a shows a snapshot of the GUI. Panels to set the current values for each
dispenser, the voltage values for the oxygen valve and the ring-anode bias are available on
the upper left side of the GUI. The wavelength of the incident laser light is provided to the
IOC server through an input field and allows direct quantum efficiency calculations. To
date, several functionalities have been incorporated into the GUI using embedded Python
scripts and dedicated interface PVs24:

• Lithium Pulse Sequence
This script controls the pulsing of the Li dispenser for Li-enhanced activations. The
procedure is characterized by five parameters: delay, duration, distance, number
and current. The delay tLi,delay describes the time difference between the start of the
script and the start of the first introduction or pulse of Li. It is common procedure to
start the script simultaneously with the introduction of oxygen. The Li dispenser is
set to the current ILi for a duration tLi,duration, and the next pulse is started after a
time distance tLi,distance after the previous pulse ended. A total number of nLi pulses
are executed during the sequence, after which the script automatically stops. Each
parameter is set with a corresponding input field in the GUI, and two buttons are
available to start and stop the script. A status light shows if the script is running or
not.
While this script is currently only available for Li, it can easily be duplicated and
adapted to control Cs and O2 in a similar manner. This can be implemented in the
future in order to conduct precise activations using the Yo-Yo or Nagoya scheme.

• Bias Voltage Scan
The bias voltage of the ring-anode can be scanned using this script, setting the step
size or resolution with which the voltage is sampled, and the time step or duration
for how long each voltage value is maintained during the scan. The state of the
script is indicated by a status light, and it is started and stopped with corresponding
buttons. The current version of the script uses fixed values for the minimum and

24A detailed list of the used scripts and PVs can be found in Tabs. A.1 and A.2.
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maximum bias voltage, which are hard-coded into the Python script. It starts at
0V and goes up to 500V, which is the maximum of the used bias voltage supply. If
required, additional input fields and corresponding PVs can be implemented to set
both parameters in the GUI instead of the Python script.

• Sequencer
The sequencer is used for automated Co-De activation procedures, as described in
Subsec. 4.1.2. Upon pressing the sequencer button in the main GUI, a separate tab
with the sequencer sub-GUI is opened in CS-Studio, as shown in Fig. 3.4b. There,
the Cs dispenser current and the oxygen valve voltage are set. Additionally, the time
duration tCs for which the Cs dispenser will be supplied with current, equivalent to
the total duration of the activation process, and the time duration tO2

for which the
oxygen valve will be supplied with voltage are required. Oxygen is then introduced
after tCs − tO2

until the end of the activation. Like for the other scripts, its status is
indicated by a light, and it is started and stopped with corresponding buttons. The
status light is also included in the main GUI.

• Data Log
Data acquisition is conducted using this script. An input field for the desired file
path is available25. When the script is started with the respective button, it creates a
.csv file in the chosen directory with the name <year>-<month>-<day>_<hour>-
<minute>, for example 2020-01-01_12-00.csv, with a header for the parameters
that are recorded. This header is hard-coded in the Python script. Also hard-coded
are the parameters that are recorded, including the set values of the activation
parameters and the passive activation data (i.e. all parameters included in the boxes
1 and 4, as shown in Fig. 3.4a). This set of parameters can be changed to fit the
requirements of the conducted experiments. The file is continuously updated until
the script is stopped with the respective button. A status light indicates if the data
logging is running or not.

25One should note that the length of the given file path is limited since the corresponding PV can only store
strings with a maximum length of 42. Backslash characters ("\") entered into the CSS input field are
saved as "\\" in the PV and therefore count double towards the input string limit.
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(a) Activation panel of the CS-Studio GUI.

(b) Sequencer panel of the CS-
Studio GUI.

Figure 3.4.: CS-Studio GUI for control of the CAC activation and measurement setup. The main
activation panel (a) consists of the following components: 1) Control panels for
photocathode activation parameters. 2) Control panels for advanced activation and
measurement scripts. 3) Data log control panel. 4) Displays for passive activation data.
5) Timestamp reset button. 6) Online data plots for chamber pressure, photocurrent
and quantum efficiency. The sequencer sub-GUI (b) is opened in a new tab of
CS-Studio upon pressing the Sequencer button.

Passive parameters are displayed on the lower left side of the GUI: the chamber pressure,
the measured photocurrent, the raw photodiode current, the laser power calculated with
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Eq. (3.1), the quantum efficiency computed from the measurement data using Eq. (2.14),
and the elapsed time. The IADC used to handle the signal of the photodiode has 3 ranges
with different resolutions: 1µA, 100µA, and 1mA, each representing the maximum
current that can be measured. The ranges can be switched with a drop-down menu button,
and the 1mA range is commonly used for the laser powers available at the CAC. The time
can be reset using the corresponding button. This is done automatically when the data
log is started, and also resets the online data plots on the right side of the GUI. Currently,
three plots are implemented, showing the pressure, the photocurrent, and the quantum
efficiency as functions of time. Any measurement using the GUI can be aborted using the
stop button in the top left corner. This will also reset all parameters of the interface.

Operational procedure

Prior to activation, the photocathode can be cleaned either in the AHCC or directly in the
CAC. For the measurements presented in this work, the photocathode was heat-cleaned
within the CAC. During the heat-cleaning procedure, both Cs and Li dispensers are set to a
low current, usually about 0.5A, in order to heat them slightly and prevent contamination
by residue from the heat-cleaning. It is common practice to supply the heating coils
with about 25W while the cathode is placed in a lower position at the opposite side
of the chamber, before moving it into position for cleaning. This is done in order to
avoid contaminants, which are released from the coils while heating up, to settle on the
photocathode and puck. While this additional contamination would be removed by the
following heat cleaning, it would prolong the cleaning process. After the first pressure
spike is pumped away, the cathode is positioned via carousel beneath the two heating coils
at a distance of only a few mm, corresponding to the carousel position of h = 88mm and
α = 57.5◦. The coils are then supplied with about 100W each, increasing the cathode to a
temperature between 610 ◦C and 650 ◦C. This temperature is maintained for about 45min,
increasing the chamber pressure to the range of 10−9mbar. The heating coils are then
quickly ramped down and switched off. Before the activation process is started, a waiting
period of about 4 h is observed to allow the cathode to cool down to room temperature,
and for the pressure to drop below 1 × 10−10mbar. About halfway during this waiting
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period, once the cathode has cooled down below 100 ◦C, the cathode is positioned above
the activation assembly at a distance of about 10mm above the ring-anode, corresponding
to a carousel position of h = 135mm and α = 340◦. This is done at this point of time for
two reasons: first, the carousel assembly has cooled down sufficiently in order to prevent
any jamming due to heat-induced dilation of components. Second, moving the carousel
will release residual particles from the bellows, leading to a rise in pressure which needs
to be pumped away prior to activation.

3.1.3. Laser system

A dedicated laser system has been set up at the Photo-CATCH test stand during this work.
The core assembly, built around a laser diode, is placed on a laser table adjacent to Photo-
CATCH and is capable of supplying a laser beam to the CAC via a fiber optic patch cable. It
was previously located at a small platform below the CTC, but was moved to the separate
laser table during this work to avoid vibrations that led to fluctuations and instabilites
in the laser power. All components are configured for laser beams with a wavelength of
780 nm. The core assembly is designed to support up to two additional beamlines in order
to supply laser beams to the CTC and the planned cryogenic source. For this purpose, in a
future step, the reflected beam from the first beam splitter can be split by an additional
beam splitter. Using the components already acquired, two additional beamlines can be
easily implemented. A schematic representation of the current setup is shown in Fig. 3.5.
The laser diode26 is operated using a low-noise current controller27 and a laser diode
mount with integrated temperature controller28. The beam is collimated with an AR-
coated aspheric lens29 placed on the laser diode mount. An optical isolator30 is placed in
front of the laser diode mount in order to prevent optical feedback. Passage of the laser
beam into the rest of the beamline is regulated with a remote-controllable shutter. The
26Currently installed: Thorlabs©L785P090, λ = (785± 5) nm, PL,max = 90mW @ 120mA.
27Design based on [206], constructed and provided by the group of Prof. Dr. Birkl from the Institut für
Angewandte Physik at the TUDa.

28Thorlabs©LDM9T/M
29Thorlabs©C340TM-B, f = 4.0mm
30ISOWAVE I-80U-4 fiber optic isolator, 60 dB isolation.
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shutter is 3D-printed with PETG material and actuated using a servomotor31, which is
operated by a circuit board32. The board is powered by an external battery pack and
connected to an interlock system via its security port, requiring a voltage of at least 8V
for the shutter to open. This security voltage is only supplied if the interlock is active.
Additionally, the board is connected to an RS485 CAN-bus module via RJ-45 socket,
allowing remote control via EPICS. An assembly33 of zero-order half-wave plate with
precision rotation mount and polarizing beam splitter is used to divide the beam and
regulate the laser power ratio of the two outgoing beams.
Another half-wave plate/polarizing beam splitter assembly34 is installed in the beamline
continuing straight on from the first beam splitter for online power adjustments. The half-
wave plate is mounted on a motorized precision rotation stage, which is remote-controlled
using a DC servo motor controller35. Two coated dielectric mirrors are used to align the
beam into the fiber coupling assembly36. This assembly uses an AR-coated aspheric lens,
mounted on an xy-axis flexure adjustment plate, and a fiber adapter plate, mounted on a
z-axis37 translation mount, to thread the laser beam into a polarization-maintaining fiber
optic patch cable38. The beam is then guided to a decoupling assembly attached to the
bottom of the CAC, as described in the previous subsection.

31MASTER DS2312 MG digital servo
32RS485-based, designed and built by the IKP electronics workshop.
33Thorlabs©WPH05M-780 wave plate with CRM1P/M mount and CM1-PBS252 beam splitter.
34Thorlabs©WPMH05M-780 wave plate with PRM1/MZ8 mount and CM1-PBS252 beam splitter.
35Thorlabs©TDC001
36Thorlabs©C110TMD-B, f = 6.24mm, with CP1XY mount; SM1FCA fiber adapter with SM1Z mount.
37The z-axis is equivalent to the propagation axis of the laser beam.
38Thorlabs©P3-780PM-FC-10

62



LD

EPICS
IOC server

computer

laser
interlock

shutter
control

CAN bus
processing

motor
controller

laser diode
controller

to
additional
beamlines

fiber to CAC

mirror

beam splitter

laser diodeLD fiber coupling

shutter

optical isolator beam blocker

fiber optic patch cable

half-wave plate battery pack

PCB

PCB

PCB printed circuit board

Figure 3.5.: Schematic representation of the Photo-CATCH laser system. The laser beam is pro-
vided using a laser diode. An optical isolator is used to prevent feedback into the laser
diode, and a remote-controllable interlock shutter allows control of beam passage
into the beamline. A combination of half-wave plate and beam splitter is used to allow
branch-off of additional beamlines. A second assembly of half-wave plate, placed in a
remote-controllable precision rotation mount, and beam splitter is used for online
laser power adjustments. The laser beam is then coupled into a fiber optic patch cable
using two mirrors and a fiber coupling assembly.
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3.2. Center for Injectors and Sources at the Jefferson Laboratory

The Thomas Jefferson National Accelerator Facility, commonly referred to as Jefferson
Laboratory or JLab, operates the Continuous Electron Beam Accelerator Facility (CEBAF),
a superconducting multi-pass linear electron accelerator, using a GaAs-based DC photo-
injector to provide multi-GeV polarized beams to a multitude of particle and nuclear
physics experiments [51]. At JLab’s Center for Injectors and Sources (CIS), the Upgraded In-
jector Test Facility (UITF) is available as test bed for injector experiments and experimental
setups meant for future use at CEBAF, as well as setup for low-energy experiments. The
UITF features a −200 kV DC photo-gun and a cryomodule for SRF cavities, with adjacent
10MeV beamline.
Additional test chambers are available in a separate laboratory at the CIS in order to con-
duct studies independent of UITF operation. One such chamber was used for experiments
presented in this work and will be described in-depth in this scetion. Operational lifetime
studies of GaAs photocathodes were conducted at the UITF injector. A detailed overview
of this setup, consisting of the photo-gun and low-energy section of the UITF beamline,
will also be given here.

3.2.1. Test chamber

A dedicated tabletop test chamber, situated in the CIS laboratory, was available for acti-
vation studies. Fig. 3.6 shows a schematic of the chamber and it’s activation setup. The
photocathode is installed face-down, fixated by a tantalum cap. A thin indium foil is placed
between photocathode and cathode mount. Since the photocathode is fixated directly to
the mount without use of a puck and no load lock chamber available, the chamber needs
to be vented and opened in order to change the sample. Hence, the same photocathode
was used for all measurements after the chamber was evacuted and baked out. The hollow
mount allows a heating rod to be inserted without breaking vacuum. Nitrogen can be
channeled through piping inside of the mount in order to cool the photocathode down after
heating, with a thermocouple available for temperature measurements. The anode ring is
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placed below the photocathode and connected via feed-through to a battery box for bias
voltage and a picoampere meter for photocurrent measurements. Two battery boxes are
available: one supplying 282V and another supplying 350V. The dispensers for Cs and Li
are mounted on separate feed-throughs with a bellows assembly, allowing the dispensers to
be moved separately closer to the anode ring to bring them below the photocathode. Both
dispensers were positioned as close to the anode ring as possible. For activations without
Li, the Li dispenser was retracted to reduce Cs contamination on it. NF3 can be introduced
by a hand valve from a small external reservoir. Illumination by either white-light lamp or
laser diode can be administered through a window in the center of the chamber bottom.
The laser diode with λ = (773± 5) nm and PLD = (1.7± 0.1)mW is mounted on a small
platform on the table beneath the chamber, along with two mirrors to steer the laser beam
onto the photocathode and a mount for up to three neutral density filters. The laser power
was measured after the mirrors and before the window, using a handheld power meter39,
yielding PL = (1.4± 0.2)mW without filters and PL = (50± 2)µW with all three filters
inserted. The composition of residual gas particles within the chamber can be determined
using a residual gas analyzer (RGA)40. A small ion pump is used to pump the chamber,
and a valve is available to connect an external pumping station for venting, evacuation
and pumping during bakeout. Pressure measurements can be conducted using either the
ion pump or the RGA.
Chamber bakeout prior to experiments lasted about 60 h, with baking at a maximum
temperature of 180 ◦C for about 24 h and a controlled cooldown for 12 h, reaching a cham-
ber base pressure in the low 10−10mbar range. After bakeout, both Cs and Li dispensers
were degassed separately. For that purpose, first the Cs dispenser was ramped up to about
ICs = 5A and degassed at this current for about 30min. Then, ICs was reduced to about
4A, followed by a ramp-up of ILi to approximately 7.5A and degassing at this setting for
about 30min. Cs dispension started at ICs ≈ 4.3A and Li dispension at ILi ≈ 6.3A. NF3

could be observed when opening the valve more than 2.25 turns.

39Thorlabs©PM160 wireless power meter
40SRS Systems RGA 200
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Figure 3.6.: Schematic representation of the CIS tabletop test chamber activation setup. The
photocathode is mounted face-down and can only be replaced if the chamber is
vented and opened. Cs and Li are provided by dispensers, and NF3 is introduced
from an external reservoir with a manually operated leak valve. The pressure can
be measured using the ion pump current or the RGA. For heat cleaning, a heater
is inserted into the hollow mount without breaking vacuum. The temperature is
measured by an attached thermocouple. For illumination of the cathode, a white-light
lamp (not shown) or a laser diode can be used. The latter is mounted on a small
platform below the chamber, with two mirrors for adjustment of the laser spot on the
cathode surface, and a mount for neutral-density filters to reduce the laser power.

66



3.2.2. Upgraded Injector Test Facility

The UITF photo-injector features a load-lock photogun of the CEBAF IIGG design, which
is described in [163, 207] and consists of three vacuum chambers, one each for load-
lock procedures, photocathode activation, and gun operation. An adjacent low-energy
beamline transfers electron beams from the gun to a cryomodule which houses an SRF
cavity for further acceleration. For the experiments presented in this work, only a short
part of the beamline up to the first Faraday cup was used and will be described in detail
in this section, along with the chambers of the photogun. A schematic representation of
this injector section that has been used for photocathode lifetime measurements is shown
in Fig. 3.7.
A four-way vacuum pipe cross is used as load-lock chamber (LLC). It serves as the access
point into the vacuum system, with photocathodes being introduced from a mobile
chamber, referred to as suitcase. Prior to introduction into the system, the photocathode
is indium soldered to the outward bottom face of a molybdenum puck, using a tantalum
ring to hold it in place. The puck is used to move the photocathode inside the vacuum
system with manipulators. Two different manipulator designs are used within the system.
A pincer-like assembly, holding the puck from the side, allows the puck to be moved with
the photocathode in a face-up orientation. With this manipulator assembly, the puck can
also be rotated into a horizontal orientation such that the photocathode faces sideways. A
key-like assembly is used to transfer the puck in its horizontal orientation, with the puck
mounted onto the tip of the manipulator with its hollow side. The two puck orientations
are referred to as face-up and sideways, regarding photocathode orientation.
The activation chamber (AC) is used for heat-cleaning and activating a photocathode
before it is transferred to the gun chamber. A total of five manipulators are available
inside the chamber: four with a pincer-like and one with a key-like assembly. The former
can also be retracted into extended pipes, allowing storage of up to four pucks inside the
vacuum system, while the latter is used for transfer to the gun chamber. A base pressure
in the low 10−11mbar range is maintained inside the chamber using an ion pump, which
is also used to measure the residual pressure. For photocathode activation, the chamber is
equipped with a Cs and a Li dispenser, which can be retracted if required. A ring-anode
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Figure 3.7.: Schematic representation of the injector section used for photocathode lifetime
measurements at the UITF. Photocathodes are transferred from the mobile suitcase
chamber through the load-lock chamber to the activation chamber. There, the photo-
cathode is activated and then transferred to the photogun. Incident laser light for
electron beam production is provided by a laser system through a window at the end
of the angled part of the beamline. The electron beam is bent into the main beamline
using a dipole magnet. A Faraday cup is extended into the beamline to stop the beam
and measure its current.
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is available for photocurrent measurements. It is connected to a picoampere meter and
a battery bias box, providing Ubias = 233V. An external NF3 reservoir is connected
through a manual leak valve. Mask activation can be carried out using a rotatable mask
assembly, providing three apertures that limit the active area of the photocathode to
circular areas with diameters of 3mm, 5mm, and 7mm. If no mask is used, the diameter
of the active area of the photocathode is 12.8mm. Laser light is provided by a laser diode
with λ = (780± 5) nm and PL = (1.1± 0.1)mW, which is mounted on top of the chamber.
A neutral-density filter can be placed into a mount to reduce the power of the incident
laser light on the photocathode to PL = (26± 1)µW. A mirror is used to deflect the laser
beam downwards through the top window into the chamber. A mount with key-like head
is attached to a z-translator at the bottom of the chamber. This assembly includes a heater.
For heat-cleaning, the puck is placed face-up on the mount, which is then retracted to
the bottom of the chamber. To activate the photocathode, the mount is lifted until the
photocathode is on the same height as the mask assembly. A schematic representation of
the activation setup is shown in Fig. 3.8.

After successful activation, the cathode is transferred to the adjacent gun chamber (GC).
For further reference, the side of this chamber facing the activation chamber will be called
back side, and the opposite side facing the beamline will be called front side. The gun uses
an IIGG design with a T-shaped high-voltage electrode, mounted on a ceramic insulator
inside the chamber, and an anode ring. A cross-section diagram of the gun design can be
found in [207, Fig. 1 (b)]. High-voltage of up to −300 kV is supplied to the electrode by a
commercial R30 connector through a feed-through inside the ceramic insulator, which is
connected to the top flange of the chamber. The puck is placed inside the electrode from
the back side, with the photocathode facing towards the beamline through an opening
with 12mm diameter in the front face of the electrode. The anode is mounted on the front
flange of the chamber, placed at a gap of 6.3 cm from the cathode, and can be supplied
with a bias voltage using a separate feed-through. The photocathode is illuminated for
electron emission by a laser system with λ = (780± 5) nm and variable laser power. An
ion pump and several NEG modules are installed to maintain a base pressure in the low
10−11mbar range, with the former also being used to monitor the pressure.
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The adjacent beamline section features steerer magnets for trajectory control and solenoids
for focusing. The position of the beam can be checked using retractable fluorescent screens.
Electron-spin orientation is controlled using a Wien filter spin manipulator. A retractable
Faraday cup can be used shortly after the Wien filter to block the beam and measure its
current. The gun chamber and the initial portion of the beamline connected to it are
positioned in a slight angle relative to the rest of the beamline, into which the electron
beam is bent using a dipole magnet. This allows the illumination of the photocathode
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Figure 3.8.: Schematic representation of the UITF injector activation setup. It is similar to the
previously shown test chamber setup. However, the cathode is placed face-up in a
puck for transport within the vacuum system, and the laser assembly is mounted on
top of the chamber. A mask assembly with three different apertures can be used to
limit the active area of the photocathode. The puck mount has an integrated heater
and can be moved up and down using a bellows.
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through a window with a laser beam, provided by the laser system placed next to the
beamline.
The GC was baked out, and a high-voltage conditioning was carried out afterwards,
following an established procedure [208]: first, with the base pressure below 10−11mbar,
the gun voltage is increased at a fast rate up to the point where field emission occurs.
Then, krypton (Kr) is continuously introduced into the chamber at a rate such that the
base pressure increases to ∼ 5× 10−5mbar, and the voltage is increased further at a much
slower rate until no more field emission is observed. At this point, the Kr gas flow is stopped,
the chamber again pumped down below 10−11mbar, and the high voltage increased at a
faster rate. This is repeated until the desired maximum voltage is reached without field
emission occurring. The operating voltage is then chosen with a safety margin below the
maximum voltage. During this procedure, the field emission is monitored using Geiger
counters placed around the chamber, and by measuring the dark current of the anode.
Since the gun conditioning was not finished at the time of the scheduled experiments,
they were carried out at a lower high-voltage setting of about −150 kV, at which safe
operation without field emission was possible. The conditioning had been done up to
a voltage of −215 kV, with field emission occurring just above −170 kV without Kr gas.
For the conditioning, a 60MΩ resistor was installed between the HV power supply and
the gun. This resistor was not removed during the experiments, resulting in a reduced
effective voltage applied to the gun. For Ibeam = 100µA, this corresponds to an effective
acceleration voltage of Uacc = −144 kV.
Degassing of the Cs and Li dispensers in the AC was conducted prior to the experiments
following the respective procedures described in Subsec. 3.2.1, with the limits of the
operating currents being about the same. However, the manual leak valve behaved
differently, with a pressure increase from NF3 occurring if the valve was opened more
than 7.5 turns.
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4. Experimental results

4.1. Activations using Cs and O2 (p-GaAs(Cs, O))

At Photo-CATCH, the performance of p-GaAs(Cs, O) has been investigated using a Co-De
activation scheme. All measurements were carried out using bulk-GaAs samples. Be-
fore each activation, a heat cleaning with subsequent cooldown period was conducted.
For the activation process, the carousel was moved to the setting of h = 135mm and
α = 340◦, placing the photocathode approximately 10mm above the ring-anode. During
the activation, the amount of introduced Cs and O2 was approximated by determining
the partial pressures of both ingredients. The Cs partial pressure p

Cs
was defined as the

difference between the pressure p1 measured at the beginning of the Cs peak slope, i.e.
when the gradient of the photocurrent gets large enough to be distinguishable from the
background noise, and the initial pressure p0, observed directly before the activation is
started. The oxygen partial pressure p

O2
was then defined as the difference between

the pressure p(t), measured continuously once the introduction of oxygen has begun,
and p1. Throughout each activation process, the ring-anode was positively biased with a
voltage of Ubias = 102V. Incident light was provided by the white-light LED array, which
was switched off and removed after the activation procedure is finished. This is done
because the shape of the initial Cs peak is more pronounced compared to illumination
with a low-power laser beam, hence facilitating the control of the activation sequence. The
quantum efficiency was measured with a laser beam that was introduced by opening the
shutter. After each activation, a lifetime measurement was conducted, with the laser beam
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illuminating the photocathode surface throughout. The lifetime was extracted from the
measurement data using Eq. (2.29). All lifetime measurements at Photo-CATCH presented
here were conducted in the activation chamber with laser powers of about 50µW or below,
corresponding to dark lifetime measurements.
Several aspects of the activation procedure and their impact on photocathode performance
were investigated in this work and are presented in this section. The process parameters
were optimized, with a focus on the amount and ratio of supplied ingredients. Based on
these findings, a simple automation scheme was developed and tested. The performance
of Li-enhanced surface layers was studied, and the effect of changing the anode bias
voltage on both quantum efficiency and lifetime was surveyed. Finally, the reproducibility
of the conducted measurements was scrutinized.

4.1.1. Optimization

For efficient photogun operation, it is of paramount interest to provide reliably reproducible
photocathodes, with both quantum efficiency and lifetime as high as possible. To fulfill this
demand, the activation process needs to be optimized. This is usually done experimentally,
with the resulting activation parameters depending on the used activation method and
setup.
During this work, the optimization of the activation parameters was investigated for the
Co-De activation method at Photo-CATCH. Previous work [47] showed that for Co-De
activations, two main factors are determining the course and outcome of the activation
process: the ratio of Cs and O2 partial pressures, and the amounts of Cs and O2 that
are introduced. The ratio r between partial pressures represents the balance between
activation ingredients. If too much (or not enough) of one ingredient is used during
the Co-De process, the final quantum efficiency will be reduced. For this reason, the
optimal value of r must be found for the specific activation setup if one wishes to maximize
the final quantum efficiency of the activation process. For Photo-CATCH, this value was
approximated as [47]

r =
p
Cs

p
O2

≈ 0.043 , (4.1)
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with the partial pressures p
Cs
and p

O2
for Cs and O2, respectively.

The introduced amount of ingredients influences the duration of the activation process,
with higher amounts leading to a shorter duration [47]. In this work, the influence
the amount of used ingredients has on the final quantum efficiency and the NEA layer
lifetime has been investigated. For this purpose, activations were conducted using different
values for ICs, while UO2

was chosen accordingly to satisfy the optimal ratio of the partial
pressures. After the activation, the lifetime was measured in the CAC. During activation
and lifetime measurement, the anode bias voltage was set to Ubias = 102V. Since the laser
system described in Subsec. 3.1.3 was not yet operational at the time, these experiments
were conducted using a laser diode with λ = (405 ± 5) nm and PL = 1µW, featuring
an integrated aspheric lens for collimation of the laser. The laser diode was mounted
directly on the laser assembly of the CAC, at the position of the fiber decoupling. Since
both beamsplitter and photodiode used for online laser-power measurements had not
been installed yet, the laser power was instead measured directly before - and at sporadic
intervals during - each measurement with a hand-held power meter at the exit of the CAC
laser assembly, directly before the laser beam enters the chamber through the window.
This showed laser power fluctuations in the µW range, large enough to void the assumption
of relatively constant laser power during the lifetime measurements. Since the laser power
was not recorded continuously, calculating η using the laser-power values that were only
sampled at sporadic intervals distorts the actual decay trend because long-term laser
power fluctuations are not included. For this reason, the lifetimes were extracted fitting
the photocurrent instead of the quantum efficiency.
The final quantum efficiency as a function of ICs in the range of 3.0A to 3.3A is shown
in Fig. 4.1a. Below ICs = 3.0A, the amount of introduced oxygen is too low, making it
difficult to achieve a significant increase in photocurrent during the activation process
while still maintaining the optimal partial-pressure ratio, resulting in a reduced final
quantum efficiency. The quantum efficiency reaches its maximum value at ICs = 3.1A. For
higher ICs, η declines, with a significant drop observed between 3.2A and 3.3A. Fig. 4.1b
shows τ as a function of ICs for the same range. While the lifetime, within the given
uncertainties, is the same for 3.0A and 3.1A, a significant drop can be observed for 3.2A
and higher. Most likely, higher amounts of ingredients increase the chamber pressure at
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the beginning of the lifetime measurement, hence decreasing photocathode lifetime, as
discussed in Subsec. 2.3.2. This should only play a minor role if the cathode is directly
transferred to the gun chamber after activation, since the pressure there will be much lower.
Nevertheless, as a result of these measurements, a Cs dispenser current of ICs = 3.1A was
chosen as optimal for the Photo-CATCH activation setup. This corresponded to a partial
pressure of p

Cs
= (5.5± 0.5)× 10−11mbar.
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Figure 4.1.: Dependency of quantum efficiency and lifetime on the amount of Cs, represented by
the current ICs that is applied to the Cs dispenser, introduced during the activation
process at Photo-CATCH. The optimal value of ICs for activations was chosen as 3.1A.
Data taken from [209].

Both the ratio and the amount of ingredients were optimized for the specific Co-De method
used at Photo-CATCH, which introduces oxygen after the photocurrent drops to about
75% of the initial peak caused by Cs deposition [47]. This value has not been optimized
so far. It is therefore possible that better results are achievable when introducing oxygen
at a smaller or larger drop in photocurrent, i.e. earlier or later, and the ratio and amount
of ingredients can then be in need of adjustments in order to reach the optimal outcome.
Hence, further investigations are required to complete this aspect of the optimization
process. Also, this should be kept in mind when attempting to optimize other activation
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methods, such as the Yo-Yo scheme.
Other important factors for photocathode parameter optimization are the laser beam
parameters. As discussed in Subsec. 2.3.2, a decrease of the spotsize will lead to a higher
heat load on the illuminated area of the cathode, increasing thermal desorption and
therefore reducing the lifetime. This is also true for an increase in laser power. Once the
Photo-CATCH laser setup was complete, the influence of the laser spotsize on photocathode
performance was investigated as well. For this purpose, two different infrared laser diodes
were used successively: a Roithner (780± 5) nm laser diode1 was installed first and later
replaced by a Thorlabs (785± 5) nm model2. After decoupling from the fiber, the beam
was collimated to a 1/e2 diameter (i.e. the diameter at 13.5% of the laser spot’s maximum
intensity) of (1.245± 0.005)mm for the Roithner laser diode and (0.445± 0.005)mm for
the Thorlabs laser diode. One set of measurement has been conducted for each laser diode,
with PL = (5 ± 1)µW for the Roithner model and PL = (50 ± 2)µW for the Thorlabs
laser diode. All activations were conducted with the optimized procedure described above,
using the same amount and ratio of ingredients and illuminating the cathode with the
white-light LED array during activation, switching to the laser for measuring the quantum
efficiency once the activation is complete. The ring-anode was supplied with Ubias = 102V

during all activations and measurements of η. No significant difference in the residual
pressure was observed, with the respective values before, during and after activation being
in the same range for both spotsizes.
A mean quantum efficiency of (6.0 ± 0.4)% was observed for the measurements using
the Roithner laser diode [210]. In comparison, the mean quantum efficiency obtained
from measurements using the Thorlabs laser diode increased significantly to (9.0± 0.8)%.
With all conditions except the laser spot properties, such as site and form, and power
of the laser beam unchanged, it is likely that these laser parameters are responsible for
the increase in quantum efficiency. One possible explanation for this behaviour is the
inhomogeneous nature of the surface layer, meaning that the quantum efficiency varies
depending on the position on the active area of the surface. At Photo-CATCH, there is no
setup available to scan the cathode surface with the laser. The position of the laser spot

1Roithner Lasertechnik RLT780-150GS
2Thorlabs©L785P090
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is instead adjusted manually using one of the two mirrors mounted below the chamber.
Although the cathode is placed at the same height and angle of the combined z-translator
and rotary drive before each activation, inaccuracies of these parameters can be neither
excluded nor satisfactory verified or determined. Hence, the laser spot adjustment is
revised manually after each activation to maximize the observed quantum efficiency.
This procedure shows a high variation in quantum efficiency, as shown exemplary for
one measurement in Fig. 4.2. Since the observed quantum efficiency corresponds to the
mean quantum efficiency within the area illuminated by the laser, an increased spotsize
includes more areas with lower quantum efficiency, hence resulting in the observation
of a reduced overall quantum efficiency. This effect can also be influenced by the form
of the laser spot. The laser spotsize is already an important parameter for photoguns
because its decrease not only reduces cathode lifetime, but also increases the emittance of
the extracted electron beam [211] and must therefore be chosen carefully to balance out
these effects. A possible influence on the quantum efficiency, albeit not as important as
the other two effects, should also be factored into the selection process.

4.1.2. Automated activation

After optimizing the activation process, the next logical step is to automatize the proce-
dure, based on the optimized activation parameters. This would allow for a far more
precise performance compared to manually controlling the procedure and provide robust
activations independent from expert operations.
A basic requirement for an automated activation is the availability of remote-controllable
components and digital data acquisition. A remote-controllable power supply allows the
precise control of the dispensers commonly used for Cs. The valve used for the introduction
of the oxidant can be replaced with a piezoelectric leak valve, which in turn can be con-
trolled with a power supply as well. High-resolution online photocurrent measurements
can be conducted with an ampere meter, and the chamber pressure can be acquired
using digital vacuum gauges. All of those components are commercially available, hence
providing a solid basis for automated activation systems.
Since the Co-De method requires the least steps during the activation procedure, and
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Figure 4.2.: Variation of η observed during adjustment of a (0.445±0.005)mm 1/e2 diameter laser
spot with λ = (785± 5) nm on the photocathode surface after successful activation.
The major steps in η (1-5) correspond to adjustments of the photocathode position
made with the rotary drive. The smaller changes afterwards are caused by adjustment
of the laser spot position using the two movable axes of the first mirror. In total, the
value of η varies significantly from 1% to 10%, depending on the position of the laser
spot on the photocathode surface.

since this method has been optimized for the activation system of Photo-CATCH during
the course of this work, it was chosen as basis for development of an automated activation
scheme. The most basic approach for automation of a Co-De activation is to measure
the average time at which each step of the process is conducted and then implement
a script that conducts the steps at the given time. The total duration of the activation
can be considered to be equivalent to the duration tCs during which the Cs dispenser is
set to its operating current ICs. Likewise, the duration tO2

is defined as the time during
which the oxygen valve is set to its operating voltage UO2

. This means that oxygen is
introduced after tCs − tO2

. In total, this gives four basic activation parameters: ICs, UO2
,

tCs, and tO2
. A simple automation scheme can be conceived based on those parameters. It
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is executed as follows: the script for the automated process sets ICs to the selected value
immediately after it is executed. After tCs− tO2

, it sets UO2
to the selected value. Once the

total duration of tCs has passed, both ICs and UO2
are set to 0 and the activation process

is ended. For proof-of-principle measurements of this automated activation scheme at
Photo-CATCH [204], the required parameters have been extracted from previous manual
measurements [209], as listed in Tab. 4.1.

Table 4.1.: Parameters used for the automated Co-De activation scheme. Values taken from [204].
Parameter Value

ICs 3.1A
UO2

580V

tCs 39min
tO2

22.8min

First measurements consisting of nine automated activations were conducted using these
parameters, with Ubias = 102V. A laser diode3 installed at the Photo-CATCH laser setup
with λ = (780 ± 5) nm and PL of 5.9µW to 10µW was used to measure the quantum
efficiency [204]. The last activation (No. 9) in the automated test series only achieved
a quantum efficiency of (0.2 ± 0.1)% due to oxygen overexposure and was considered
a failed activation. As discussed below, this could have been prevented by manual in-
tervention. For comparison, another test series with a total of five manual activations
was conducted, using the same laser diode with PL = (5± 1)µW [210]. An anode bias
voltage of Ubias = 102V was used for all measurements. The final quantum efficiencies
of the two test series are shown in Fig. 4.3. The automated activations achieved a mean
value of ηauto = (4.9 ± 0.8)%, compared to ηman = (6.0 ± 0.6)% for manual activation,
corresponding to a small reduction of η by a factor of 0.8± 0.2. Hence, the resulting mean
quantum efficiencies of manual and automated activations can be considered equivalent
within their respective uncertainties. Both procedures show a good reproducibility, with
only one outlier each (activations No. 4 of the automated and No. 1 of the manual proce-
dure).
3Roithner Lasertechnik RLT780-150GS
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Figure 4.3.: Comparison of final quantum efficiencies for the automated and the optimized manual
activation procedure. Activation No. 9 of the automated series was considered a
failure and is not shown here. Data taken from [204, 210].

It is important to note that the CAC had to be opened between the two series of measure-
ments in order to repair a mechanical issue with the z-translator. After completing repairs,
the chamber was evacuated and baked out at about 200 ◦C for several days, achieving a
chamber base pressure in the low 10−11mbar range, as was observed before opening the
chamber. The photocathode sample used for the automated test series was transferred to
the AHCC before venting of the CAC and subsequently replaced with a new photocathode
sample, freshly cut from a GaAs wafer. This new sample was then used for the series of
manual activations. Hence, it is possible that the quantum efficiencies of the automated
activations are reduced due to wearing of the used photocathode sample. Additionally,
the external oxygen reservoir was vented, evacuated for bakeout, and refilled. This, in
combination with an increase of p

Cs
to 7.0 × 10−11mbar at ICs = 3.1A, increased the

required voltage UO2
to obtain the optimal partial pressure ratio from 580V to 635V.

Another major factor influencing the quantum efficiency of the automated process is
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the used sequence itself. Since the automated process is based solely on timed addition
of the ingredients, it lacks the manual adjustments necessary to maintain the optimal
ingredient ratio throughout the procedure. For example, during the failed activation
No. 9, r started at 0.043± 0.002 shortly after oxygen was introduced and then continu-
ously dropped to 0.025± 0.002 at the end of the automated process, corresponding to an
oxygen overexposure. While p

Cs
increases constantly during the activation due to rising

temperature of the dispenser, this increment is comparably small. This is different for
oxygen: p

O2
rises rapidly once the valve is opened by applying a voltage, but the rate of

increase swiftly decreases. Hence, UO2
is usually set to a higher value at the beginning

of oxygen introduction. This provides a bigger influx of oxygen, quickly raising p
O2
to

its desired value. UO2
is then reduced in elongating intervals in order to keep that value

of p
O2
, maintaining the optimal ingredient ratio. Additionally, it has been observed that

applying the same UO2
does not reliably reproduce the same p

O2
introduced into the

chamber. While this effect can be easily compensated through manual adjustments, this is
not possible with the chosen simple automation scheme since the script simply sets UO2

to
the given value and does not alter it during the course of the automated sequence. Also,
p
O2
is not measured directly, but calculated by the operator during activation. Therefore,

the amount of oxygen introduced during the automated process is not optimal. This can
be seen when comparing the photocurrent curves of different automated activations, as
shown in Fig. 4.4: If too little oxygen is introduced (middle curve), the activation will
not be complete when the automated process ends, and if too much oxygen is applied
(bottom curve), the activation fails due to oxygen overexposure. Of nine automated
activations carried out in this test series, only three (Nos. 1, 2, 5) ended as intended after
the photocurrent reached its final plateau. Five (Nos. 3, 4, 6, 7, 8) ended prematurely
while the photocurrent was still rising. The last activation (No. 9), which was considered
a failure, showed a far too low rise in photocurrent during oxygen introduction, reaching
a low plateau about 10 minutes early before falling again. Taking this into consideration,
the automated activations with the intended amount of oxygen yielded a mean final
quantum efficiency of ηauto,1 = (5.3± 0.6)%, while those that ended prematurely yielded
a mean value of ηauto,2 = (4.7±0.5)%. In order to better reproduce the manually adjusted
procedure, the adjustment of p

O2
needs to be implemented into the script for automated
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activation. Currently, p
O2
is calculated manually during the activation using r and p

Cs
,

which in turn is calculated by subtracting the base pressure (before Cs is introduced)
from the pressure at the beginning of the Cs peak. Hence, this calculation process needs
to be automated as well. Another way to improve the automated procedure would be
to implement a peak-finder function, enabling the detection of both Cs peak and final
plateau in order to precisely time the introduction of oxygen and the termination of the
flow of ingredients at the end of the activation process.
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Figure 4.4.: Comparison of three different photocurrent trends observed during automated activa-
tions No. 1 (top curve), No. 7 (middle curve), and No. 9 (bottom curve), corresponding
to different levels of oxygen exposure: if the amount of oxygen matches the intended
value, the trend is normal (top curve). If the amount of oxygen is insufficient, more
time would be required to reach the plateau, hence the process ends prematurely
(middle curve). If too much oxygen is introduced, the process is completed, but is
considered a failure since the emitted photocurrent remains low (bottom curve).

Despite the automated procedure suffering from these shortcomings, the proof-of-principle
test can nevertheless be considered a full success. While only 3 in 9 activations demon-
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strated the intended progress, the resulting quantum efficiencies can be considered equal
to those produced by manual activations within the respective uncertainties. Only 1 out
of 9 activations was a failure, and the remaining 5 activations with sub-optimal progress
still yielded acceptable results. This is a promising basis for developing a sophisticated
automation of the photocathode activation procedure. For future tests, the lifetime of
photocathodes activated with the automated procedure should be measured and compared
to those of manual activations as well in order to investigate the reproducibility of this
parameter.

4.1.3. Li-enhanced activations (p-GaAs(Cs, O, Li))

A previous study at Photo-CATCH reported no significant change in η when comparing
standard and Li-enhanced Co-De activations [49]. A similar series of measurements
was performed at Photo-CATCH with a Co-De(Cs, O2) + YoYo(Li) activation scheme
for Li enhancement during the work presented here, revealing a significant increase in
NEA surface layer lifetime that was not reported before. For the purpose of this study,
the customized scheme devised in [47], in combination with the optimized parameters
presented in 4.1.1, was used as basis for a semi-automated execution of the Li-enhanced
activation procedure. The process starts with the introduction of Cs. Oxygen is added once
the photocurrent has fallen to 75% of its initial Cs peak. At the same time, an automated
sequence for pulsed introduction of Li is started using the script described in 3.1.2. During
preliminary measurements [210], three pulses with ILi = 4.0A and tLi,duration = 60 s were
applied, showing no effect on quantum efficiency and lifetime. Hence, the parameters
for the Li pulses were changed: ILi was increased to 4.1A, and tLi,duration was extended
to 75 s. The number of pulses was changed to five and eight in order to compare the
effect of different amounts of Li on the final photocathode parameters. In total, three
different activation schemes were used and compared: a standard Co-De (scheme 1), a
Li-enhanced Co-De with five pulses (scheme 2a), and a Li-enhanced Co-De with eight
pulses (scheme 2b). The parameters of the different schemes are listed in Tab. 4.2. During
activation, the photocathode was illuminated with the LED array. After activation, the
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array was switched off and a laser beam was introduced by opening the laser shutter. For
all measurements of η and τ presented in this subsection, the Thorlabs laser diode was
used, with λ = (785± 5) nm, PPL

= (50± 5)µW and 1/e2 spotsize of (0.445± 0.005)mm.
A part of the data for un-enhanced activations presented here has been taken and re-
evaluated from [212].

Table 4.2.: Parameters used for the standard and Li-enhanced Co-De activation schemes.
Parameter Scheme 1 Scheme 2a Scheme 2b

Ubias 102V 102V 102V
ICs 3.1A 3.1A 3.1A
UO2

4 635V 635V 635V

ILi - 4.1A 4.1A
tLi,duration - 75 s 75 s

nLi - 5 8
tLi,delay - 150 s 150 s
tLi,distance - 225 s 225 s

Typical trends for pressure and photocurrent during the activation processes are shown
in Fig. 4.5, Fig. 4.6a , and Fig. 4.6b. A pressure peak can be observed when Cs is first
introduced. This is most likely caused by the desorption of contaminations on the dispenser
surface due to the increase in temperature once the operating current is applied. The
peak is followed by a steady increase which slowly levels out, representing the flow of Cs.
Once oxygen is introduced, the pressure rises rapidly and is leveled off by adjusting UO2

,
which is visible as steps in the pressure curves. Each step corresponds to a change of UO2

by 5V. The pulsed introduction of Li is visible as distinctive pressure spikes, with a small
peak observable right before the first Li peak, similar to the one observed upon switching
on the Cs dispenser. The photocurrent shows a small increase right at the beginning of
Cs introduction, corresponding to a background current caused by the dispenser. After
the initial Cs peak, Ip rises steadily until it reaches a plateau. When Li is introduced, the
current drops, but recovers quickly after Li is shut off, resulting in a sawtooth-like trend.

4This value was adapted during each activation in order to obtain and hold the optimal partial pressure
ratio.
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The chosen distance between the Li pulses does not allow the photocurrent to rise above
its pre-pulse value. Hence, the main increase in photocurrent only occurs after the pulse
sequence is finished. While this rise is steeper than the one during normal Co-De, it is
delayed by the Li pulses. The more pulses are applied, the longer is the delay, resulting in
an increase of the total time required to finish the activation, as can be seen for scheme
2b. Once Cs is switched off at the end of the activation, the signal background caused by
the operation of the dispenser disappears, leading to a drop in measured photocurrent.
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Figure 4.5.: Typical photocurrent (red) and pressure (blue) curves for activation scheme 1. The
pressure is displayed on a logarithmic scale for better visualization, with the steps
visible after oxygen introduction resulting from adjustment of the oxygen flow. The
shown activation yielded η = (9.7± 0.4)%.

The mean values of the resulting quantum efficiencies are compared in Fig. 4.7a, with the
different schemes yielding η1 = (9.0±0.8)%, η2a = (9.1±0.7)%, and η2b = (8.2±0.3)%.
No significant change in the mean quantum efficiency η is visible between schemes 1 and
2a. A relative decrease by a factor of 0.9± 0.1, compared to the value for scheme 1, can
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(a) Activation scheme 2a. The shown activation yielded η = (9.4± 0.4)%.
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(b) Activation scheme 2b. The shown activation yielded η = (8.3± 0.3)%.

Figure 4.6.: Typical photocurrent (red) and pressure (blue) curves for activation schemes 2a and
2b. The spikes in both curves correspond to the Li pulses.
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be observed for scheme 2b. This is consistent with the reduction of η for increased Li
exposure reported in previous studies [49, 193]. However, since only two activations were
conducted with scheme 2b in this study and considering that the obtained mean value
is, within its uncertainty, also consistent with no change in η compared to scheme 1 and
scheme 2a, the observed reduction and smaller range in η are not significant. Therefore,
additional measurements need to be carried out in order to verify this result and to study
the effect of increased Li dosage on the resulting quantum efficiency. The initially reported
increase in η [56] is possibly the result of variations in quantum efficiency for individual
activations, even if using the same scheme. Similar fluctuations were also observed during
this study despite previous optimization of the process, with η ranging from 7% to 10%.
This corresponds to a change by a factor of about 1.43, which is close to the reported
increase by a factor of 1.53. Both minimum and maximum value were observed for
activations using scheme 1, with a similar range for activations with scheme 2a.
After each activation, a lifetime measurement was conducted at different bias voltages. The
influence of anode bias on the lifetime is discussed in the next subsection, Subsec. 4.1.4.
Here, only lifetimes measured at Ubias = 100V are discussed. The resulting mean lifetimes
τ for the different activation schemes are compared in Fig. 4.7b, with the different schemes
yielding τ1 = (22± 13) h, τ2a = (39± 2) h, and τ2b = (89± 12) h. Compared to the value
obtained from scheme 1, scheme 2a yields an increase in τ by a factor of 2.8 ± 1.8. A
more significant effect can be observed for the value obtained from scheme 2b, yielding
an increase by a factor of 6.7± 4.5 compared to τ of scheme 1. Both values are, within
their uncertainties, consistent with the lifetime increase reported in [49]. The increase
observed for scheme 2b is also comparable with the increase by a factor of 6.8 reported
for p-GaAs(Cs, O, Sb), measured with λ = 780 nm, PL = 10µW and a cathode bias of
−18V [54].
Both results for quantum efficiency and lifetime are very promising. Compared to
p-GaAs(Cs, O, Sb), the only other candidate for increased surface layer robustness that
has been investigated more closely in literature, the trade-off between reducing quantum
efficiency and increased lifetime appears to be more favourable for p-GaAs(Cs, O, Li). The
Li-enhanced surface layer shows a significant increase in lifetime with negligible reduction
of quantum efficiency. If this trend can be validated for higher doses of Li, this type of
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(b) Mean lifetime for different activation schemes.

Figure 4.7.: Mean values of quantum efficiency and lifetime for the different activation schemes.
While scheme 2b yields a slight reduction in quantum efficiency, it shows a significant
increase in lifetime compared to schemes 1 and 2a.

surface layer can greatly improve operational performance of GaAs photocathodes and
enable their use for a broader range of accelerator applications. However, the results of
this study should first be verified under operational conditions, using of p-GaAs(Cs, O, Li)
for beam production in a DC photogun. One should also note that the resulting overall
lifetimes are short. This is most likely related to the opening of the CAC for maintenance
prior to this study. Therefore, it is possible that the Li-enhanced surface layer shows an
increased robustness against residual gas species that are not present under operational
conditions in a photogun.
Further optimization of the Li-enhanced Co-De procedure is required in order to streamline
the process. The exact amount, duration, and intensity of Li pulses, as well as the distance
between them and the delay of the first pulse after oxygen is introduced can be optimized
in order to find the best possible balance between the total process duration and the
resulting values for η and τ . An automated procedure for Li-enhanced activation can
also be implemented in the future, based on the results of the optimization, in order to
increase reproducibility. Finally, it might be interesting to investigate the enhancement of
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other activation schemes, such as YoYo and Nagoya, with Li. The performance of such
enhanced schemes, compared to the established Co-De(Cs, O2) + YoYo(Li) scheme, is
of interest in order to obtain the best possible result for both η and τ . Since the exact
microscopic composition of the NEA layer and the precise nature of its decay has yet to be
established, further investigations on this matter with surface probing techniques are also
of great interest.

4.1.4. Anode voltage variation

Introducing an anode ring biased with a positive potential into a photo-gun has been
demonstrated to increase photocathode lifetime by reducing IBB [165–167]. In an ac-
tivation chamber, the bias voltage Ubias is applied to the anode in order to capture the
electrons emitted from the photocathode. Nevertheless, altering this collector voltage can
also influence cathode performance. In order to study the influence of the anode bias
voltage on quantum efficiency, a so-called bias scan was conducted prior to each activation
of the measurement series presented in the previous chapter. To this end, Ubias is set
to 0V and increased in steps of Ubias,step up to a maximum voltage Ubias,max, with each
step lasting for a duration of tbias,step. These parameters were chosen as Ubias,step = 5V,
Ubias,max = 485V, and tbias,step = 5 s. For each step the values of both Ubias and η are
averaged to obtain the actual bias voltage and its corresponding quantum efficiency. The
curves of η and pressure as functions of Ubias are exemplarily shown in Fig. 4.8 for a
bias scan conducted after a scheme-1 activation. The laser beam for all bias scans was
provided by the laser system, using the Thorlabs laserdiode with final beam parameters
as described in Subsec. 4.1.3. A part of the data for un-enhanced activations presented
here has been taken and re-evaluated from [212].
The quantum efficiency rises with increasing Ubias, displaying a sharp rise beginning
at about 15V, before reaching a plateau at about 75V. This plateau shows a steady
increase with some minor fluctuations for rising Ubias, before reaching its maximum at
about 360V. η then decreases before displaying a sudden increase to another plateau at
about 465V. The major increase of η between 0V and 75V and the subsequent plateau
can be explained by the amount of emitted electrons that are captured by the anode
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Figure 4.8.: Quantum efficiency η and pressure p as functions of bias voltage for a scheme 1
activation. This activation yielded η = (10.2 ± 0.4)% at Ubias = (102 ± 1)V and
ηmax = (11.5± 0.8)% at Ubias = (361± 1)V.

potential. The electrons are emitted at different angles, forming a cloud above the surface
of the photocathode. If the anode is set on positive potential, a static electric field is
formed, accelerating the electrons towards the anode and siphoning off the electron cloud.
However, the electrons interact with residual particles, giving them momenta away from
the anode. Hence, the smaller the anode potential, the higher the amount of electrons
that are able to escape the potential. At a certain threshold of Ubias, nearly all electrons
are captured, leading to the observed plateau of η. The subsequent slow rise in η is most
likely related to the emission properties of the NEA layer. As was shown in Fig. 2.5 (c),
conduction-band electrons must overcome a Schottky barrier with height ΦB in order
to be emitted from an NEA surface to the vacuum level EVac. Therefore, electrons that
are excited deep within the photocathode material do not have enough energy left to
overcome this barrier once they reach the surface. Applying the anode potential lowers
the Schottky barrier at the interface between bulk material and surface layer and enables
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the electrons that are trapped at the photocathode surface to be emitted. This effecively
increases the exit depth of excited electrons inside the photocathode, hence increasing the
quantum efficiency. This so-called Schottky effect is also observed in photo-guns, where
the negative potential applied to the photocathode results in a higher quantum efficiency.
While the overall trend of η is similar for different activations, it shows some fluctuations,
even for different activations of the same scheme. In order to compare different activation
schemes, the values of η for each bias voltage were first normalized with the maximum
quantum efficiency ηmax for each single activation, and then averaged over all activations
of the same scheme. The resulting curves of the average normalized η as function of Ubias

for the three different activation schemes are shown in Fig. 4.9. All curves display ranges of
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Figure 4.9.: Average normalized quantum efficiency as function of anode bias voltage for activation
schemes 1 (blue triangles), 2a (red squares) and 2b (green circles). Two dips are
visible in the plateau region. Both are more pronounced for the schemes 2a and 2b.

reduced quantum efficiency, or dips, from 125V to 225V and from 285V to 350V. These
dips were also observed for activations conducted with scheme 1, but were less distinctive.
For scheme 2b, i.e. higher dosage of Li, the dip at higher voltages is more pronounced.
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If a previous activation had used scheme 2a or 2b, the dips became more distinctive for
scheme 1 as well, as shown in Fig. 4.10: for an activation without Li, conducted shortly
after a Li-enhanced one, the dips are clearly visible and almost as distinctive as for the
Li-enhanced surface layer. A decline of this effect was subsequently observed over the
course of repeated heat cleanings and activations without Li (scheme 1), with the dips
becoming less and less distinctive with each consecutive activation. In the bias scan of the
7th consecutive activation without Li, they are no longer observed. The most probable
cause for this effect is the presence of residual Li within the chamber. This residual Li
settles on the Cs dispenser during cooldown after ICs is shut off. Once the operational
current is applied to the Cs dispenser during the following activation, the Li contaminating
the surface is slowly released. Li that adsorbed to the heating coils and surrounding
surfaces could be desorbed during heat-cleaning, although any Li released in this way
should have been pumped away once the activation process begins. Small amounts of Li
contaminants could also remain on the photocathode surface after heat-cleaning. How-
ever, it is unclear why η only declines at particular ranges of Ubias. This could correspond
to a higher Schottky barrier for the respective electric potentials at the photocathode
surface. Further investigations, in particular with higher doses of Li, are required to better
understand this behavior. Additional studies at different laser wavelengths could also
provide useful information regarding this effect: If the position of the dips is unchanged
for different wavelengths and the depth of the dips decreases for smaller wavelengths,
it would be a strong indication that the effect causing the dips is related to the Schottky
barrier height. Photons with smaller wavlength, i.e. higher energy, would provide more
electrons with the necessary energy to overcome an increased Schottky barrier, up to a
threshold at which the vast majority of the excited electrons is able to pass the barrier,
hence negating the difference in height for different electric potentials. If the position of
the dips is not independent on the laser wavelength, it is likely that other mechanisms
are involved. The photocathode lifetime is also influenced by the anode bias potential, an
increase of which leads to a larger field gradient. This enhances surface layer damage from
IBB, since the ions produced by the emitted electrons are accelerated to higher energies
before hitting the photocathode surface. Additionally, the electrons hitting the anode
have higher energies and are therefore able to cause ESD on the anode surface, creating
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Figure 4.10.: Influence of Li on the quantum efficiency as function of anode bias voltage as
observed for consecutive activations. The reference activation is labeled with the
counter 0, with negative counters for previous and positive counters for subsequent
activations. The Li-enhanced activation with scheme 2a (0) was conducted shortly
after an activation with scheme 1 (-1) and was followed by seven consecutive
activations with scheme 1. While similar dips can be observed in the curves of
the Li-enhanced layer and the non-enhanced layer of the next activation (1), the
quantum efficiency trend observed following the 7th consecutive activation (7)
has returned to the state observed before the Li-enhanced activation and does not
display the dips.

additional ions that contribute to IBB. Also, ions at higher energies, for example above
500 eV for H+

2 ions, are implanted into the photocathode, causing structural damage that
is not recoverable by heat cleaning [213]. However, while the ion energy range rises with
the bias voltage, the amount of low-energy ions is reduced. These ions can cause direct
damage to the surface layer since they deposit most of their energy at a certain depth. The
thickness of a Cs2O layer on GaAs is estimated as ≈ 20Å [214]. For such layers, H+

2 ions
with kinetic energies of 150 eV or lower will deposit most of their energy in the surface
layer. Therefore, an increase in lifetime should be observed when the anode bias voltage
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is increased beyond 150V. In order to investigate this assumption, lifetime measurements
were conducted at different values of Ubias between 0V and 500V after the photocathode
was activated using scheme 1. A total of seven voltages were chosen: 20V, 50V, 75V,
100V, 140V, 350V, and 500V. For scheme 2a, lifetime measurements were conducted at
75V and 100V. All lifetime measurements for scheme 2b were conducted at 100V. For
each bias voltage, a minimum of two lifetime measurements were conducted. In order
to rule out possible long-term effects, the measurements for the different voltages were
conducted in a random order. The mean lifetimes are displayed in Fig. 4.11 as a function
of Ubias.
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Figure 4.11.: Mean photocathode lifetime as function of anode bias voltage. The lifetimes at
low anode bias voltages are longer, but also have large uncertainties due to large
scatter of the individual measurements. For Li-enhanced activations, lifetimes were
measured at 100V for both scheme 2a and 2b. Only one additional measurement
was conducted at 75V for scheme 2a. The lifetime increase for scheme 2b at 100V
is far greater than any lifetime increase observed for scheme 1 due to different bias
voltage.

The mean lifetimes observed at Ubias < 200V are longer than those observed at higher
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voltages. However, the individual lifetimes measured at these voltages show a wide spread,
except at 140V. This leads to high uncertainties. For example, the lowest and highest
lifetime measured at 20V were (64 ± 5) h and (12.2 ± 0.9) h. It is unclear what exactly
causes this significant variation in photocathode lifetime. One possible reason could be the
vacuum conditions during each measurement, since the pressure influences the photocath-
ode lifetime by means of residual gas adsorption and also contributes to the rate of IBB.
The initial pressures were in the range of (1.4-5.3)× 10−10mbar. However, the data does
not show a clear correlation between the vacuum pressure and the lifetime. For example,
at 75V, a lifetime difference of about 10 h was observed between the longest and shortest
lifetime, with the initial pressure of the longer lifetime being about 3.0 × 10−12mbar

higher. The pressure decline can be approximated with an exponential decay, yielding a
decline to 1/e of its initial value after (6.8± 0.1) h for the longer and after (6.2± 0.1) h for
the shorter lifetime at 75V. Since the rate of IBB depends on both the residual pressure
and the anode bias voltage, the influence of the vacuum conditions on the lifetime must be
considered separately for each bias voltage. It is possible that the influence of the pressure
on the lifetime is negligible for higher values of Ubias since IBB dominates as deteriorating
effect, and the IBB contribution from increased pressure is not high enough to be clearly
discernible. In order to clearly assess the influence of both initial pressure and its decay
rate on the photocathode lifetime, additional measurements for each bias voltage are
required to enable a deeper analysis.
Another possible cause could be the influence of residual Li, as observed for the quantum
efficiency. However, since the measurements for different bias voltages were conducted
in a random order, it could neither be clearly determined if such an influence exists, nor
how such an influence would manifest itself. This could be investigated by conducting a
sequence of lifetime measurements following the activation scheme pattern unenhanced
- Li-enhanced - unenhanced, with several consecutive measurements for each step in the
pattern.
Finally, there is also the possibility of long-term effects. In previous studies, an increase in
lifetime was observed over the course of time [143]. This is consistent with operational
experiences at Photo-CATCH: the first activations after the CAC had been opened showed
significantly reduced quantum efficiency and lifetime compared to measurements done
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before, with the quantum efficiency recovering quicker than the lifetime. Prior to opening
the chamber, it had been at low pressure for several years. The main factors to the change
of quantum efficiency and lifetime are pressure-related: the base pressure of the chamber
takes a long time of pumping to reach its final equilibrium, and the Cs and Li dispensers
accumulate surface contaminations when exposed to air. These contaminations are not
entirely removed by conditioning the dispensers during and after the chamber is pumped
down and baked out and are released slowly during operation. This will be discussed
further in Subsec. 4.1.5.
The variation of Ubias shows a significant change in both η and τ in the range of low
voltages up to 500V. The bias voltage Ubias is therefore a critical parameter that needs to
be specified when stating results for η and τ . While the measurements presented here
investigated the influence of Ubias on the performance of photocathodes that had been
fully activated at the same value of Ubias, it would also be of great interest to investigate
possible changes in performance for activations at different Ubias. This is foreseen for
future studies at Photo-CATCH.

4.1.5. Reproducibility

As discussed previously in Subsecs. 4.1.1 and 4.1.2, reproducibility of photocathode
performance is an important factor for reliable photo-gun operation. In this subsection,
the reproducibility of the series of measurements presented in Subsecs. 4.1.3 and 4.1.4 is
reviewed in detail.
A total of 27 activations with subsequent lifetime measurement were conducted over a
period of 56 days, using the same bulk-GaAs sample. The intervals between individual
activations depended on the duration of the preceding lifetime measurement, which was
usually chosen such that η would decay to 1/e of its initial value. Figure 4.12 shows the
final quantum efficiencies of all activations in chronological order. It is clearly visible that
the values show a wide spread of about 3%. There appears to be no clear trend, although
the spread is reduced to about 2% after activation No. 8. This is comparable with the
spread observable prior to laser optimization, cf. Fig. 4.3. All activations, except No. 1 and
8, coincide within their uncertainties with the mean quantum efficiency of all activations
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η = (8.9 ± 0.8)%. The main contributing factor to the uncertainty of each individual
quantum efficiency is the fluctuation of the laser power. This can be addressed by further
stabilising the output of the laser diode. Additionally, the accuracy of the photodiode
signal could be improved by adapting the IADC and selecting a more sensitive photodiode
model.
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Figure 4.12.: Quantum efficiencies at Ubias = 102V for all activations in chronological order. The
horizontal lines represent the mean quantum efficiency of all activations η = (8.9±
0.8)% and its uncertainty.

In order to analyze the influence of the partial-pressure ratio r on the final quantum
efficiency, the mean ratio r is calculated for each individual activation. First, the oxygen
partial pressure for each data point taken after opening oxygen valve, p

O2
, is determined

by subtracting the sum of initial pressure p0 and Cs partial pressure pCs
from the recorded

total pressure. Then, the initial short and steep pressure rise is excluded since it would
distort both r and its uncertainty. The values of r for the remaining data points, as cal-
culated using Eq. (4.1), are then averaged. For Li-enhanced activations, it is attempted
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to separate the partial pressure pLi from p
O2
by excluding the pressure spikes caused by

Li introduction. However, the base partial pressure of Li that remains throughout the
activation cannot be easily computationally eliminated and distorts the approximated
value of p

O2
. Hence, r is expected to be lower for this type of activation. The resulting

values of r are shown in Fig. 4.13 for all activations in chronological order.
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Figure 4.13.: Mean partial pressure ratio r for all activations in chronological order. Nearly all
activations displayed a value of r below the optimum of 0.043, meaning that too
much oxygen was applied.

Nearly all activations displayed a mean partial pressure ratio below the optimal value of
0.043, corresponding to an overexposure to oxygen. Also, several activations, eg. No. 3,
show a high uncertainty of r due to larger fluctuations in the oxygen partial pressure
during activation. As expexted, r is decreased for the Li-enhanced activation schems
2a and 2b, although this is also the case for several unenhanced activations. All values
of r observed for scheme-1 activations, along with the corresponding average quantum
efficiencies and total number of activations at this ratio, are listed in Tab. 4.3.
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Table 4.3.: Mean partial pressure ratios with corresponding quantum efficiencies and total number
of activations conducted at the respective ratio. All values are for scheme 1 activations
only.

r η in % No. of activations
0.033± 0.003 8.2± 0.4 1
0.035± 0.005 7.0± 0.3 1
0.036± 0.003 8.8± 0.4 1
0.037± 0.003 8.5± 0.3 1
0.038± 0.003 8.8± 0.4 2
0.039± 0.002 9.2± 1.0 2
0.040± 0.001 9.4± 1.0 2
0.041± 0.001 9.6± 0.4 4
0.042± 0.001 8.9± 0.5 2
0.043± 0.001 9.3± 0.6 3
0.046± 0.003 7.7± 0.3 1

Most activations were conducted with r between 0.038 and 0.043. For r between 0.040
and 0.043, the lowest uncertainties of the ratio, i.e. the smallest fluctuation of p

O2
during

the activation procedure, were observed. The quantum efficiencies for these ratios are
highest and coincide within their respective uncertainties. Most activations featured an
r value of 0.041, yielding the highest mean quantum efficiency with the lowest uncer-
tainty. However, since the values of r next to each other agree within their uncertainties
as well, it cannot be clearly identified which ratio ultimately yields the best result. For
future activations at Photo-CATCH, it can be estimated that a partial pressure ratio of
r = (0.041 ± 0.002) should yield quantum efficiencies of η = (9.3 ± 0.7)%. In order to
increase reproducibility of η, rmust be adjusted with higher precision during the activation
process. For this purpose, a script for on-line calculation of p

Cs
, p

O2
, the present r and

the overall r needs to be implemented into the control system. Two input options are
required: one to save the initial pressure for on-line calculation of p

Cs
, and one to save the

value of p
Cs
used for calculation of r. This would increase the accuracy of regulating the

oxygen influx during manual activation, as well as provide a basis for further development
of the automated activation process.
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It is also of interest to take a closer look at the quantity of introduced ingredients. Since
the amount of Cs was set by choosing the operational voltage ICs = 3.1A for the Cs
dispenser and the oxygen valve was adjusted according to the resulting Cs partial pressure
p
Cs
to obtain the ideal value of r, the amount of introduced Cs will be scrutinized in more

detail here. The value of p
Cs
for each activation is calculated by subtracting the initial

pressure p0 from the pressure p1 at the beginning of the Cs peak. Since the uncertainty
of both p0 and p1 is approximated by the resolution of the pressure gauge, a universal
uncertainty of ± 2 × 10−12mbar is assumed for p

Cs
. The resulting values are shown in

chronological order for all measurements in Fig. 4.14.
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Figure 4.14.: Caesium partial pressure p
Cs
at the dispenser current ICs = 3.1A for all activations

in chronological order.

Although the same operating current ICs = 3.1A was used for all activations, the re-
sulting p

Cs
was different for each individual procedure. At the beginning of the se-

ries, it was (7.0 ± 0.2) × 10−11mbar and therefore higher than the intended value of
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(5.5± 0.5)× 10−11mbar that was measured for ICs = 3.1A during the optimization mea-
surements, cf. Subsec. 4.1.1. During the series of measurements, an overall downward
trend was observed, falling as low as (4.7± 0.2)× 10−11mbar, and the individual value
for each activation fluctuated. This behaviour is not reflected in the trend of the quantum
efficiency, probably due to the adaption of p

O2
in order to obtain the desired partial-

pressure ratio. However, a reverse behaviour could be observed in the total duration
of the activation process, which increased significantly by a factor of about two from
approximately 1 hour to almost 2 hours, as can be seen in Fig. 4.15. The trends of p

Cs
and

increased duration did not show any signs of subsiding towards the end of the activation
series. However, since the chamber had been opened prior to this series of measurements,
it is possible that the decline of p

O2
reaches an equilibrium eventually. Regardless, p

Cs

should be monitored and ICs adapted accordingly for future activations in order to keep
the duration of the process constant. This must also be implemented into the automated
activation process to guarantee optimal reproducibility.

A detailed analysis of the reproducibility of the photocathode lifetime was not possible
since lifetime measurements were conducted for a range of different anode-bias voltages.
A chronological overview of the lifetime measurements conducted at Ubias = 100V, the
voltage at which the greatest number of lifetimes were measured, is shown in Fig. 4.16.
For scheme 1, an extension of lifetime can be observed over the course of the series.
There are two possible explanations for this. First, both lifetimes measured for scheme
1 later in the series (Nos. 20 and 22) were preceded by an activation with Li (scheme
2a, Nos. 19 and 21)5. Since the bias scans discussed in Subsec. 4.1.4 showed that the
quantum efficiency, i.e. the surface-layer emission property, of a scheme 1 activation
preceded by a Li-enhanced activation is influenced by residual Li, this effect likely also
affects the lifetime of the surface layer. Second, the increase in lifetime could also be
caused by the reduction of p

Cs
, which was about 6.3× 10−11mbar for the measurements

early in the series (Nos. 9 and 10) and about 5.9× 10−11mbar for those later in the series
(Nos. 20 and 22). This corresponds to a lower total pressure throughout the lifetime
measurement, leading to a reduction of residual gas adsorption and IBB, hence increasing

5For No. 21, the lifetime measurement was conducted at Ubias = 75V, hence it is not shown here.
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Figure 4.15.: Duration of the activation process for all activations in chronological order. The
errorbars are ommited because the duration uncertainties are usually in the range
of a few seconds.

the lifetime. A combination of both effects is also possible. For scheme 2a, the lifetime
measured later in the series is slightly longer, but not by a big margin as the uncertainties
of the extracted values of τ overlap: (37± 2) h compared to (40± 2) h. A reduction of p

Cs

was also observed: 7.1×10−11mbar vs. 6.0×10−11mbar. The smaller influence of change
in pressure on the lifetime is in accordance with previous studies that demonstrated an
increased robustness of p-GaAs(Cs, O, Li) against residual gas adsorption [193]. However,
the lifetimes measured for two consecutive scheme-2b activations show a large spread,
(79 ± 5) h (No. 24) vs. (98 ± 6) h (No. 25), with a much smaller difference in partial
pressure: 5.8 × 10−11mbar (No. 24) vs. 5.5 × 10−11mbar. A possible explanation for
this variation is the course of the activation process. Activation No. 25 took about 10min

longer than No. 24, but had a lower average maximum pressure caused by the Li pulses:
(2.05± 0.07)× 10−9mbar (No. 24) vs. (1.84± 0.03)× 10−9mbar (No. 25). As has been
discussed before, residual Li from the previous activation also influences the performance
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of the surface layer, possibly also increasing the lifetime. Furthermore, a different pho-
tocurrent trend was observed during the Li-pulse sequence, as can be seen in Fig. 4.17.
For activation No. 25, Ip did not significantly rise above its pre-pulse level before the next
pulse began. For activation No. 24, Ip showed an increase compared to its pre-pulse level
after each pulse, and the final rise in Ip after the pulse sequence was shorter compared to
activation No. 25. This is most likely a shortcoming of the automated Li-pulse sequence, as
it appears that the behaviour of the photocurrent is more important than the exact timing
of the Li pulses. This should be further investigated in order to optimize the Li-enhanced
activation process and to improve the execution of the automated Li-pulse sequence.
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Figure 4.16.: Chronological overview of photocathode lifetimes at Ubias = 100V for different
activation schemes.

All considerations regarding reproducibility discussed so far are based on the assumption
that the measured partial pressures of the ingredients are good approximations of the
actual flux of ingredients. However, this is not necessarily the case. The dispensers can
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Figure 4.17.: Normalized photocurrent trend of activations No. 24 (blue, top) and 25 (red,
bottom), both using scheme 2b. The photocurrent induced by the white-light LEDs
during activation is not proportional to the actual quantum efficiency at λ = 785 nm
and has therefore been normalized for better comparison.

emit other elements that contaminate its surface, and since they heat up during prolonged
operation, they also heat adjacent components in the chamber such as other dispensers,
which in turn could release different elements. This also explains the observed effect
of decreasing p

Cs
over time, with residual contaminants that either were not removed

completely during the chamber bakeout or accumulate during heat cleaning and activation
being released during operation of the dispenser until an equilibrium state is reached.
While a measurement of the precise flux of the ingredients using a residual gas analyzer
(RGA) would be ideal, the operation of such a device can negatively influence the activation
process and deteriorate the resulting performance of the photocathode due to the ion
source used to measure different residual gas species. Alternatively, the flux produced by
the dispenser could be measured and calibrated separately, either using the same setup or
a separate test bed.
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It has also been observed that the voltage applied to the piezo-electric leak valve does
not reliably correspond to the observed partial pressure of oxygen. The values for p

O2

observed during different activations varied despite the same UO2
being applied, necessi-

tating manual adjustments. This could be addressed by installing a flow meter, allowing
precise measurements of the amount of introduced oxidant. Alternatively, a dispenser
could be used instead of an external gas reservoir, although this would require a calibration
procedure as discussed above.

In conclusion, a basic-level reproducibility has been demonstrated, with over 90% of
the resulting quantum efficiencies coinciding within their respective uncertainties with the
mean value of all measurements. However, a better degree of reproducibility with smaller
spread of the final quantum efficiency is desired. For this purpose, the precise control
of the activation ingredients is crucial in order to achieve optimal reproducibility. The
implementation of such capabilites into the activation system would also greatly improve
the performance of an automated activation scheme. Finally, further measurements are
required in order to draw a clear conclusion regarding the reproducibility of the surface
layer lifetime.

4.2. Activations using Cs and NF3 (p-GaAs(Cs, NF3))

Previous studies on the benefits of Li-enhanced NEA surface layers have all been conducted
for photocurrents within the sub-µA range in activation-chamber environments. They are
a measure of the dark lifetime of a photocathode. However, the performance of photocath-
odes activated with such surface layers during gun operation, extracting currents in the
low to medium µA range for extended periods of time, has not been investigated so far.
For this purpose, a series of measurements was conducted at JLab, using the CIS facilities.
At the CIS, the performance of p-GaAs(Cs, NF3, Li) photocathodes was investigated and
compared with unenhanced p-GaAs(Cs, NF3) photocathodes. In the test chamber, experi-
ments were conducted at low photocurrents under conditions comparable to those of the
measurements at Photo-CATCH presented in the previous section, testing different acti-
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vation schemes in preparation for experiments at the UITF and successfully reproducing
the improved results reported in literature. The superior performance of the Li-enhanced
surface layer was demonstrated under operational conditions for the first time by success-
fully producing beams in the UITF photo-gun with a p-GaAs(Cs, NF3, Li) photocathode,
yielding an increase in both quantum efficiency and operational lifetime compared to the
performance of p-GaAs(Cs, NF3) photocathodes. All lifetime values stated in this section
were acquired from the experimental data using Eq. (2.29).

4.2.1. Low current study of Li-enhanced activations (p-GaAs(Cs, NF3, Li))

A bulk-GaAs photocathode was activated in the UITF test chamber with Cs and NF3,
using either a standard Co-De scheme or a double Co-De TS scheme. For the latter, the
photocathode was activated with a Co-De scheme, ramped up to 625 ◦C over the course of
20min and then annealed at this temperature for 30min. After annealing, the photocath-
ode was cooled down to room temperature within 20min by channeling nitrogen through
the heater and then activated again using a Co-De scheme. Li-enhanced activations were
conducted using a modified Co-De(Cs, NF3) + YoYo(Li) scheme, based on the Li-enhanced
Co-De(Cs, O2) + YoYo(Li) process previously devised at Photo-CATCH [47].
As described in Subsec. 3.2.1, a laser diode with λ = (773± 5) nm was used to illuminate
the cathode during each activation process and lifetime measurement. Each activation was
started without neutral density filters at PL,1 = (1.4± 0.2)mW. Shortly after reaching the
Cs peak and before NF3 introduction, three neutral density filters were inserted, reducing
the laser power to PL,2 = (50± 2)µW. The reduction of the laser power was conducted
at this point for two reasons: first, the Cs peak is not clearly distinguishable from the
background signal for low laser powers and could therefore be easily missed since η at this
point of the activation is still very low, making it hard to correctly time the introduction of
NF3. Second, the emitted photocurrent needs to be kept below a threshold, here chosen as
2µA, in order to keep the degradiation of the NEA surface by IBB low during the activation
process. An anode bias voltage of Ubias = 232V was used for all activations. The pressure
during activation could only be monitored by measuring the ion-pump current. This
method proved to be of insufficient sensitivity to accurately determine partial pressures
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of the activation components. Hence, the introduced quantities of the ingredients were
manually adjusted during the process in order to maximize the final photocurrent. The
influxes of Cs and Li were modulated using the dispenser currents, while the amount of
NF3 was adapted by opening or closing the aperture of the hand valve carefully. The Cs
dispenser operating current ICs was varied within the range of 4.4A to 5.6A, depending
on the individual activation. For NF3 exposure, the hand valve was opened by 3.25 turns.
Li was introduced using values for the operating current ILi in the range of 6.24A to
7.20A, with a pulse duration of tLi,duration = 20 s. For each individual activation, Li pulses
were applied until Ip did not show a significant increase after recovering to its pre-pulse
level. This led to a number of either 8 or 12 pulses, depending on the individual activation.
The distance of the pulses varied in the range of 2min to 10min. After each activation,
the lifetime of the surface layer was measured with continuous illumination by the laser.
The mean values of the resulting quantum efficienes and lifetimes for each activation
scheme are shown in Fig. 4.18. The standard Co-De and TS schemes yielded ηCo−De = (4.9±
0.6)% and ηTS = (4.9± 0.5)%, respectively. An increase in quantum efficiency could be
observed for the Li-enhanced scheme, which yielded ηCo−De(Li) = (6.0 ± 0.9)%, corre-
sponding to an increase by a factor of 1.2± 0.4. However, due to the large fluctuations
in the final quantum efficiency of the Li-enhanced activations and the resulting large
uncertainty, this increase is not significant. The mean lifetimes yielded by the different
schemes were τCo−De = (7 ± 1) h, τTS = (8 ± 1) h and τCo−De(Li) = (12 ± 3) h. For the
schemes without Li, the slight increase observable for the TS activation scheme is not
significant. Compared to the standard Co-De scheme, the Li-enhanced Co-De scheme
showed a distinctive increase in mean lifetime by a factor of 1.9± 0.6.
The lifetime increase observed in this study agrees within its uncertainties with the in-
crease observed at Photo-CATCH for scheme 2a (cf. Subsec. 4.1.3). While more Li-bursts
were used here, their duration was much shorter, hence releasing less Li. It is therefore
likely that the amount of Li introduced during the activation was small, but still sufficient
to cause increased robustness of the surface layer. Compared to the values observed at
Photo-CATCH, the absolute lifetimes are rather short. This is probably caused by the higher
base pressure in the range of low 10−10mbar in the chamber, which is about one order of
magnitude higher than the base pressure in the CAC of PhotoCATCH. The chamber was
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Figure 4.18.: Mean values of quantum efficiency and lifetime for the different activation schemes
used in the UITF test chamber. The highest mean values for both quantum efficiency
and lifetime were obtained using the Li-enhanced scheme.

opened to install the photocathode and then pumped down and baked out directly prior to
conducting the measurements. At Photo-CATCH, it has been observed that photocathode
lifetimes were smaller directly after bakeout, despite a low base pressure already being
present in the chamber, and increased during prolonged operation. It is possible that not
all contaminants present on the dispensers are removed during bakeout and subsequent
degassing, leading to a declining release of those substances during dispenser operation.
This would increase the concentration of harmful gas species in the chamber, hence leading
to a reduction of lifetime that gets weaker over time.
The observed increase in quantum efficiency for Li-enhanced activations is, however,
afflicted with a high uncertainty. Main contributing factors are most likely the inhomoge-
neous nature of the individual activations and the fact that the process parameters were
not optimized prior to the measurements, employing a purely empirical approach instead.
This lead to a high variation in the quantities of the ingredients that were used, resulting
in discrepancies of the activation trends and the resulting photocathode performance,
especially for the Li-enhanced process. The experiences gained from this study also served
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as basis for the activations conducted at the UITF injector, which are presented in the
following subsection.

4.2.2. Operational study of Li-enhanced activations (p-GaAs(Cs, NF3, Li))

Operational measurements were conducted using one bulk-GaAs sample for both un-
enhanced and Li-enhanced activations. The data presented here have been taken and
re-evaluated from [181], using a single-exponential decay model instead of a double-
exponential approach to fit the experimental data. The photocathode was placed in the
UITF activation chamber and heated to 600 ◦C over the course of 1 h, heat-cleaned at
this temperature for 1 h, and then left to cool down to room temperature for about 18 h.
Afterwards, it was activated using either a Co-De(Cs, NF3) (scheme A) or a Co-De(Cs,
NF3) + YoYo(Li) (scheme B), as described in Subsec. 4.2.1, with ICs = 4.7A, an opening
of theNF3 valve by 8.5 turns, and 3 Li bursts lasting 20 swith ILi = 7.2A. The amount of Li
bursts was again determined empirically, with Ip not increasing significantly after recovery
from the last Li burst. During activation, the photocathode was illuminated using the laser
diode with λ = (780± 5) nm installed at the AC. The laser power of PL = (1.1± 0.1)mW

was reduced to (26± 1)µW by inserting a neutral density filter shortly after introducing
NF3, in order to keep the extracted photocurrent below a threshold of 2.5µA. A mask
was used to limit the activated photocathode surface to an off-axis circular area with a
diameter of 5mm. After the activation, the quantum efficiency was measured at three
different stages. First, the quantum efficiency directly after activation ηac was measured in
the activation chamber. Then, the photocathode was transferred to the gun chamber and
illuminated by the beamline laser-system with λ = (780± 5) nm. The maximum quantum
efficiency ηmax on the cathode surface was determined by scanning the surface with a laser
beam. During this process, the cathode was set to ground potential and the gun anode
ring was set to Ubias = 233V. For beam extraction, the anode bias voltage was set to 0V
and the gun electrode, including the photocathode, was set to a potential of −144 kV.
The laser spot was moved to the position of ηmax. Once the beam had been tuned to and
centered on the Faraday cup, the initial quantum efficiency η0 of the gun operation was
obtained. The lifetime τ of the photocathode was then measured by continuously running
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the beam for an extended duration top. During gun operation, the pressure within the
gun chamber remained below 5× 10−11mbar. Two lifetime runs were conducted, one for
a scheme A and one for a scheme B activation. For the latter, the lifetime run was started
at Ibeam = (20 ± 1)µA. After 18 h, the beam current was set to Ibeam = (100 ± 5)µA,
η0 was measured again, and the lifetime at this current was determined by extracting
the beam for another 35 h. The run of the scheme A activation was conducted entirely
with Ibeam = (100 ± 5)µA, lasting for 35 h. Since the PID control used to regulate the
beam current by continuously adapting the laser power was not operational at the time
of the experiments, the laser power PL was kept constant throughout the experiments,
leading to a decay of beam current over time. The respective values obtained from the
measurements are listed in Tab. 4.4.

Table 4.4.: Quantum efficiencies, beamtime parameters and lifetimes for the used activation
schemes. Scheme A was a standard Co-De(Cs, NF3) scheme, and scheme B was a
Co-De(Cs, NF3) + YoYo(Li) scheme as described in [47].

Scheme A Scheme B Scheme B6
ηac in % 3.1± 0.1 2.8± 0.1 -
ηmax in % 3.45± 0.08 4.84± 0.05 -
η0 in % 4.59± 0.05 5.18± 0.04 3.99± 0.03

PL in mW 3.5± 0.1 0.6± 0.1 4.0± 0.3
Ibeam in µA 100± 5 20± 1 100± 5
top in h 35 18 35
τ in h 20± 5 72± 23 33± 8

The quantum efficiency measured in the activation chamber showed a lower value for the
Li-enhanced activation. However, the surface scan revealed that the maximum quantum
efficiency of the Li-enhanced photocathode was a factor of 1.40 ± 0.05 higher than the
maximum value found for the unenhanced surface layer. The initial quantum efficiency
values during beam operation showed an increase by a factor of 1.13 ± 0.02 for the Li-
enhanced NEA layer. Since the laser spot was situated at the position of the maximum

6This column represents the second part of the scheme B photocathode lifetime run, started immediately
after the first part without re-activation of the photocathode.
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quantum efficiency determined by the previous surface scan, this reduced difference can
be caused by a varying strength of the Schottky barrier for higher potentials applied to
the photocathode. As shown in Subsec. 4.1.4, the dependency of the quantum efficiency
on the potential applied to the photocathode surface is different for surface layers with
and without Li. The exact behaviour of this dependency needs to be investigated further
for high potentials used in photo-guns. The increase in quantum efficiency observed
for the Li-enhanced surface layer is similar to the one found in Subsec. 4.2.1, and the
enhancement observed for Ubias = 233V is close to the gain factor of 1.53 reported in
[56], although the anode bias voltage at which this gain was observed is not reported. It
is interesting to note that so far, an increase in η has only been observed for Li-enhanced
activations that use NF3 as oxidant. However, only two activations - one of each type
- have been conducted and scrutinized during the measurements at the UITF. Hence,
considering that the activation process has not been optimized beforehand, it cannot be
completely ruled out that the apparent increase in quantum efficiency may be the result
of performance fluctuations observed for activations of the same type. Since possible
fluctuations of η caused by surface inhomogeneity can be minimized using the surface
scan procedure to find the maximum quantum efficiency, an expanded series of activations
in combination with surface scans should be able to verify the observed increase in η and
quantify it for different amounts of Li.
For the surface-layer lifetime, an increase in lifetime by a factor of 1.9 ± 0.9 could be
observed at Ibeam = 100µA for the Li-enhanced activation scheme. This coincides with
the increase found with the measurements in the test chamber, cf. Subsec. 4.2.1. The large
uncertainty stems from the uncertainties of the measured lifetimes. For the Li-enhanced
photocathode, this is mostly caused by the fact that a lower beam current was used
first, confounding the result of the lifetime subsequently determined for the higher beam
current. However, the increased resilience of the Li-enhanced surface layer is also visible
in the performed surface scans. In Fig. 4.19, contour plots of the quantum efficiency
distribution on the photocathode surface are shown for each type of surface layer, both
before and after beam extraction. The contour lines start at η = 0.1%, with each line
representing an absolute difference in η of 0.1%. For p-GaAs(Cs, NF3), the scan prior to
beam extraction (Fig. 4.19a) shows a homogeneous plateau on the right side. The lower
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region on the left side was probably caused by previous beam extraction from this position.
The scan after beam extraction (Fig. 4.19b) exhibits a clear overall reduction in quantum
efficiency. The laser spot appears to have moved slightly to the left, where η has been
reduced most by IBB. With a maximum η of only (0.41± 0.01)% remaining, compared to
the initial (4.59± 0.05)%, the surface layer has been greatly deteriorated. For p-GaAs(Cs,
NF3, Li), a larger, yet more inhomogeneous plateau that covers almost the entire active
area can be observed prior to beam extraction (Fig. 4.19c). After the lifetime run, a large
crater-like area with reduced η is visible where the surface layer was deteriorated through
IBB (Fig. 4.19d). However, the remaining maximum quantum efficiency observed at the
remaining plateau on the right side is still (3.96 ± 0.01)%, higher than the maximum
value observed for p-GaAs(Cs, NF3) before beam extraction and nearly identical to the
value of (3.99 ± 0.03)% observed at the beginning of the 100µA measurement. Hence,
the operation of the photocathode could have been continued for a similar period of time
by repositioning the laser to the remaining maximum, effectively doubling the operational
lifetime. The enhanced resilience of the surface areas not directly affected by IBB agrees
with the increased robustness against residual gas adsorption observed in previous studies,
cf. [56, 193]. Enhancing the surface layer with Li therefore not only increases the direct
lifetime of the photocathode, but also the operational lifetime due to increased viability of
laser-spot repositioning.
Considering that only 3 short Li bursts were applied during the activation, the amount
of introduced Li can be assumed as relatively low, as is presumed for the test chamber
measurements as well. As shown in Subsec. 4.1.3, a further increase of τ can be expected
if higher doses of Li are introduced during the activation process. Considering the increase
in operational lifetime from laser repositioning by a factor of almost 2, a total prolongation
of operational lifetime by a factor of 10 or more can be expected, with only a minimal
reduction (p-GaAs(Cs, O, Li)) or even an increase (p-GaAs(Cs, NF3, Li)) in quantum effi-
ciency. This makes Li-enhanced surface layers a very promising candidate for increasing
the robustness of NEA GaAs photocathodes.
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(a) Surface quantum efficiency scan of
p-GaAs(Cs, NF3) with PL = (47 ± 1)µW
prior to beam extraction.

0 1 2 3 4 5
x in mm

0

1

2

3

4

5

y 
in

 m
m

0.00

0.85

1.70

2.55

3.40

 in
 %

(b) Surface quantum efficiency scan of
p-GaAs(Cs, NF3) with PL = (119 ± 1)µW
after 35 h beam extraction with
Ibeam = 100µA and 12 h rest in the
gun chamber.

0 1 2 3 4 5
x in mm

0

1

2

3

4

5

y 
in

 m
m

0.00

1.20

2.40

3.60

4.80

 in
 %

(c) Surface quantum efficiency scan of
p-GaAs(Cs, NF3, Li) with PL = (52± 1)µW
prior to beam extraction.

0 1 2 3 4 5
x in mm

0

1

2

3

4

5

y 
in

 m
m

0.00

1.20

2.40

3.60

4.80

 in
 %

(d) Surface quantum efficiency scan of
p-GaAs(Cs, NF3, Li) with PL = (56± 1)µW
after extracting beam, beginning with
Ibeam = 20µA for 18 h and followed by
Ibeam = 100µA for 35 h.

Figure 4.19.: Surface quantum efficiency scans of p-GaAs(Cs, NF3) (top) and p-GaAs(Cs, NF3, Li)
(bottom) before (left) and after (right) beam extraction in the photo-gun. For beam
extraction, the laser spot was moved to the position of the maximum quantum
efficiency as observed during the first scan. Each contour line represents a difference
in η of 0.1%, starting at η = 0.1%. One should note that the respective color scales
of the scans prior to beam extraction are used for the scans after beam extraction as
well for better comparison.
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5. Summary and Outlook

Several aspects of the Co-De activation scheme for GaAs photocathodes have been studied
within this work, and methods to optimize the process in order to produce photocathodes
with superior performance have been investigated. In particular, the enhancement of
surface layer robustness has been advanced, as well as successfully demonstrated under
operational conditions within a DC photo-gun. The achieved advancements in optimiza-
tion, automation and performance enhancement provide a good basis for the use of GaAs
photocathodes in future high-current accelerator applications, such as ERLs and colliders.

For p-GaAs(Cs, O), a standardized Co-De activation scheme was established at the CAC of
Photo-CATCH. The quantity and ratio of the activation ingredients, as well as the laser
spotsize, have been optimized in order to maximize both quantum efficiency and lifetime
of the photocathode. A mean quantum efficiency of (9.0 ± 0.8)% for bulk-GaAs at an
excitation wavelength of (785 ± 5) nm, an anode bias voltage of 102V and a laser spot
with 1/e2 diameter of (0.445± 0.005)mm has been established. In order to further reduce
the spread of the resulting quantum efficiencies, a precise measurement and control of the
substances introduced during activation is required. This can be achieved by implementing
an appropriate flow-meter at the piezo-electric leak valve of the external oxygen reservoir.
The exact relation between the voltage applied to the dispenser and the released amount
of Cs may be calibrated by assembling a separate test setup with an RGA. Also, a setup
allowing to accurately scan the surface with the laser spot can be established in order
to precisely determine the area with maximum quantum efficiency of the photocathode.
The uncertainty of the measured quantum efficiency can be reduced by optimizing the
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stability of the laser power.
Based on the standardized Co-De scheme, a first proof-of-principle of an automated ac-
tivation procedure was attempted, yielding a mean quantum efficiency of (4.9± 0.8)%.
Despite significant variations of the amount of oxygen introduced during the activation
process, the procedure showed a good reproducibility of the final quantum efficiency.
A manual benchmark series yielded a mean quantum efficiency of (6.0 ± 0.6)%, corre-
sponding to a reduction of η for the automated process by a factor of 0.8± 0.2, which is
not conclusive. Considering that the automated application of the activation ingredients
is still very basic and leaves plenty of room for further optimization of the automated
process, this is a very promising result. The implementation of a more accurate ingredient
flow control is expected to reproduce, and maybe even surpass, the results of manual
activations. As part of the optimization process, the resulting surface-layer lifetimes also
need to be investigated.
Additionally, a previously developed activation procedure for production of p-GaAs(Cs, O,
Li) was tested and refined further. This modified Co-De scheme introduces Li in a YoYo-like
pattern and yielded a significant improvement in surface-layer robustness, extending the
lifetime of the photocathode by a factor of 6.7 ± 4.5 without significantly diminishing
the quantum efficiency. A further increase in Li dosage may yield even higher lifetimes,
although this may come at the cost of reduced quantum efficiency. Nevertheless, the
observed increase in surface layer robustness can be considered more advantageous com-
pared to the lifetime gains reported for p-GaAs(Cs, O, Sb), since η is only slightly reduced.
The parameters of the Li-enhanced activation process have so far not been optimized.
Further studies are required to determine the optimal pattern of Li introduction, as well
as the best quantity for an ideal balance between quantum efficiency and lifetime. Finally,
the improved performance of p-GaAs(Cs, O, Li) needs to be confirmed under operational
conditions in a photo-gun.
The influence of the anode bias voltage on the quantum efficiency was investigated in
the range of 0V to 485V for both p-GaAs(Cs, O) and p-GaAs(Cs, O, Li), using fully acti-
vated photocathodes. The Li-enhanced surface layer shows reduced values for quantum
efficiency in the ranges 125V to 225V and 285V to 350V, with the reduction apparently
proportional to the amount of introduced Li. This may be caused by an influence of
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Li on the Schottky barrier. For future studies, it will be interesting to investigate the
influence of the anode voltage on the activation process. The influence of the anode
bias voltage on the photocathode lifetime was investigated as well in the range of 0V to
500V. While variations in lifetime for different anode bias voltages could be observed,
additional measurements are required in order to mitigate large spreads observed for
repeated measurements at individual anode bias voltages below 200V.

The performance of p-GaAs(Cs, NF3) and p-GaAs(Cs, NF3, Li) was studied and com-
pared for bulk-GaAs at both low and high extracted photocurrent. The high-current
measurements were performed in the UITF photo-gun, successfully testing p-GaAs(Cs,
NF3, Li) under operational conditions for the first time. An increase in lifetime by a factor
of 1.9± 0.6 was observed in a test chamber for photocurrents below 2µA at a wavelength
of (773± 5) nm and an anode voltage of 282V. A similar increase was observed during
beam production in the photo-gun. Currents of up to 100µA were extracted at a gun
voltage of −144 kV, yielding an extension of photocathode lifetime by a factor of 1.9± 0.9.
While this is not significant, this increase was observed after operating the p-GaAs(Cs,
NF3, Li) photocathode at a beam current of 20µA first and then switching to a higher
beam current. This was not done with the tested p-GaAs(Cs, NF3) sample, which started
immediately at 100µA. Additionally, surface scans after beam extraction revealed that the
quantum efficiency had been diminished over the entire active area for p-GaAs(Cs, NF3).
While some areas with a quantum efficiency reasonable for beam production remained,
the absolute value was below 1/10 of the initial maximum quantum efficiency of the
photocathode. However, for p-GaAs(Cs, NF3, Li), large areas with a quantum efficiency
nearly identical to the value measured at the beginning of beam extraction at 100µA re-
mained. A repositioning of the laser spot could therefore significantly increase the effective
operational lifetime of the photocathode. This should be attempted in future operational
studies in order to measure the lifetime of the photocathode after repositioning, and how
often this can be repeated before the quantum efficiency drops below the threshold at
which beam extraction is no longer resonably possible.

Further studies are required to verify the improved performance of both p-GaAs(Cs,
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O, Li) and p-GaAs(Cs, NF3, Li) under operational conditions, and to improve and optimize
the Li-enhanced activation process. The introduction of Li to other activation methods
such as YoYo and Nagoya could be tested in order to compare their performance to the
modified Co-De scheme presented in this work. Co-deposition of Li throughout the in-
troduction of Cs and O2 instead of adding Li in a YoYo-pattern during the Co-De scheme
has been reported to be ineffective in previous studies, but could be re-visited using the
optimized values for the required quantity of Li obtained from the optimization of the
established Li-enhanced scheme. The parameters of extracted electron beams, such as
emittance, energy spread and bunch structure, should also be closely scrutinized for
Li-enhanced GaAs-photocathodes. Finally, the effect of Li on the spin-polarization of the
extracted current needs to be investigated for an optimized Li-enhanced activation scheme.

All lifetime values stated in this work were acquired by fitting a single-exponential decay,
i.e. Eq. (2.29), to the decrease in η observed over time. However, it was observed that
this decay model does not accurately match the trend of the experimental data. While a
double-exponential approach has proven to be promising, as shown in [181], the exact
modelling of the decay was not possible in the course of this work and is still the subject
of ongoing analysis. A detailed discussion of the observed decay curves and possible
theoretical models will be discussed in future publications.

The studies presented in this work, as well as future developments based on the re-
sults, represent an important step on the way to GaAs-photocathodes with reliable and
high performance. An optimized, fully automated activation procedure will enable the
simple and reproducible preparation of photocathodes. In combination with the superior
robustness of Li-enhanced surface layers that has been demonstrated here, this will greatly
reduce accelerator maintenance downtime and enable the use of GaAs photocathodes as
source of high-current spin-polarized electron beams. Such sources have a wide range of
application, such as ERLs, future collider projects such as the International Linear Collider
(ILC), the Large Hadron Electron Collider (LHeC) and the Electron Ion Collider (EIC),
as well as other uses such as the production of highly polarized positrons (cf. the PEPPo
Collaboration). Therefore, the advancement of GaAs photocathodes is of great importance
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in order to achieve major advancements in fundamental physics.
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A. Appendix

A.1. Scripts and process variables for the CS-Studio GUI

Table A.1.: Python scripts used for the CS-Studio activation GUI.
Script File name Description

bias voltage scan BiasVoltageScan.py runs while-loop to increase
Ubias in steps until Ubias,max is
reached

data log DatenspeicherungFelcanAktivierung.py creates new file and runs while-
loop to continuously write data
into file until interrupted

sequencer FelcanSequencer.py runs while-loop with if-
conditions that monitor the
timers for oxygen introduction
and end of the activation

lithium pulse sequence LithiumPulseSequence.py runs while-loop with nested
for-loops to execute the pulses
and to observe the distance be-
tween them
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Table A.2.: EPICS process variables (PVs) used for utility purposes of the CS-Studio activation
GUI. The PVs are defined in the database file interfaceUtility.db. All PVs are either
Analog Input (ai) or Calculation (calc) records, cf. [215]. The associated scripts are 1)
lithium pulse sequence, 2) bias voltage scan, 3) sequencer and 4) data log.
Name Type Script Description

Q0startingTimeTrigger ai triggers startingTime
Q0startingTime calc calculate starting time
Q0timeCounter ai record that processes itself in order to generate

time counter with 0.1 s iteration
Q0systemTime ai variable to provide the active system time
Q0timestamp calc calculate active timestamp from system time and

starting time
Q0laserWavelength ai store user input for laser wavelength
Q0memoryCs ai memory for Cs dispenser current supply on/off

switch
Q0memoryLi ai memory for Li dispenser current supply on/off

switch
Q0memoryOx ai memory for oxygen valve voltage supply on/off

switch
Q0LiPulseSequenceStatus ai 1) status of the Li pulse sequence: 0 = inactive, 1

= active
Q0LiPulseDelay ai 1) store user input for tLi,delay in s
Q0LiPulseDuration ai 1) store user input for tLi,duration in s
Q0LiPulseDistance ai 1) store user input for tLi,distance in s
Q0LiPulseNumber ai 1) store user input for nLi

Q0LiPulseCurrent ai 1) store user input for ILi in A
Q0BiasScanStatus ai 2) status of the bias voltage scan: 0 = inactive, 1 =

active
Q0BiasScanStepsize ai 2) store user input for the voltage stepsize in V
Q0BiasScanTimeStep ai 2) store user input for time duration of a single step
Q0sequencerStatus ai 3) status of the sequencer: 0 = inactive, 1 = active
Q0CsCurrent ai 3) store user input for ICs in A
Q0OxVoltage ai 3) store user input for UO2

in V
Q0CsOnTime ai 3) store user input for tCs in s
Q0OxOnTime ai 3) store user input for tO2

in s
Q0logstatus ai 4) status of the data log: 0 = inactive, 1 = active

Q0filepathSavefile ai 4) store user input for data log save file: file path as
string, max. 42 characters

Q0constantQEcalc ai store value of constants for calculation of η:
(hc)/e = 0.123 99Vm (hard-coded)

Q0quantumEfficiency calc calculate η in % from Eq. (2.14)
Q0laserSplitRatio ai store value of r∗L (hard-coded)

Q0laserWindowTransmission ai store value of CT (hard-coded)
Q0laserPowerReadout calc calculate PL in µW from Eq. (3.1)
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A.2. Technical drawings

Figure A.1.: Technical drawing of the updated high-voltage electrode main body for the 60 kV
photo-electron gun of Photo-CATCH. All dimensions are stated in mm.
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Figure A.2.: Technical drawing of the updated high-voltage electrode lift for the 60 kV photo-
electron gun of Photo-CATCH. All dimensions are stated in mm.
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Figure A.3.: Technical drawing of the updated gun chamber top-flange with attached high-voltage
outer insulator for the 60 kV photo-electron gun of Photo-CATCH. The high-voltage
electrode main body is mounted on the M70 threading attached at the bottom of the
outer insulator. All dimensions are stated in mm. Courtesy of KYOCERA Fineceramics
Solutions GmbH (formerly Friatec AG).
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Figure A.4.: Technical drawing of the updated gun chamber high-voltage connector assembly
for the 60 kV photo-electron gun of Photo-CATCH, consisting of the z-translator top
flange with attached pipe and inner insulator. The high-voltage electrode lift is
mounted on the bottom of the assembly using an M6 screw. All dimensions are stated
in mm. Courtesy of KYOCERA Fineceramics Solutions GmbH (formerly Friatec AG).
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