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For the most part we do not first see, and then define, we define first
and then see.

- Walter Lippmann
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Abstract

Electron beams can be generated by utilizing the internal photoelectric effect. In this
matter, a special photocathode material is necessary for generating polarized electrons.
Gallium arsenide (GaAs) proved to be the best choice. However, the production of polar-
ized electrons requires a photo-emission close to the band gap, which in turn requires a
negative-electron-affinity (NEA) coating consisting of caesium (Cs) and either oxygen or
nitrogen trifluoride (NF3). This layer limits the possible operation time of the electron
source as the layer deteriorates over time due to interactions with residual gas particles,
with contamination through desorption and degradiation through ionized particles hitting
the surface being the two main mechanisms. The latter is called ion back-bombardment
(IBB) and is the main lifetime-limiting factor during high-current electron emission. There-
fore, a reduction of IBB in order to increase operational lifetime and performance of
electron sources is of great interest for many accelerator-based applications with polarized
electrons.

In this dissertation the design, assembly and first experimental results of a new kind
of electron source is presented, which aims at reducing IBB by placing the cathode inside
an almost closed cryogenic sub-volume. The inner walls of this volume are coated with
activated charcoal making them act as a cryopump, reducing the local pressure signifi-
cantly. The closed design limits the flux of particles from the outer, higher vacuum into the
volume. Simulations of the hydrogen partial pressure, which contributes the most to IBB,
shows a reduction of up to two magnitudes compared to conventional sources. As IBB
intensity directly scales with the amount of residual gas molecules, a significant increase in
lifetime can is anticipated. In addition, the cooling of the cathode itself compensates the
heat load deposited by the laser beam, hence reducing heat-induced desorption of the NEA
layer that would otherwise severely limit cathode lifetime for high-current applications.

A pressure below 1-10°!! mbar outside the sub-volume could be achieved after a four-
week bake-out at 120 °C inside an aluminum vacuum chamber equipped with a 451/s
ion-getter pump and four 430 1/s non-evaporable getter panels.

Electrostatic field simulations for electrode voltages ranging from -5kV to -30 kV have
been conducted, showing a maximum field gradient of 11.1(1) MV/m at -30 kV. Experi-
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mentally, a stable voltage of -12 kV without and -14 kV with cooling of the electrode has
be achieved. Simulations of the electron beam at potentials from -12kV to -30 kV showed
no beam loss for currents from 10 pA to 1 mA.

The required cooling power was provided by a 1.1 W closed-cycle cryostat. A tempera-
ture of 21.3(1) K at the far end of the sub-volume has be reached allowing an effective
pumping of hydrogen.

A dedicated test stand was designed and setup at the Institut fiir Kernphysik of the
Technische Universitat Darmstadt to conduct measurements evaluating a potential lifetime
enhancing effect. It does not feature a chamber to conduct the process of applying the NEA
layer to the photocathode surface, also called photocathode activation, hence requiring
the use of the existing test stand for Photo-Cathode Activation, Testing, and Cleaning
using atomic Hydrogen (Photo-CATCH) for the cleaning and activation procedure. A
measurement series demonstrated that a transport chamber, equipped with a NEG pump,
is capable of retaining enough of the NEA layer, to allow a transfer of activated cathode
from Photo-Catch to the new electron source. After transferring and storing for 20h a
quantum efficiency (QE) of up to 67 % using a re laser with 780 nm and 99 % with a blue
450 nm laser could be maintained. For a foreseen integration of the source into Photo-
CATCH, simulations show that with minor modifications of the beamline an operation of
both the cryogenic and the conventional source, already in place, is possible.

A measurement demonstrating a life time enhancing effect could not be conducted,
as the beam was lost at an unknown location in the system. Multiple approaches were
conducted to identify the origin of the beam loss, offering room for further exploration.
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Zusammenfassung

Elektronenstrahlen kénnen durch Nutzung des internen photoelektrischen Effekts erzeugt
werden. Hinsichtlich polarisierter Elektronen ist dafiir ein spezielles Photokathodenmateri-
al erforderlich. Galliumarsenid (GaAs) hat sich hierfiir als die beste Wahl erwiesen. Jedoch
erfordert die Erzeugung von polarisierten Elektronen eine Photoemission nahe der Band-
liicke, was wiederum eine Beschichtung mit negativer Elektronenaffinitdt (NEA) erfordert,
die aus Casium (Cs) und entweder Sauerstoff (O) oder Stickstofftrifluorid (NF3) besteht.
Diese Schicht begrenzt die mogliche Betriebsdauer der Elektronenquelle, da sich die Schicht
im Laufe der Zeit aufgrund von Wechselwirkungen mit Restgas-Molekiilen verschlechtert,
wobei die beiden wichtigsten Mechanismen die Kontamination durch Desorption und
der Abbau durch ionisierte Teilchen sind, die auf die Oberfldche aufschlagen. Letzteres
wird als Ionen-Riickbombardement (eng. ion back-bombardment, IBB) bezeichnet und
ist der wichtigste lebensdauerbegrenzende Faktor bei der Elektronenemission mit hohen
Stromen. Daher ist eine Verringerung des IBB zur Erhohung der Lebensdauer und Leistung
von Elektronenquellen fiir viele beschleunigerbasierte Anwendungen mit polarisierten
Elektronen von grol3em Interesse.

In dieser Dissertation werden der Entwurf, der Aufbau und die ersten experimentel-
len Ergebnisse einer neuartigen Elektronenquelle vorgestellt, die darauf abzielt, IBB zu
verringern, indem die Kathode in einem nahezu geschlossenen kryogenen Teilvolumen
untergebracht wird. Die Innenwénde dieses Volumens sind mit Aktivkohle beschichtet,
so dass sie wie eine Kryopumpe wirken und den lokalen Druck erheblich reduzieren.
Durch die geschlossene Bauweise wird der Fluss von Partikeln aus dem &ufderen, hoheren
Vakuum in das Teilvolumen begrenzt. Simulationen des Wasserstoffpartialdrucks, der am
starksten zum IBB beitragt, zeigen eine Verringerung um bis zu zwei GroRenordnungen
im Vergleich zu herkommlichen Quellen. Da die IBB-Intensitdt direkt mit der Menge der
Restgasmolekiile skaliert, ist eine deutliche Verldngerung der Lebensdauer zu erwarten.
Dartiber hinaus kompensiert die Kiihlung der Kathode selbst die durch den Laserstrahl
verursachte Warmebelastung und verringert so die warmebedingte Desorption der NEA-
Schicht, die ansonsten die Lebensdauer der Kathode bei Hochstromanwendungen stark
einschréanken wiirde.




Nach einem vierwochigen Ausheizen bei 120 °C einer Aluminium Kammer, die mit einer
451/s Ionengetter-Pumpe und vier 430 1/s nicht evaporierbaren Getterpumpen Panelen
(NEG) ausgestattet ist, konnte auRerhalb des Teilvolumens ein Druck von unter 1-10!!
mbar erreicht werden.

Es wurden elektrostatische Feldsimulationen fiir Elektrodenspannungen von -5kV bis
-30kV durchgefiihrt, die einen maximalen Feldgradienten von 11,1(1) MV/m bei -30 kV
zeigten. Experimentell wurde eine stabile Spannung von -12kV ohne und -14kV mit
Kiihlung der Elektrode erreicht. Simulationen des Elektronenstrahls mit Potentialen von
-12kV bsi -30kV zeigten keinen Strahlverlust fiir Stroéme von 10 pA bis 1 mA.

Die erforderliche Kiihlleistung wurde von einem 1,1 W Kryostaten mit geschlossenem
Kreislauf bereitgestellt. Am Ende des Teilvolumens wurde eine Temperatur von 21,3(1) K
gemessen, die ein effektives Pumpen von Wasserstoff ermoglicht.

Am Institut fiir Kernphysik der Technischen Universitat Darmstadt wurde ein Teststand
entworfen und aufgebaut, um Messungen zur Bewertung eines potenziellen lebensdauer-
verlangernden Effekts durchzufiihren. Er verfiigt iiber keine Kammer fiir das Aufbringen
der NEA-Schicht auf die Photokathodenoberflache, auch Photokathodenaktivierung ge-
nannt, so dass fiir das Reinigungs- und Aktivierungsverfahren der bestehende Teststand
fiir Photokathodenaktivierung, -priifung und -reinigung mit atomarem Wasserstoff (eng.
Photo-Cathode Activation, Testing, and Cleaning using atomic Hydrogen, Photo-CATCH)
verwendet werden muss. Eine Messreihe zeigte, dass eine mit einer NEG-Pumpe ausgestat-
tete Transportkammer in der Lage ist die NEA-Schicht ausreichend zu erhalten, um einen
Transfer der aktivierten Kathode von Photo-Catch zur neuen Elektronenquelle zu ermégli-
chen. Nach dem Transfer und der Lagerung fiir 20 h konnte eine Quanteneffizienz (QE)
von bis zu 67 % mit einem roten 780 nm Laser und 99 % mit einem blauen 450 nm-Laser
aufrechterhalten werden. Fiir die vorgesehene Integration der Quelle in Photo-CATCH
zeigen Simulationen, dass mit geringfiigigen Anderungen an der Strahlfiihrung ein Betrieb
sowohl der kryogenen als auch der bereits vorhanden konventionellen Quelle moglich ist.

Eine Messung, die eine lebensdauerverlangernde Wirkung nachweisen sollte, konnte
nicht durchgefiihrt werden, da der Strahl an einer unbekannten Stelle im System verloren
ging. Es wurden mehrere Versuche durchgefiihrt, um den Ursprung des Strahlverlustes zu
ermitteln, die Raum fiir weitere Untersuchungen bietet.
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Glossary

activation

bunch charge
collider

doping

electron affinity

Faraday cup

gun

lifetime

manipulator

photocathode

process of applying a thin film on a photocathode in
order to increase its electrical sensitivity to light

total electric charge of a bunch of particles

particle accelerator that collides two particle beams
intentional introduction of impurities into a semicon-
ductor during production in order to modify its prop-
erties

amount of energy required to move an electron at the

surface of a semiconductor from the bottom of the
conduction band to the vacuum

metal cup used to capture charged particles and mea-
sure the resulting current

source of charged particles used in particle accelera-
tors

time parameter used to characterize a decay process

magnetically-coupled linear transfer devices used for
the transfer of pucks inside of vacuum chambers

piece of material used to convert light into electrons
using the photoelectric effect
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puck

quantum efficiency

spin polarization

round mount for holding a photocathode in place

ratio of incident photons to emitted electrons, used
for the classification of a photocathode’s efficacy

degree to which the spin of a particle ensemble is
aligned with a choosen axis
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Acronyms
AC Activation Chamber
AHCC Atomic Hydrogen Cleaning Chamber
ARS Advanced Research Systems
CAC Cathode Activation Chamber
CAN Controller Area Network
CB Conduction Band
CBmin Conduction Band minimum
CGC Cryo Gun Chamber
Cs Caesium
CSS Control System Studio
DBR Distributed Bragg Reflector
DC Direct-Current
EA Electron Affinity
EPICS Experimental Physics and Industrial Control System
ERL Energy-Recovery Linear accelerator
ESD Electron Stimulated Desorption
FEL Free-Electron Laser
FOM Figure of Merit
FvV Fine Vacuum
GaAs Gallium Arsenide
GC Gun Chamber
GUI Graphical User Interface
H Hydrogen
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He Helium

hh heavy-hole

HV High Vacuum

HVo High Voltage

IBB Ion Back-Bombardment
IGP Ion Getter Pump

IKP Institut fiir Kernphysik

lh light hole

LLC Load-Lock Chamber

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

0 Oxygen

PEA Positive Electron Affinity
PEC Perfect Electric Conductor

Photo-CATCH Photocathode Activation, Test and Cleaning using
atomic Hydrogen

PIC Particle In Cell

QCF Quick Flange

QE Quantum Efficiency
RF Radio-Frequency
RGA Residual Gas Analyser
RMS Root Mean Square
RV Rough Vacuum

S-DALINAC Superconducting Darmstadt Linear electron Accelera-

tor
SPIn Spin-Polarized Injector
SRF Superconducting Radio-Frequency
TC Transfer Chamber
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TSM Three-Step Model

TUD Technische Universitiat Darmstadt
UHV Ultra-High Vacuum

VB Valcenc Band

VBmax Valence Band maximum

XHV Extreme-High Vacuum
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Ci2

Ctot
Xeff

dBBR
dpipe
rms,(x/y)
AH

®div

dn/dt

Cb

Ey
Ep

area
area, cryo surface

area, electron beam

area, solid

material depedent quantity for energy gap calculation
absorption coefficient

reduced photo-emissive absorption coefficient

cryo pump sticking probability

material depedent quantity for energy gap calculation

speed of light

gas flow cunductance

thermal radiation exchange number
cryo pump capture coeficcant

gas flow conductance, total
effective electron affinity

width of the band bending region

diameter, exit pipe

root mean square electron beam envelope, diameter
cryosorption enthalpy transfer per molecule
electron beam divergence

NEA layer desorption rate

elemental charge

electric field

electron affinity

surface binding energy of NEA atoms
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Epp band bending energy

Eq semiconductor energy gap

Erin kinetic energy of emitted photons

Ep photon energy

Evr energy difference between valence band maximum
and Fermi energy

€ emissivity

€0 vacuum permittivity

€s dielectrical constant

n quantum efficiency

h Plancks constant

I nuclear spin

Iy, I(x)  light intensity at incident/at distance x

i(v) total electron yield

I, photocurrent

k crystal momentum

kp Boltzmann constant

E(T) thermal conduction

l traveled distance

L length

lo(V) absorption length

L, escape length

Lpipe length, exit pipe

A light/photon wavelength

M molar mass

n number of NEA layer atoms bound to surface per unit
area

N 1, N | number of electrons with spin parallel/antiparallel to
a chosen axis

N,- count of electrons

N; number of ionize molecules
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Np count of photons

v light/photon frequency

vy thermal desorption rate constant

w laser spot diameter (1/e2, gausian beam)

D pressure

P polarization degree

Pg escape propability of an electron

P, probability to exited an electron above vacuum level

Din pressure, inside of sub-volume

Pr, laser power

Dout pressure, outside of sub-volume

Pr probability of en electron to reach the surface with
sufficient energy for emission

1) electrostatical potential

V12 viewing factor

i zimuth angle, i-th emitted electron

Q gas throughput

ab charge, total electron bunch/beam

Qaif gas throughput, diffusion
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1 Introduction

Electron accelerators have been around since the end of the 19th century, exhibiting ver-
satile applications in industry, in fundamental research and medicine. The most prevalent
industrial application is the modification of plastic and rubber products while in medicine
they are used, among others, for the sterilization of medical devices and radiotherapy. Re-
cently emerging applications include the treatment of toxic industrial wastes as well as the
preservation of foods [1]. Intense X-ray radiation originating from electron synchrotrons
[2] or free-electron lasers (FEL) [3] is employed in material science, condensed-matter
physics, and even biomedical imaging applications. For basic research in subatomic physics,
electrons have been used for more than 50 years in scattering experiments studying nuclear
shapes and excitations [4].

Before the electrons can be accelerated, they need to be generated by electron sources
also referred to as electron guns. The three most commonly used principles for electron
generation are field emission, thermionic emission and photoemission. In guns of the
latter type the electron beam is extracted from a so-called photocathode by irradiation
with laser light making use of the photoelectric effect as first discovered by Hertz [5] and
later described by Einstein [6].

The photo-electron guns used today can be grouped into categories depending on their
gun design and the cathode material used. There are two popular designs, where the
first uses a static electric field to accelerate the emitted photons away from the cathode
surface. The field is generated by applying a negative potential to an electrode housing the
cathode and either a positive or ground potential to an anode. These types are referred to
as direct-current (DC) photo-guns. Guns of the second type are called radio-frequency
(RF) guns and work with an alternating electromagnetic field gradient by placing the
cathode directly in an RF cavity. The first gun of this types was commissioned by Fraser et
al. in 1986 at the Los Alamos National Laboratory [7]. With a superconducting cavity,
this design is named superconducting RF (SRF) gun.

In theory, (S)RF guns provide higher field gradients but are technological challenging
in practice. In comparison, photoinjectors consisting of a DC gun followed by an (S)RF




injector to further accelerate the electrons have been established with good performance
for many years [8, 9]. They are considered to be more mature and reliable. However, SRF
guns made substantial progress in recent years and may play a more important role for
future accelerators [10, 11].

When it comes to choosing the cathode material, there are also two types used in today’s
guns: metals and semiconductors. The emission efficiency of both is characterized by the
ratio of incident photons to emitted electrons, commonly referred to as quantum efficiency.
Metal cathodes exhibit a high work function resulting in low quantum efficiency but they
provide a high robustness which makes them a suitable candidate for RF and SRF guns.
Semiconductor cathodes can again be split into two sub-groups depending on the sign
of the electron affinity (EA) they exhibit. The EA describes the amount of energy which
is released when an electron attaches to a neutral atom. Positive electron affinity (PEA)
cathodes show a comparable robustness as metal cathodes but provide a higher quantum
efficiency. In contrast, negative electron affinity (NEA) cathodes demand a thin surface
coating to create the NEA condition, making them less robust and limits their operational
lifetime significantly compared to metal and PEA cathodes.

Despite this disadvantage, NEA cathodes are still relevant for electron guns as they
show some unique properties, like gallium arsenide (GaAs), which can emit spin-polarized
electrons with polarization degrees of up to 90 % [12]. Therefore, photo-guns using GaAs
are a popular source for spin-polarized electrons as they can provide a higher current
than other sources such as 3-decay, ionization of polarized Helium (He), optical pumping
of unpolarized alkali atoms (Fano-Effect) or Mott scattering [13, 14]. GaAs exhibits a
high quantum efficiency and requires a NEA coating with caesium (Cs) [15] and either
oxygen (O3), nitrogen trifluoride (NF3) [16] or fluorine (F) [17]. As (S)RF guns cannot
provide the vacuum conditions needed to sustain the NEA coating, DC guns are the only
viable option for the operation of GaAs cathodes [9]. They are used among others in
energy-recovery linear accelerators (ERLs) [18-22] and FELs [23, 24] .

Polarized electron beams allow to access polarization-sensitive observables, e.g. in
studies on nuclear and nucleon structure such as the proton magnetic form factor [25], the
determination of the neutron skin thickness of medium to heavy nuclei [26] or the high
precision determination of the electroweak mixing angle with the P2 experiment [27]. Pro-
posed future projects for polarized guns include the production of spin-polarized positrons
by transferring the polarization of an electron beam to positrons via Bremsstrahlung [28],
the cooling of electrons at high-energy storage rings [29] and the use in colliders [30-32].

One accelerator featuring a GaAs-based electron-gun for spin-polarized electrons is the
Superconducting Darmstadt Linear electron Accelerator (S-DALINAC) at the Institut fiir
Kernphysik of the Technische Universitdt Darmstadt [33]. First operation as an ERL has




been achieved in 2017 [34] while the first multi-turn ERL operation could be realized
in 2021 [35]. The Spin-Polarized Injector (SPIn) of the S-DALINAC can provide 100 keV
electrons with a polarization of up to 86 % [36]. In addition, a DC thermionic gun can
provide unpolarized electrons with an energy up to 250 keV. There are a number of
foreseen experiments at the S-DALINAC using spin-polarized electrons, including the
determination of polarization correlations in Bremsstrahlung production and the study of
parity violation in photo fission using intense polarized photon beams [37-39].

As already mentioned, the operation time of GaAs cathodes is limited by the NEA surface
coating which degrades over time [40]. The procedure of applying this NEA layer is called
cathode activation. The parameters of this procedure have a significant impact on the
achievable quantum efficiency as well as the robustness of the coating and is still subject
to recent research. To reproducibly provide reliable high-performance photocathodes for
accelerator operation, the optimization and standardization of the activation process is
of great demand. A second lifetime relevant factor is the vacuum condition around the
cathode, where a total pressure in the 10! mbar regime or lower is required [41].

As SPIn is not accessible during beamtime operation of the S-DALINAC, a dedicated
test stand for Photo-Cathode Activation, Testing, and Cleaning using atomic Hydrogen
(Photo-CATCH) has been constructed in a separate laboratory [42, 43], allowing further
studies of the activation process [44] and the design of the electron gun [45].

Recently multiple promising approaches to increase the robustness of the NEA layer
have emerged, including the introduction of additional elements such as lithium (Li)
[46], antimony (Sb) [47] or tellurium (Te) [48] to the activation process. An increase in
lifetime with Li-enhanced activation has also been demonstrated at Photo-CATCH [43, 49].
However, for high current applications e.g. positron production the heating of the cathode
due to the high laser power also plays an important role for the operational lifetime.

In the scope of this work, a new gun is developed and commissioned featuring an active
cooling of the cathode to compensate for the introduced heat. In addition, the provided
cooling power is used to increase the vacuum condition by placing the cathode in an almost
closed cryogenic sub-volume which acts as a pump and significantly reduces the pressure
inside. An integration of this source into Photo-CATCH is foreseen but was not possible
during this work. The integration would require some reconstruction work including a
rearrangement of the chambers and a modification of the beamline, which was not feasible
as Photo-CATCH was in active use for other experiments. Therefore, a separated test stand
featuring all required components to produce an electron beam and measure its current
was designed and set up during this work. All components were designed in a way that
they are fully compatible with Photo-CATCH for a future integration.




The goal of this work is to deliver a proof of principle and to demonstrate that a lifetime
increase using cryogenic cooling is possible. The dissertation is structured in 6 chapters,
starting with an overview of the relevant fundamentals on photocathodes in Chapter
2, followed by Chapter 3 covering the basics of ultra-high vacuum generation including
vacuum pumps and in particular cryo pumps. In Chapter 4, the design of the gun and
the test stand are presented, including an overview of the Photo-CATCH test stand. The
assembly, the commissioning and first measurements of the cryo source are presented and
discussed in Chapter 5. Chapter 6 concludes this dissertation with a summary and a brief
outlook.




2 Fundamentals of Photocathodes

2.1 Polarized Electrons

A ensemble of electrons is considered polarized, if the electrons feature a preferred
direction of the spin vector . This is in contrast to an unpolarized ensemble, where the
directions of the individual electrons are distributed uniformly so that the spin vectors
cancel each other as a result. The degree of polarization can be calculated as [50]

_ Nt-N|
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where N 1 represents the number of electrons with a spin oriented parallel to a chosen
axis while V | stands for electrons with an anti-parallel orientation.

Besides the degree of polarization, the current I, of electrons (also called photocur-
rent) is another important aspect for experiments with electron beams. Both factors get
combined to a figure of merit (FOM) of an electron source in the form [14]

FOM = P?. I, (2.2)

As the contribution of the polarization is quadratic, a high degree of polarization is desir-
able for experiments. However, as the degree of polarization cannot be increased beyond
100 %, providing intense beams is of equal importance for high-sensitivity experiments
including polarization.

There are different approaches to produce spin-polarized electrons, such as S-decay,
Mott scattering, optical pumping of unpolarized alkali atoms (Fano Effect) or ionization
of polarized helium [13, 14]. However, all these methods are not a viable source for the
high-intensity requirements of modern accelerators as they cannot deliver the required
current and/or degree of polarization.




2.2 Photoelectric Effect

The most popular sources for polarized electrons used today utilize the photoelectrical
effect, which was first observed by Hertz in 1887 [5]. The phenomenon has been studied
deeper later on by Hallwachs, Lenard and others [51, 52]. They discovered that electrons
get emitted from a solid (often called photocathode) when irradiated by light. Thereby
a minimum frequency of the light, depending on the material used, is required to allow
the emission of electrons. Increasing the light intensity is not sufficient if the minimum
frequency is not given. Furthermore, the kinetic energy of the electrons only depends on
the light frequency and not its intensity; solely the number of emitted electrons can be
increased with raising light intensity.

These findings were not in accordance with theory at that time, which considered light
to be a wave. This would anticipate the kinetic energy of the electrons to be proportional
to light intensity. In 1905, Albert Einstein solved this contradiction by introducing a
quantized light package called photon [6]. Only if the energy of the individual photons
are high enough electrons can be emitted. As the energy transferred to the electrons is
quantized, increasing the number of incident photons does not lead to emission if the
photon energy is too low to excite an electron. The energy of a photon Ep depends on its
frequency v, or its wavelength ), and can by calculated with Planck’s constant /4 and the
speed of light ¢

From this, the maximum kinetic energy of emitted electrons is given by
Eyin = Ep =W, (2.4)

where W represents the work function, which describes the minimum energy needed to
remove one electron from the cathode. It can be expressed as

W = eg, (2.5)

with the elementary charge e and the electrostatic potential ¢ in the vacuum near the
surface.

2.2.1 Three-Step Model

More than 70 years after the first observation of the photoelectrical effect, Spicer and
Berglund developed a phenomenological model describing the process from excitation to
emission of electrons from semiconductors, called the three-step model (TSM) [53-56].




Opposed to earlier theories which considered the photoelectrical effect to be a surface
phenomena, it describes the emission as a bulk effect in three independent steps [57, 58]:

1. Electrons get excited from the valence band (VB) into the conduction band (CB) by
the absorption of incident photons. The energy Ep of the photon must fulfill the
requirement Ep = h - v > Eg, where Eg represents the energy gap between the
two bands. The intensity [ of the incident light gets reduced by reflection at the
cathode surface and by absorption within the medium. The intensity I(x) at the
distance x in the material is given by

I(z,v) = Iy(v) - [1 — R(v)] - e W)=, (2.6)

with the light reflectivity R(v), which takes the intensity loss due to reflection at the
surface into account, and the absorption coefficient «(v) describing the intensity
reduction by absorption inside the medium. Both are dependent on frequency.
However, not every excited electron contributes to photoemission, only electrons
with energies above the vacuum energy level are capable of escaping the cathode.
To take this into account, a so-called reduced photo-emissive absorption coefficient
apg is introduced. The probability P., to excite an electron above vacuum level,
providing it with enough energy for emission, can than be expressed for a cathode
layer dx by

Pox(v,z,dz) = Iy(v) - [1 — R()] - app e *¥)7 da. 2.7)

2. The photo-electrons are now transported from the inside of the bulk to the cathode
surface. On their way they are subject to elastic and inelastic scattering processes
reducing their energy. As the chance to scatter is proportional to the distance
traveled, the probability Pr of an electron to reach the surface with sufficient energy
for emission can be expressed as

Pr(z,v) = =2/ Le®) (2.8)

The escape length L. describes the distance after which a fraction of 1/e electrons
retain enough energy to escape the cathode surface.

3. The last step covers the emission of the electrons into the vacuum, which is de-
termined by the energy dependent escape probability Pg at the material surface.
Electrons with sufficient kinetic energy to overcome the surfaces potential barrier
can escape into the vacuum, the others are reflected back into the bulk material.




The differential intensity di(z, dz, v) of the photo-emission from a layer dx in the cathode
can be calculated by multiplying the probabilities of each step

di(xz,dz,v) = Ppx(v,z,dz) - Pp(z,v) - Pp(v). (2.9

The total electron yield i(v) can be determined for a cathode with infinite thickness by
integrating over the differential intensity

i(u):/oodi(x):.fo(l—R) PE Pp(v). (2.10)
0 o 7

Figure 2.1 shows a schematic representation of the three steps illustrating that a minimum
photon energy of E is required to excite an electron from the valance band maximum
(VBmax) into the conduction band minimum (CB,;,). The energy difference E4 between
CBmin and the vacuum level is called the electron affinity (EA). An electron in the con-
duction band needs enough energy to overcome this barrier to leave the cathode surface.
From this follows the criteria of photoemission, describing the minimal required energy
for a photon to emit an electron [59]:

Ep=h-v>Eg+FEs=¢edp+ Eyp. (2.11)

Here, Ey p refers to the energy difference between VBax and the Fermi energy FEr.
Electrons, that do not fulfill this criteria fail to escape the surface and are recombined
through radiative and non-radiative processes eventually.

The TSM is commonly used, as it has proven to be quite successful in predicting the
behavior of photo cathodes in experiments. However, it is only a phenomenological
approach. Since it assumes that the excitation takes place at a given spacial position
before transportation and emission, and that the inelastically scattered electrons lose their
energy after they have been excited, the TSM violates the uncertainty principle [60].

The one-step model solves this problem by describing photoemission as a scattering
process in one step. Aspects like surface effects and the wave-particle duality of electrons
are taken into account. However, this dissertation will not discuss this topic any further.
For more information one may consult [60] and [61].

2.2.2 Quantum Efficiency

An important value to quantify the quality of a photo cathode is the quantum efficiency
(QE) or quantum yield 7. It is defined as the ratio of emitted electrons N,- to incident
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Figure 2.1: Coordinate Visualization of the emission of electrons from a semiconductor
according to the three-step model by Spicer and Berglund. In step 1, an electron
from the valence band maximum (VBmax) is excited to the conduction band
minimum (CBp,). In step 2, the electron gets transported to the surface
to be emitted into the vacuum in step 3, under the presumption that it has
enough energy to overcome the electron affinity barrier. Eq, E4, Er,W and
Eyv r describe the band gap energy, the electron affinity, the Fermi energy, the
work function of the material and the energy difference between VBmax and
the Fermi energy, respectively.

photons Np. Using Equation (2.10), the quantum efficiency can be expressed as [57]

_Ne i) (arefa) P

Np  Ig(1—R) 1+ (la/L.) "’ (2.12)

Ul

introducing the absorption length [, (v) = 1/a as the inverse of the absorption coefficient.
The term % /L5 in Equation (2.12) indicates a reduction of the probability for electrons
to reach the surface with enough energy for emission if the absorption of the photons
happens at a depth larger than L. The fraction of electrons excited above the vacuum
level are represented by the ratio @rr/a. The higher the ratio, the higher the QE a cathode
can exhibit, while the ratio /L is required to be small for the same result.




Table 2.1: Energy gap E¢(0) at 0K and material-dependent quantities « and 3 for GaAs

[62].
Eq(0) 1.519(1) eV
@ 5.405(250) - 104 eV/K
B 204(45) K

In practice, the quantum efficiency is often calculated from the measured photocurrent
I,, the power P, and wavelength X of the laser [63]
he I,

P LA =2 e 2.13
n(Pr, ) o Py (2.13)

with the electron charge e, the speed of light ¢ and Planck constant h.

2.3 Gallium Arsenide Photocathodes

Due to the high beam quality and high degree of polarization gallium arsenide (GaAs) pho-
tocathodes can provide, they are predominantly used for electron sources for spin-polarized
applications in the accelerator physics community today. They were first introduced as
unpolarized photo emitters by Scheer and van Laar in 1965 [64], later proposed as
polarized emitters by Lampel and Weisbuch [65] and established by Pierce, Meier and
Ziircher in 1975 [66].

GaAs belongs to the semiconductor III/V group and shows a direct band-gap, meaning
that the CBp,;; and VB« are located at the same value of wave vector k. This restricts
transitions between valance and conduction bands to vertical in momentum space and
gives rise to a high absorption constant a near the band-edge. GaAs exhibits a so-called
Zinc-Blende crystal structure, which consists of two face-centered cubic lattice displaced
along a diagonal direction. A schematic representation of the crystal structure is shown in
Figure 2.2. At room temperature, the energy gap E is about 1.42 eV corresponding to a
wavelength of roughly 870 nm. For other temperatures, F can be calculated empirically
using the Varshni equation [68]

a-T?
T+p3’

with the crystal temperature 7" in Kelvin, the energy gap F(0) at 0K and the material
dependent quantities « and 3 for GaAs given in Table 2.1.

Ea(T) = Ec(0) (2.14)
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Figure 2.2: Crystal structure of GaAs with a volume of a3. Figure based on [67, Fig. 1].

The band structure of GaAs is well known and shown in Figure 2.3 . The CB;, and
VBmayx are located at the symmetry point where &k, = k, = k. = 0, denoted by I'. Here
the upper valence band is split by spin-orbit coupling, resulting in a p; /, (I'7) and ps3/,
(I's) sub-band, separated by an energy gap of Ago = 0.34eV. The p3/, band is split
additionally into the light-hole (Ih) and heavy-hole band (hh), leading to a total of three
twice-degenerated sub-bands for the upper valence bands. The CBy,;, exhibits s-symmetry
and is twice-degenerated. The resulting energy levels of the bands are shown in Figure
2.4. For more information on the properties of GaAs and its band structure, see [67],[69],
[70] and [71].

Transition from I'gyj, I's;, and I'; to I'g are possible when absorbing photons of energy
hv > Eq + Ago . To create spin polarized electrons, photons with an energy of Fg <
hv < Eg + Ago are required to restrict transition to be only possible from the gy, I'sin
valence band/the p3, states to the conduction band/the s, /, states. Due to conservation
of angular momentum, the magnetic quantum number m; needs to change by +1 for
circular polarized photons with helicity o™ and -1 for polarized photons with helicity o~
Using either one or the other, the possible transitions can be limited further to two allowed
transitions. The relative transition probabilities can be calculated by the corresponding

1



S1/2 Conduction Band

Energy

Valence Band

P12 Spin-Orbit Split Off Band

r
(0,0,0)

Figure 2.3: Schematic illustration of the band structure of GaAs near the I" point. T,

I';7, I's lie in the conduction band, the valance band (with the heavy-hole and
light-hole sub-band ) and the spin-orbit split off band, respectively. The latter
is separated from the heavy-hole and light-hole band by an energy gap of Aso,
while the CB,,i, and VBnmax are separated by an energy of E.
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Figure 2.4: Schematic illustration of the energy levels and possible transitions for photo-
excitation in bulk GaAs. Transitions between energy levels are represented
by arrows labeled with o* for right or left circular polarized photons. The
Clebsch-Gordan coefficients represents the relative transition probabilities
and are given by circled numbers. Figure based on [72, Fig. 2].

Clebsch—Gordan coefficients, which are show in Figure 2.4. The probabilities directly
correspond with the ratio of parallel to antiparallel spin oriented electrons. Plugging this
ration into Equation (2.1), the maximal polarization theoretically possible calculates by

1-3
P =——=-05 2.15
T 143 ’ (2.15)
for o*-light and
3—1
 =—=0.5 2.16
1+3 ’ (2.16)

for o~ -light. The polarization vector P of the electrons is oriented anti-parallel towards
the angular momentum vector of the incident photons. When using light with an energy
above Eg + Ago, transitions from p; , become possible, resulting in a total transition
probability ratio of (2+1):3 = 1:1, leading to a termination of the polarization. To increase
the degree of polarization above 50 %, special grown and doped GaAs are necessary.
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2.3.1 Higher Degree of Polarization

Equation (2.15) and (2.16) show that the maximal theoretical polarization of normal GaAs
cathodes (also referred to as bulk GaAs cathodes) is limited to 50 %. As the FOM depends
on the degree of polarization quadratically, a higher polarization is of great interest. The
limiting factor for higher polarization is the degeneracy of the p3 /5 level. If it was possible
to split this level in two two-fold degenerate sub-levels with an energy difference of AFg
(see Figure 2.5 and 2.6), the allowed transitions for circular polarized photons with an
energy of Eg < hv < Eg + Ago would be restricted to just one, effectively increasing
|P| to 1. This was first achieved in 1982 at SLAC by applying uni-axial mechanical stress
to the crystal, using an apparatus, resulting in a polarization degree above 0.7 [73]. A
different method to generate stress was proposed by Ciccacci et al. by growing a thin active
epitaxial GaAs layer on a substrate with slightly different lattice constant [74]. Electron
polarization of up to 90 % were reported for different substrate layers such as GaAsP
and InGaAs [75-78]. These types of cathodes are usually referred to as strained-layer
cathodes.

Another approach to increase polarization is to create multiple, alternating layers of
two different compounds with the same lattice constant but different energy gaps Eq. At
the beginning of the 1990s, electrons with polarization of around 71 % were achieved
using these so-called superlattice cathodes [79]. Nowadays values up to 80 % are possible
[80].

When combining both approaches, cathodes with a polarization of up to 92% can
be manufactured [81]. The quantum efficiency of these strained-superlattice cathodes
is typically below 1 %, which is higher than those of strained or superlattice cathodes
alone, but still significantly lower compared to bulk cathodes, which can reach up to 10 %
quantum efficiency at 25 % polarization [82]. This is due to the fact that the maximum
layer thickness of strained cathodes of 100 nm is low compared to an absorption length
l, of 1 um, leading to only 1/10 of the photons being used for photo absorption [83].
However, recent development demonstrated a greatly improved quantum efficiency of
6,4 % at a polarization of 84 % by integrating a distributed Bragg reflector (DBR) into
strained GaAs/GaAsP superlattice photocathode [12]. Together with the cathode surfaces,
the DBR creates a Fabry-Perot cavity, which reflects the laser light. Instead of only once,
the light passes the cathodes many times leading to an increase in quantum efficiency.
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Figure 2.5: Band structure of strained-superlattice GaAs. The p3/, level gets split into
two two-fold degenerate sub-levels due to the stress created by the strained-
superlattice crystal structure. This separates the heavy-hole and light-hole

sub-band by an energy of AFs.
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Figure 2.6: Schematic illustration of the energy levels and possible transitions for photo-
excitation in strained-superlattice GaAs. Transitions between energy levels
are represented by arrows labeled with o* for right or left circular polarized
photons. The Clebsch-Gordan coefficients represents the relative transition
probabilities and are given by circled numbers. Figure based on [72, Fig. 3].

Depolarizing Effects

Due to depolarization effects, the theoretical polarization degree of 100 % for strained
and superlattice cathodes cannot be achieved experimentally. There are five effects that
contribute to a reduction of polarization:

1. D’yakonov-Perel’ process: a spin-dependent splitting of the conduction band due to
the lack of inversion symmetry in IT1I-V compounds,

2. Elllott-Yafet process: elastic scattering of the electrons by a perturbing potential,
3. hyperfine coupling: interaction between the electron § and nuclear spin 7,

4. Bir-Aronov-Pikus process: a relaxing effect of the exchange interaction between the
electrons in the conduction band and the holes in the valence band, and

5. radiation trapping: creation of a new electron-hole pair due to capture of recombi-
nation radiation.

For more information see [84] for the first four and [85] for the last effect.
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2.3.2 Escape into Vacuum

Equation (2.11) shows the threshold Energy Ep for a photon to cause photo-emission
Ep=h-v>FEg+FEs=¢ep+ Eyp.

Rearranging the rear part of this equation, an expression for the electron-affinity £ 4 can
be given by
Er=e¢p+ Eyr — Eq, (2.17)

with the band gap E¢, the work function e¢, the energy difference Ey r between VBpax
and the Fermi energy Er. It describes an additional barrier an electron has to overcome to
escape from the cathode surface into vacuum. This is illustrated in Figure 2.7a. Bulk GaAs
has an electron affinity of £4 = 4.1 eV, which is almost three times the band gap Energy
of E¢ = 1.42eV at room temperature [86]. Therefore, no emission of spin-polarized
electrons using bulk GaAs is possible with excitation near the energy band gap, which is
necessary to achieve a high degree of polarization.

Hence, a reduction of the threshold energy Ep is necessary to enhance the photo-
emission yield. As Equation (2.11) shows, this can be realized by either reducing the band
gap energy E or the electron affinity £ 4. The former can only be lowered by increasing the
cathode temperature considerably. However, this is not practical for technical applications.
So a reduction of E4 remains to increase the photo-emission yield. Equation (2.17)
shows that this must be done by a reduction of the work function e¢ and/or the Fermi
energy Er, which results in a reduced Ey . Both can be achieved by a combination of
p-doping and coating the surface with a thin layer of caesium (Cs) and an oxidant. This
has been demonstrated first by Sheer and van Laar in 1965 by using a zinc doped GaAs
photocathode coated with Cs [64].

The effects of p-doping of different semiconductors aiming at a reduction of electron
affinity has first been shown by Spicer in 1958 [53]. It introduces impurities with less
electrons to the cathode acting as acceptors. This alters the cathodes electronic structure
by introducing an additional acceptor level, leading to a re-positioning of the Fermi level
inside the material almost down to the level of the valence band maximum at I". At
the surface the doping creates a space-charge region, which bends down both bands.
This leads to a reduction of the effective electron affinity x.r¢, which is defined as the
difference between the vacuum energy E, and the non-lowered edge of the conduction
band (see Figure 2.7b). The magnitude of this effect depends on the doping concentration
and can be found for GaAs cathodes in [89]. The area in which the bands are bent is
called the band bending region. Its width can be calculated from the dielectrical constant
€s, the doping density n,,, and the band-bending energy Epp, which is typically half the
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Figure 2.7: Schematic representation of the energy levels on the surface of a GaAs cath-

ode. (a) In undoped bulk GaAs, the electrons require energies far greater to
overcome the electron affinity £ 4 barrier. (b) P-doping of the cathode reduces
the Fermi energy FEr and results in a bending of the bands at the surface. For
emission, the excited electrons now only need enough energy to overcome
the effective electron affinity x. /. (c) A layer of caesium and oxidant reduces
the effective electron affinity further to a value below zero. Now electron
emission for excitation near the energy gap of GaAs is possible. Figure based
on respective figures in [64, 86-88].
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Table 2.2: Values used to calculate the width of the band bending region for a typical
p-doped GaAs cathode.

€5 12.85 [71]
n,  10%cm?® [90]
EBB 0.7eV [90]

band gap energy. Using the values from Table 2.2 for a typical p-doped GaAs cathode and
the vacuum permittivity ¢, it can be approximated to [90]

2¢0€s - K

dBBR = ~ 2.8 nm. (2.18)

L e2.
2w - e® - ny

More details on the effects of p- and n-doping of GaAs and other semiconductors can be
found in [54], [91] and [92].

As the band bending only reduces the effective electron affinity by 0.9 €V [93], p-doping
is not sufficient to provide effective electron emission. Therefore, it is combined with the
coating of the cathode surface with a thin layer of Cs and an oxidant such as O, F or NFj3.
The effect of a Cs-only coating of GaAs was first reported by Sheer and van Laar in 1965
[64]. Two years later, Turnbull and Evans increased the stability and effectiveness of the
coating by introducing O to the process [15]. Cs, as an electro-positive metal, reduces
the electron affinity as it forms a dipole layer at the surface. This cuts down the effective
electron affinity x.r; below zero and is usually referred to as a negative-electron-affinity.
The effect of the coating on the bands and energy levels is shown in Figure 2.7c. The
technical process of applying this coating is called activation and will be discussed more
detailed in the next section.

2.3.3 Cathode Activation

The process of applying a negative electron affinity layer on top of a photocathode is
called activation. For GaAs, this is typically achieved with a layer of Cs and O, or NFs.
Studies showed no significant differences in lifetime for both oxidants, only different time
evolution were observed [16]. As in this work O is used for all conducted activations and
the procedure with NFj3 is equivalent, from here on, only the term oxygen or O, will be
used representing both oxidants.
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The achieved lifetime and quantum efficiency is highly depended on the exact activation
procedure, including the used amount of the elements and the order in which they are
applied. There are a few commonly used activation schemes, which are still subject
to recent research. Each start with the application of a caesium layer but differ in the
sequence for adding oxygen. Because of its simplicity, only the so-called co-deposition is
used in this work and will be described in more detail here. An overview of alternative
activation schemes can be found in [49].

Before any activation can be carried out the cathode needs to be placed in an ultra-high
vacuum (UHV) environment with a pressure below 10719 mbar (see Section 3.1 for more
information on vacuum classifications). The next step is the cleaning of the cathode
to remove any unwanted contamination on the surface. This is done by heating the
cathode to a temperature of around 650°C for some time [94]. In addition, a cleaning
procedure with atomic hydrogen can be conducted, which removes oxygen and carbon
more effectively than conventional thermal cleaning [95-97]. During the activation
procedure the photocurrent needs to be measured to determine the right times to switch
on and off the exposure of caesium and oxygen. This is usually performed with an
anode ring and a low powered laser spot on the cathode surface (see Chapter 4.2.2 for a
detailed description of the activation setup used in this dissertation). For the co-deposition
activation scheme, a caesium layer is applied using an evaporator or dispenser until the
photocurrent reaches its maximum. Now oxygen is introduced, while maintaining caesium
exposure at the set rate. The oxygen can either be introduced in gaseous form through a
leak valve or also via a dispenser. Once the photocurrent reaches a plateau, both supplies
are turned off. The exact time for oxygen exposure can be delayed to improve the process.
It is commonly started when the photocurrent peak caused by caesium exposure has fallen
to about 75 % of its maximum. Figure 2.8 shows the photocurrent development over
time for a typical co-deposition activation. Recent research studies the addition of other
elements to the activation process to enhance quantum efficiency and lifetime of the NEA
layer (see next section for more information on lifetime). The metalloid antimony [98],
the alkali metal lithium [43, 46, 49] and tellurium [48] have been reported to have a
positive effect.

2.3.4 Surface-Layer Decay and Lifetime

After activation, the quantum efficiency decays over time due to a deterioration of the
NEA coating. This limits the operational lifetime of GaAs photocathodes. The observed
trend of the photocurrent I,,(t) can be described by an exponential decay in the form of

L(t) = L,(0) - 7Y, (2.19)

20



02 and Cs off

Photocurrent

Y

Time

Cson

Figure 2.8: Development of the photocurrent over time for a typical co-deposition acti-
vation with caesium and oxygen. The times when Cs and O, exposures are
turned on and off are marked.

where the decay constant 7, which is defined as the time until an extracted photocurrent
I,(t) drops to a fraction of 1/e of its initial value, is interpreted as the lifetime of the
cathode!.

When using a laser with constant wavelength and power, the development of the
quantum efficiency 7(t) follows the same exponential decay [99]

n(t) =n(0) - e . (2.20)

The total lifetime 7 can be split into two parts: the dark lifetime 7,4, which is defined
as the decay of quantum efficiency regardless of the extracted charge amount and the
charge lifetime @, (also called operational or beam lifetime), which describes the decay
depending on the amount of extracted charge. The latter is expressed in the unit of charge
rather than time. With these definitions, Equation (2.20) can be rewritten as

n(t) =n(0) - et/ . ¢~ J 1D/ Qr (2.21)
If the photocurrent is kept constant, during lifetime measurement by increasing the laser
power accordingly, this yields

n(t) = n(0) - et/ Tatle/Qr), (2.22)

!f the lifetime of the cathode is mentioned, the author actually refers to the lifetime of the NEA layer.
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The total lifetime 7 can now be expressed as a reciprocal sum of the dark and charge

lifetime
1 1 I
=42,
T Td Qr
For a constant extracted current I, the charge lifetime (), can be transformed into a
charge lifetime 7¢ in units of time by

(2.23)

_ @

I (2.24)

TC
Both dark and charge lifetimes can be further separated, depending on the involved
lifetime-limiting effects. They are described hereinafter, following along the lines of [49]:

* Residual-Gas Adsorption

Even under best vacuum conditions, residual gas particles are present in the system.
These particles get adsorbed on the CsO coating and change its properties, decreasing
the quantum efficiency. The elements carbon, oxygen, chlorine and sulfur have
been observed on the cathode [100]. Chanlek et al. investigated the degeneration
effect of different residual gases and found that H,, CH4 and N> do not contribute
significantly to a reduction of the quantum efficiency, while CO has a minimal and
CO; and O, the strongest effect [101]. Figure 2.9 shows the quantum efficiency
decay of the cathode when exposed to these gases. This behavior can be explained
by a bond of oxygen with the surface, as oxygen accepts electrons from caesium
and weakens the dipole activation, increasing the potential barrier of the layer and
the vacuum, similar to an over-oxidation during the activation process. They also
found that through a re-caesiation process, the quantum efficiency can be recovered
almost completely (95 %) after exposure to O, and partly (60-70 %) after exposed
to CO4 or CO.

In addition to CO, and O, water vapor has a strong poisoning effect on the cathode.
Even small amounts reduce the lifetime significantly. Durek et al. explained this by
an over-oxidation of the cathode with water, as the quantum efficiency can also be
restored by a re-caesiation [102], while Wada et al. suspects the H,O molecules to
be dissociated into H and OH by ion pumps [103].

As residual gas adsorption entirely depends on the vacuum condition, the lifetime
characterizing the associated decay is often referred to as vacuum lifetime 7,,.. The
process occurs independent from photoemission and therefore, contributes to dark
as well as charge lifetime. When the cathode is not on a potential (grounded), is not
illuminated and at room temperature, vacuum lifetime is the only term contributing
to the dark lifetime (74 = Tyac)-
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Figure 2.9: Decay of the quantum efficiency of an activated GaAs cathode, when exposed
to different gases. Source of data: [101].

* Thermal Desorption

The rate of NEA layer decay increases with rising temperature due to thermal
desorption of the layer materials [104, 105]. The rate dn/d: of this desorption can be
expressed as an Arrhenius equation [105]

d _Ep
di,:/ = —ny;-e kBBT7 (2.25)

where n defines the amount of atoms bound to surface per unit area, Ep is the
binding energy, v; a rate constant, kp the Boltzmann constant, and T describes the
cathodes temperature. From this, the temperature-dependent thermal desorption
lifetime 74 can be deduced as [105]

1 _EB

Tyg = — e FBT, (2.26)

Vg
As the NEA layer for GaAs cathodes consist of two elements, the desorption of both
can contribute to QE decay. To calculate the contribution of Cs desorption, one
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Figure 2.10: Thermal desorption rate for caesium and gallium (in the form of Ga,0) for

different temperatures. Source of data: [106].

can assume a rate constant of v, = 103 % and a binding energy of Ep = 1.6 eV,
for a typical activated GaAs cathode [104]. Using these values, a thermal caesium
desorption lifetime at room temperature (7" = 300 K) of around 2.4 million years
can be approximated.

In contrast to caesium, oxygen bounds with Ga and gets desorbed as Ga;O. However,
this phenomenon also does not occur significantly at room temperature, as shown
by Goldstein and Szostak [106]. While significant Cs desorption starts at 150 °C, O,
desorption starts at even higher temperatures above 500 °C. Figure 2.10 shows the
thermal desorption rate for both, Cs and O, at different temperatures. At room tem-
perature, thermal desorption in total can be neglected. However, the cathode itself
can be significantly hotter than its surroundings, due to heating during operation by
the incident laser light. This rise in temperature is highly dependent on the power
and the spot size of the laser used.
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Table 2.3: Temperature rises for some existing and planned electron sources [109]. Val-
ues are calculated using Equations (2.13) and (2.27), the thermal conductivity
of GaAs at room temperature 0.455Wcm™ K™ [107], a laser wavelength of
780 nm, a quantum efficiency of 1% and a reflection coefficient of 0.57.

Source Laser Spot (mm) Current (mA) Power Temperature Rise (K)
CEBAF 0.05 0.2 31.8mW 2.2

eRHIC 0.3 50 7.9W 92.9

Cornell ERL? 0.15 100 15.9W 374.5

JLEIC 0.15 0.006 0.95mW 0.023

LHeC 0.25 25 3.97W 56.1

The maximum temperature rise induced by a laser with power P; and a spot
diameter w (1/€2, Gausian beam), on a surface with temperature-dependent thermal
conductivity K (7") can be approximated by [107]
P,

AT =~ Var K (T (2.27)
As not all light gets absorbed by the cathode, the reflection at the surface has to be
taken into account, too.
For GaAs and a typical wavelength of 780 nm (see Section 4.7), a reflection coefficient
of around 0.57 was measured [108]. Existing and planned electron sources use
laser spot sizes from 0.15 mm to 5 mm, while the average electron current varies
from 0.006 mA to 100 mA [109]. Using Equation (2.13) and assuming a cathode
with 1% quantum efficiency, the required laser power ranges from around 2.4 mW
to around 16 W. Table 2.3 shows the calculated values for some existing and planed
sources. These calculations only hold true as long as the thermal conductivity of
the cathode to its surrounding mount is at least as high as the conductivity of the
cathode itself. This criterion is often not met, and higher temperatures are reported
[110, 111]. But even under ideal circumstances, the temperature rise can reach
over 300K for high-current sources. This leads to the conclusion that the question
whether thermal desorption can be neglected or if an active cooling of the cathode
is needed highly depends on the parameters of the source.

The effect of thermal desorption is used to clean the cathode before the activation
procedure.

2This source uses K2CsSb cathodes.
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¢ Jon Back-Bombardment

To accelerate the extracted electrons away from the cathode, either a negative
potential applied to an electrode and the cathode itself, a positive potential applied
to an anode or both are used. On their way, the electrons gain enough energy to
ionize residual-gas molecules in collisions [112]. These ions, due to their positive
charge, are then accelerated backwards onto the cathode, where they cause severe
damage to the NEA layer. This effect is called ion back-bombardment (IBB) and
was first described for photo cathodes by Schade et al. [113]. Ions can be produced
either near the cathode surface between electrode and anode or in the beam line
further away. In the latter case, the ions can drift back inside the beam to the
cathode and increase the rate of ion back-bombardment [114]. As hydrogen is the
dominant gas species in the vacuum chamber after bake-out (see Section 3.1), it
contributes the most to IBB [115].

At the surface, the impinging ions reduce quantum efficiency in two ways. At lower
energies, the bombardment sputters away the molecules that constitute the NEA
surface [41, 116], while at higher energies, the ions get incorporated into the crystal
structure [115, 116]. Both significantly reduce the lifetime of the NEA layer, however,
the first effect is reversible through cleaning and reactivating the cathode while the
ability to recover from the second effects depends on the energy of the ions [115].

The total number N; of ionized gas molecules can be calculated by [117]
N;=pi-0;-1-Ne, (2.28)

with the density p; and the ionization cross section o; of the residual gas as well as
the number of electrons N, and the distance [ they have traveled.

There are some techniques to reduce the amount of IBB, e.g. the use of an anode
as a positive potential barrier to inhibit the reflux of trapped ions inside the beam
[114]. An offset of the anode to further reduce IBB has been proposed by Rahman
et al. [118]. Another approach is to use a magnetic field to deflect the ions [113].
As can be seen from Equation (2.28), better vacuum conditions and therefore, lower
density of residual gas molecules are beneficial in all cases. In addition, a lower
pressure reduces residual-gas desorption. Therefore, this work focuses on increasing
the vacuum conditions through cryopumping (see Chapter 3.4).

As IBB only occurs while electrons are emitted, IBB lifetime 7755 only contributes
to the operational lifetime. Under the assumptions of a constant electric field, a
fixed potential, and a symmetric gun geometry, one can assume IBB lifetime to be
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proportional to the ratio of the beam area App and electric field E, to the pressure
p and the current of electrons I, [83] like

AppFE
TIBB X EBZ. (2.29)

Pplp

¢ Field Emission

When an electric field on a metal surface is strong enough, it will overcome the
restrictive forces, allowing electrons to tunnel through the potential barrier and be
released from the surface into the surrounding vacuum. This is referred to as field
emission. When electrons emitted this way hit the walls, they release secondary
electrons and ions into the chamber, called electron-stimulated desorption (ESD)
[119]. This increases the pressure and therefore, IBB and residual-gas adsorption.
The emerging heat also increases thermal desorption [120]. As a consequence, field
emission has no direct influence on the lifetime but affects it indirectly by increasing
the other lifetime-limiting effects. In the worst case, it can lead to a complete voltage
breakdown of the cathode-anode gap and damage the electrode, the insulators as
well as the high-voltage power supply. However, by designing the electrode in a way
that limits the field gradient at its surface [121] and by conditioning the gun before
operation [23], field emission can be reduced to a level that can be neglected for
quantum efficiency decay.
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3 Ultra-High Vacuum

3.1 Fundamental Concepts

Not only for electron guns but for almost all particle physics experiments, the absence of
other interfering particles is of great relevance. Therefore, in sources and accelerators
excellent vacuum conditions need to be maintained. Since this is particularly important
for the lifetime of electron guns based on GaAs cathodes, this chapter presents the key
aspects of generating and maintaining high vacuum.

A Vacuum is defined as a volume with a lower pressure than in the surrounding volume.
In experimental physics this is usually achieved by a set of different pumps, which either
transport the gas from within the volume to the outside or capture the molecules inside
the pump. The types of pumps used in this experimental setup are described in Section 3.3.

The effectiveness of a vacuum pump is usually measured in pumped volume per time
(e.g. 1/s), which is called the pumping speed S. Often, the pump is not directly attached
to the experimental chamber but connected through pipes with different diameter and/or
angles. This reduces the effective pumping speed S, s, which can be calculated through

[122]
1 1 1

= 4+ —.

Serf S C
The conductance C of the connecting elements can be calculated only for simple geometries
like pipes or apertures. For more complex setups, solely measurements or simulations

can provide reliable values. Multiple elements in series with known conductance can be
added reciprocally like [122]

(3.1)

1 1
= —. 3.2
Ctot ; Cn ( )
If we introduce the flow resistance W as the reciprocal of the conductance
W = 1 (3.3)
=5 i
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Equation (3.2) becomes

Wiot = Wa, (3.4)
1

and for multiple elements in parallel,

1 "1
p— —_— 3 . 5
Wiot Zl W, (3-5)

holds.

The amount of gas in a volume can be measured by its mass. However, for vacuum
applications, the product of volume and pressure (p - V') is of more interest. In this
dissertation, the outcome of this product will be called gas load. It has the dimension
of an energy and is measured in mbar - 1. From this, one can calculate the mass, if the
temperature is known, using the ideal gas law [122]

_pV-M

 R-T

where T represents the temperature of the gas, R the ideal or universal gas constant and

M the molar mass. The gas load divided by time ¢ is called the gas-flow rate and can be

used to describe the throughput of a vacuum pump, often denoted by the letter @) [122]
p-V _dp-V)

Q= ; FTE 3.7)

This pump throughput should not be mixed up with the pumping speed S. The throughput
is the gas load transported by the pump in one unit of time, measured in mbar - 1/s, whereas
the pumping speed is the provided transport capacity of the pump measured in 1/s. For a
constant pressure and volume, @ can be calculated from S by [122]

Q=p-8S. (3.8)

For an element with conductance C with different pressures p; and p, on both ends, the
gas flow from one side to the other can now be calculated as

Q= (p1—p2)-C=Ap-C. (3.9)

When dealing with multiple vacuum ranges, a clear definition of vocabulary for clas-
sification is beneficial. The vocabulary used in this dissertation follows the ISO norm
3529-1:2019, where vacuum pressure ranges are categorized into five groups, from at-
mospheric pressure of ~1000 mbar to below 107! mbar. The exact ranges are given in
Table 3.1.

(3.6)
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Table 3.1: Vocabulary used in this work to classify different vacuum ranges, following
the 1ISO 3529-1:2019 norm.

Technical Term Pressure Range (mbar)
low/rough vacuum (RV) 1000 -1

medium/fine vacuum (FV) 1-1073

high vacuum (HV) 103 -108

ultra-high vacuum (UHV) 108 - 101!

extreme-high vacuum (XHV) below 101!

3.2 Achieving Ultra- and Extreme-High Vacuum

To achieve a vacuum in the UHV or XHV regime, one has to assess all sources of gas flow
into the system, as they are the primary limiting factor to reach a lower pressure. After
pumping down, this flow is composed of the following parts [43]

Qtot = Qout + Qper + Qdif + Qlea + Qpro, (310)

where @, refers to the outgassing of the chamber walls, Q. and Q4 describe gases
entering the chamber by permeation and diffusion through the material of the chamber
and Q;., represents gas entering the volume through either real or virtual leaks. The
last term @), describes the process gas, which is introduced into the system on purpose
for specific processes such as the hydrogen flow during atomic-hydrogen cleaning of a
photo-cathode. To achieve a vacuum in the UHV or XHV regime, all individual components
need to be minimized as much as possible.

The major contribution to the total gas load in the sub-UHV regime are leaks. They are
split into two types, real and virtual. Real leaks are small holes in the boundary of the
volume, often caused by gaps in the weld or an insufficient or incorrect tightened flange;
whereas the gas load from virtual leaks does not come from outside of the system but
from gas trapped in pockets within the chamber, such as the thread of a screw. It is often
difficult to distinguish between those two, because both result in an increased pressure in
the system. Real leaks can be identified using a leak tester and a tracer gas (e.g. helium).
Once found, the leak can be repaired by replacing the metal-gasket of the flange or fixing
the faulty weld.

Virtual leaks are harder to isolate, as they cannot be traced externally. Therefore, they
need to be prevented by taking extra care during chamber manufacturing and assembling,
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for example by placing venting holes in screws and near other possible gas traps. Depend-
ing on the size of the gas pocket, they may vanish after a certain time through outgassing,
but will reappear after a chamber vent.

The second major factor to the gas flow comes from the outgassing of the chamber walls
and other components in the system (Qoy+ and @Q.-). The outgassing rate depends on the
material and is proportional to temperature and inversely proportional to pressure. There
are two commonly used procedures to reduce outgassing. The first step is a systematic
cleaning procedure of all parts to remove contamination [123]. The cleaning procedure
used in this work follows these four steps:

1. Wiping with clean cloth soaked in isopropanol,

2. ultrasonic bath, alternately with/without material dependent detergent and hot/cold
deionized water (usually two times),

3. drying in clean room or hot-air oven, and
4. assembling in clean room or packing in polyethylene bags.

When a vacuum system is exposed to air, the water vapor contained in the atmosphere
will contaminate the system. The water molecules will bond to the surface material by
strong chemical adsorption forces. On top, further layers will build up by physical van der
Waals forces. When pumping down, the water molecules are released into the chamber,
very slowly at first, increasing greatly as the pressure falls to the molecular-flow regime.
Now the pressure remains constant until the water is released completely and pumped out
of the system [124]. As this process takes fairly long, one can accelerate the desorption of
water and other reactive gases bound to the surface (O3, Hy, CHy4 etc.) by heating the
system to a temperature between 120 °C an 400 °C, enabling to reach UHV conditions
much faster. XHV conditions cannot be obtained within reasonable timescales without
using this method to desorb water from the metal walls of the chamber. This procedure is
called bake-out and takes several hours to weeks, depending on material, temperature and
contamination level. The pressure during bake-out will rise due to the desired desorption
of gas contamination. After cool-down the pressure will fall and hydrogen will be the
prominent gas species in the system, mainly caused by diffusion of dissolved H; in the
chamber walls (Qg;¢). Figure 3.1 shows the residual gas spectra of the aluminum chamber
used for the cryo source (see Section 4.5) before and after bake-out. As can be seen, the
partial pressure drops by multiple magnitudes depending on the gas type.

When using a stainless-steel chamber, hydrogen diffusion can be reduced by annealing
the material at high temperatures. The duration of this process depends on the temperature
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Figure 3.1: Spectrum of the residual gas inside the aluminum cryo gun chamber used in
this work before and after bake-out. H; and CO is created by cracking of H,
and CO, at the residual-gas-analyser filament. The internal photomultiplier
of the RGA was used for both measurements, therefore, it is not possible to
make a statement on the absolute pressures.

used, from a few hours at ~950 °C to days at ~400 °C [125, 126]. This process is called
vacuum firing and is necessary to reach XHV when using stainless-steel chambers. For
aluminum chambers, likes the ones used in this work, vacuum firing is not possible but
also not necessary to reach comparable outgassing rates.

3.3 Vacuum Pumps

There is no single pump that can directly pump down a chamber from atmospheric pressure
to UHV or XHV conditions. Therefore, a set of pumps with different working principles
is required. The first stage is usually a positive displacement pump like a diaphragm or
rotary vane pump transferring the gas from within the system to the outside. They can
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Figure 3.2: Working principle of a diaphragm pump. (a) The diaphragm is pulled outwards
to increase the volume in the suction chamber and to create an negative
pressure. Gas flows into the suction chamber due to the pressure differences.
The outlet is closed through a ball valve preventing gas from the outside to
enter the system. (b) After the chamber is filled with gas, the diaphragm gets
pushed in. The increasing pressure closes the inlet while simultaneously
opening the outlet. The gas gets pumped to the outside and the cycle repeats.
As the valves are operated by the difference in gas pressure, pumps of this
type are limited to pressures > 0.1mbar.

provide a vacuum in RV or lower FV regime, which is a requirement for the operation
of second-stage pumps. As an example of a positive displacement pump, the working
principle of a diaphragm pump is shown in Figure 3.2.

For lower pressures, the turbo-molecular pump (often simply referred to as turbo pump)
is the most commonly used. It transports the gas by transferring momentum to the
gas molecules through a fast-moving wall or blades of a turning rotor. The momentum
accelerates the gas into a desired direction. However, as molecular pumps are not capable
of compressing and ejecting the gas against atmospheric pressure, a backing pump is
required, which can remove the compressed gas from the system. Therefore, a positive
displacement pump is usually directly connected to the turbo pump and serves as both, to
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Figure 3.3: Setup and working principle of a ion getter pump. In (a) the construction is
shown with cylindrical stainless steel anodes (Penning cells) packed perpen-
dicular between two parallel cathode plates. A potential difference of a few
kV is applied to both. Permanent magnets on the outside of the pump (not
shown) create a permanent magnetic field. The working principle is illustrated
in (b) for one Penning cell. Electrons are forced onto a spiral path towards
the anode, ionizing more gas molecules on its way. The ions are accelerated
towards the cathode, where they get buried deep into the bulk material. A rain
of bulk material, sputtered by ion impact, binds and captures reactive gases
at the anode surface. Graphic based on [122, Fig. 2.61 and 2.62].

create a RV/FV pre-pressure before activation of the turbo pump and as the backing pump.
Both, positive displacement and turbo pumps require a viscous flow, but below HV the
behavior of the molecules is determined by molecular flow. As a result the pumping speed
of these pumps drops drastically. To achieve UHV or XHV, an additional pump based on
the principle of gas trapping is mandatory.

Capture pumps utilize chemical or physical bondings to adsorb molecules and trap them
in the bulk of the pumping material. Two commonly used representatives of these pumps
are the ion getter pump (IGP, also known as sputter ion pump) and the non-evaporable
getter (NEG). Both are used in this work and will be described here briefly. An illustration
of the first type can be seen in Figure 3.3. Cylindrical stainless-steel anodes (Penning cells)
are packed perpendicular between two parallel cathode plates. The potential difference
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applied to both are of a few kV. The whole setup is placed in an homogeneous magnetic
field, created by a permanent magnet on the outside of the housing. Electrons, created by
the high voltage (h.v.!) gas discharge, will be forced onto a spiral path towards the anode,
ionizing more gas molecules on their way. The ions are accelerated towards the cathode,
where they get buried deep into the bulk material and also sputter the cathode material
at impact. This sputtered material operates as a getter film, which binds and captures
reactive gases like oxygen, nitrogen and hydrogen at the anode surface. For hydrogen,
however, the major pumping mechanism is the diffusion into the cathode material. Its
pumping speed is typically two times higher than for nitrogen, but it is not capable of
producing a sufficient sputtering yield on its own. The general pumping speed of IGPs
depends on the pumped gas as well as the cathode material used (usually titanium). For
the capture capabilities of different materials and more details on sputter ions pumps,
see [122] or [127]. Due to glow-discharge at the Penning cells at high pressure, which
would prevent the sputtering process, IGP requires a vacuum lower than 10* mbar. After a
certain time of operation (usually multiple years), the cathode panels need to be replaced
due to the damage created by the impinging ions.

The second capture pump used in this work is the non-evaporable getter (NEG). It
utilizes chemical bonding with highly reactive alloys to adsorb gas. Molecules imping-
ing on the sorbent material are dissociated and trapped in the form of stable chemical
compound. Depending on gas and temperature, bound molecules quickly move from the
surface deeper into the bulk material to make space for new gas particles [127]. Under
atmospheric air, a thin protective passivating layer of oxides and nitrides is formed at the
surface, which allows the NEG to be handled in air. In vacuum, the pump needs to be
activated by bake-out, to first release the physically trapped gases and then to remove
the passivating layer. The latter dissolves due to diffusion deeper into the bulk material,
which returns the surface to its metal state, and thus, restores the ability to capture gases
[128, 129]. The required time and temperature for activation depends on the used alloy
and the time the pump was exposed to air. Commonly used alloy elements are titanium,
zirconium, hafnium, tantalum and niobium. More information on used alloys and NEG
pumps in general can be found in [127]. For hydrogen, NEGs provide a high pumping
speed, but they cannot trap noble gases and CH4. Therefore, they are often combined
wit IGP to reach pressures in the XHV regime. The fact that they only require electrical
power for the activation process makes NEGs highly flexible so that they can be build in
almost any form. Even an entire vacuum chamber can be transformed into a large pump,

n most literature the acronym HV is used for high voltage, but to distinguish it from the acronym for high
vacuum h.v. is used in this dissertation.

36



by coating the chamber walls with NEG material. They are also handy for setups without
a permanent electrical connection like a transport chamber (see Section 4.6).

There are much more representatives of these pump types, but as they are not used in
this work, they will not be discussed here. The interested reader is referred to [122] or
[127] for more information.

3.4 Cryopumps

As a cryopump is the key element for the electron gun in this experimental setup, it will
be covered in more detail than the other types. It follows in line with the report of Day
[130].

Cryopumps are another prominent example for capture pumps. They use a surface,
cooled down to cryogenic temperatures to capture gas particles. By international definition,
the surface needs to be below 120K to be classified as a cryopump?. Like NEGs, they need
to be regenerated by heating to release the captured gas. Also, as for any high vacuum
pump, an appropriate pre-pressure needs to be provided due to a limited capture capacity.
In contrast to NEGs, there is no chemical bond of the gas with the pump surface (with the
exception of cryogetter pumps, see Section 3.4.1), but the involved forces are relatively
weak as they are primarily van der Walls forces.

The pumping speed of cryopumps for a specific gas with temperature 7' and molar mass
M can be calculated by [131]

R-T
cryo — Cs * Did = s'Ac' ——, 3.11
Seryo = Cs - Sig = ¢ Vo (3.11)

with the area A, of the cryosurface. The quantity S,4 refers to the theoretical black-hole
pumping speed, which in reality is reduced, firstly due to a limited transmission probability
w to the cryopanel, and secondly because not all incident particles stick to the pump. The
ratio of particles sticking to the surface and the number of particles impinging on it is
called the sticking probability a,. Both factors can be combined to the capture coefficient
¢s by the reciprocal addition equation [131]

1 1 1
—=— 4 —. (3.12)
Cs s W
This equation holds only for a simple parallel arrangement of the cryopanel and a heat
shield, as in most commercial pumps. However, one advantage of cryopumps is that they

2according to ISO 3529/1-3
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can be custom tailored to the available space or a specific application. For a more complex
setup, the capture coefficient can only be calculated using Monte-Carlo simulations of the
pump’s interior.

3.4.1 Pumping Mechanisms

Cryopumps can be categorized into four different types depending on the trapping mech-
anism used, described in the following sections.

Cryocondensation

Cryocondensation is the interaction between the gas and the particles of the same gas
on a cryosurface. In theory, every gas could be pumped if the provided temperature is
low enough. With 20K, a pressure below 10-!! mbar can be achieved for all gases, except
neon, helium (He) and hydrogen [132]. As the achievable pressure for cryocondensation
is directly linked to the saturation pressure of the given gas at the provided surface
temperature, a much lower temperature is needed for these three gases. Figure 3.4 shows
the saturation pressure curve for the most relevant gases. For practical use an even lower
temperature is needed, as the saturation curve shows the thermal equilibrium, which
translates to a pumping speed of zero. For example a hydrogen pressure of 10 mbar
requires a temperature of about 3.4 K [132]. Helium cannot be captured with condensation
at all. Using cryocondensation, a selective pump can be build, pumping only the gases
that get captured at the chosen temperature.

Cryosorption

If one wants to pump all gases, especially helium and hydrogen, cryocondensation requires
temperatures too low to be practical in photo-gun applications. But the cryosorption effect
allows these gases to be pumped at higher temperatures than the saturation pressure. The
forces involved are also van der Waals forces but not between the gas particles among
each other but between the gas and a chosen sorbent material, which is applied to the
cryosurface. These forces are much stronger and allows the particles to be bound at higher
temperatures. For helium temperatures < 4.2K [133] and for hydrogen < 20K [132] are
sufficient.

The choice of sorbent material is of great importance for the performance of cryosorption
pumps and is subject to recent studies [131]. In contrast to cryocondensation, the pumping
process is determined not only by the temperature but rather by the chosen cryosorbent
and its properties (chemical, mechanical, physical). Due to the interaction between the
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Figure 3.4: Temperature dependent saturation pressure for some common gases. Source

of data: [130].

sorbent material and the gas molecules, the cryosorption pumping effect is limited to a few
monolayers of absorbed gas on the cold surface, after which the pumping effect reduces
drastically. To have a comparable and reproducible measure, the pumping is defined as the
amount of gas that has been captured until the pumping speed drops down to 50 % of its
initial value [130]. The most popular types of sorbent materials are presented in Section
3.4.2. Most commercial available cryopumps use a combination of cryocondensation for

heavy gases and cryosorption for light gases.

Cryotrapping
Another method to capture gases with weak cryosorption forces like helium, hydrogen
and neon in under-saturated conditions was discovered in 1960 by Chuan[134]. The
condensation temperature of a gas can be increased by adding a condensable gas and
creating a gas mixture. If the gas with the weaker cryosorption force is not too dominant
in the mixture, it gets incorporated into the condensate of the other gas with a higher
cryosorption force, leading to a reduced vapor pressure. Efficient cryotrapping gases for

hydrogen are Ar, CO, and NH3 [135].
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Cryogettering

Cryogettering is not a cryopumping effect per se, it rather improves the already existing
chemisorption pumping effect of metal films by cooling the sorbent material, leading
to an increased reactivity of the metal. This effect was discovered in 1962 in three
different laboratories simultaneously, as they used a cooled LN, substrate for the film
of a titanium sublimation pump [134]. Other materials like Mo, TiO, Nb, Ni and Ta
were also investigated, but the most prominent representative of cryogetter pumps is
the titanium sublimation pump. They are capable of pumping hydrogen at temperatures
below 77 K, which makes them an attractive option for electron sources. The disadvantage
of sublimation pumps are the need to renew the metal film after certain times during
operation to maintain a pumping effect.

3.4.2 Sorption Materials

Since the efficiency of a cryosorption pump highly depends on the properties and selection
of the sorption material, choosing the right material is critical when designing a cryopump.
Due to the fact that the pumping effect vanishes with increasing layers of condensed
gas, a material with high internal surface is needed to achieve a high pumping capacity.
Extensive comparison and testing of different kind of materials were conducted at the
Forschungszentrum Karlsruhe in Germany by Perini¢ in the 90s [136, 137] and later by
Day [131], at Los Alamos in the USA by Sedgley et al. [138-141] and by Stern [132]. Xu
and Matsui demonstrated the use of copper powder [142] and Ma et al. benchmarked
MgO [143]. These studies indicate active charcoal, zeolite molecular sieves and condensed
gas as the most suitable candidates. Therefore, they are the most commonly used materials
in cryopumps today and will be discussed briefly in the following.

Condensed Gases

A porous surface can be created by infusing a gas, which condenses on the cold surface.
Suitable gases are for example argon or SFg to capture helium or CO5 to capture hydrogen
[130]. There are two techniques to create a condensed-gas layer. The first is the pre-frost
technique, where the gas is injected prior to the actual pumping. With this technique, a
limited pumping capacity is created in the same way as when using coal or molecular
sieves but with a lower achievable equilibrium pressure.

The second way to use condensed gases is to continuously inject the gas during operation.
This gives the advantage of continuous renewal of the capture surface, giving a much
higher total capture capacity compared to the pre-frost variant and providing a steady
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pumping speed. Another advantage is a higher ratio of captured gas molecules to the
sorbent gas molecules.

Nevertheless, both approaches have the disadvantage of a higher amount of gas load
during regeneration, requiring more pumping power of the fore pumps. Because of the
more complex setup and the need to introduce an additional gas into the chamber, gas
sorbents are only used in exceptional situation today. All commercially available pumps
use solid cryo sorbents.

Zeolite Molecular Sieves

Synthetic molecular sieves out of zeolite microporous aluminosilicate minerals can be
manufactured with high reproducibility. Hence, their properties are very predictable and
can be fine-tuned. Good results in pumping speed and capture capacity for hydrogen
at 20K [132, 144] and helium at 4.2 K [133] with molecular sieves have been reported.
However, the regeneration process requires a high temperature of around 300 °C. This
is the biggest disadvantage of molecular sieves, especially for this work, as the used
aluminum chamber and the used cryocooler cannot withstand temperatures this high
(see Section 4.5). Therefore, almost all commercial cryopumps use activated charcoal as
sorbent material.

Activated Charcoal

Activated charcoal is a form of carbon, which possesses a large surface area due to a high
degree of microporosity, consisting of small, low-volume pores. It can be manufactured
from a wide variety of raw materials, such as wood, lignite, pitch, bitumen or coconut
shell. The process of creating the microporosity in these materials is called activation.
This can be done in two ways: through heating to 800 °C in an oxygen-free atmosphere
followed by an activation with steam, CO, or air at 700 to 1000 °C, called physical or
gas activation. Chemical activation is done by adding chemicals like phosphoric acid or
zinc chloride to the raw material before carbonization. The properties and suitability
of the different types of activated charcoal depends on the raw material, the activation
and carbonization process, including used temperatures, and the ratio of different pore
sizes present in the charcoal. The above mentioned benchmarks of different materials
demonstrate that activated charcoal inhibits superior pumping capabilities compared to
other tested materials. In addition, the required regeneration temperature of charcoal of
about 130°C [131] is significantly lower compared to molecular sieve. This is why almost
all commercially available cryopumps are based on activated charcoal. Different types of
charcoals have been tested by Day et al. at the Forschungszentrum Karlsruhe in Germany
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[131]. They also developed a special spray technique to apply the charcoal coating to
the cryopanel [145] which is used for the cryopumps at the International Thermonuclear
Experimental Reactor (ITER) [146].

3.4.3 Pump Regeneration

Like other capture pumps, cryopumps exhibit a limited pumping capacity and need to
be regenerated after a specific operation time to ensure high pumping speed. The time
before regeneration becomes necessary depends on the pump itself and the operational
parameters like gas load, pressure and type of pumped gases. Cryocondensation pump
capacity is only limited by the temperature rise with increasing condensate layer and
therefore, very high. The smaller capacity of cryosorption pumps is limited by full coverage
of the cryo sorbent.

For regeneration, the cooling has to be turned off, the capture panel heated up and the
released gas pumped down by a fore pump. Afterwards, the pump can be turned on again.
The needed regeneration temperature depends on the captured type of gas. Condensed
gas will be released immediately by sublimation, when the necessary temperature is
reached, while the release of adsorbed gases can take up to some minutes depending on
the pore properties of the cryo sorbent. Figure 3.5 shows a typical desorption curve for
activated charcoal.

One has to take into account that, while the temperature is rising and condensed gases
are released, the temperature of the sorbent material might still be low enough to directly
reabsorb the previously condensed gases. Hence, the release characteristics for these gases
also follow the one for desorption as shown in Figure 3.6 for CO,.

3.4.4 Heat Influx

As low temperatures are essential for cryopumps, and they are usually in an ambient
temperature vacuum chamber, one has to assess the heat transfer from the warmer outside
to the refrigerated cryopanels. The total heat flux® ¢,,, consists of the heat from thermal
conductivity of solid components ¢g, the heat transported by the residual gas ¢, thermal
radiation ¢ and for a working pump, the thermal loads due to cryosorption and/or
cryocondensation, summarized as ¢p

Giot = 4s T+ 4a +4r + qp- (3.13)

®In most literature, an uppercase Q is used, but for a better separation from the gas throughput Q, a
lowercase ¢ is used in this dissertation.

42



100 I \“- TN - T ~\-\\ T T T . 7
- N \ -
1 i) N\ N
- \‘ \ \\ -
80 it v \
;\? L }\ \ \\ -
~ B |\\ \| \ T
2 el i \ -
3 60 '| 1 ! N He
- \ \ \ _
n | I ! \ i H,
8 L L \ \ J ——— D,
© 40 . " ;
g 7 | ! 1 n
o i || | \ \ 1 Ar
A - i) \ \ 1 CO/N,
20 % t \\ \\ 0
- | \ \ \ - 2
S & \ T &
L i\ 4
0 Lo \ SA | S — | . RS e CO,
0 50 100 150 200 250 300

Temperature (K)

Figure 3.5: Desorption curves of activated charcoal for some gases. Source of data:
[130].

For optimal pumping performance, ¢;,; has to be minimized by reducing its components.

The heat transfer of gas molecules ¢, is created by the energy transfer of collisions
between the molecules and any surface. It depends on the mean free path and the number
of molecules, in other words the pressure. Under molecular-flow conditions, the influence
of gas heat conduction can be neglected [130] and will not be discussed here any further.

The heat transferred by a solid connected to the pump (e.g. via cable, fastenings, supply
lines) ¢4 is given by Fourier’s law [147]

ar
1g = k(T)As—, 3.1
qs = k(T) I (3.14)
with the cross section A, of the solid and the temperature-dependent thermal conductivity

k(T). For a solid rod of length L with a temperature range from T; to T, the equation
can be rewritten in an integral form

A T2
g = - k(T)dT. (3.15)
L Jpn
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cryopanel, which still possesses a pumping effect at that temperature. With
further increasing temperature, the gas gets desorbed from the panel and
regeneration is completed. Source of Data: [130].

The thermal conductivity integrals f;{f kE(T)dT of common materials are tabulated in
literature. As thermal conductivity shows great differences between materials, its selection
is of great importance to minimize heat load.

Another significant heat load will be caused by radiation between the vacuum chamber
at room temperature and the cold cryopanel of the pump. The heat flux via radiation
between two bodies with temperature 77 and 75 can be calculated by [130]

Qp=Cla- Al - (TH—T), (3.16)

with the surface area A; of the warmer body, the emissivities €; and e of both bodies and
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the exchange number 5. The latter is given by

_ O - €162
1—(1—¢) (1—e)p12’

where o denotes the Stefan-Boltzmann constant, and 1, describes the view factor of
both surfaces, which depends on the geometry and orientation of both bodies. It describes
the percentage of radiation leaving surface 1 that is intercepted by surface 2.

As the radiant power increases with the 4th power with the temperature difference, it is
the most relevant factor when reducing heat radiation. This is usually done by introducing
a heat shield at a temperature typically between 50 K and 80 K. The shield needs a higher
cooling power to compensate the introduced heat from the ambient temperature. This
additional stage between the cold cryopanel and the warm vacuum chamber reduces the
total heat flux significantly and is an essential component for most cryopumps. Another
important aspect for thermal radiation is the emissivity ¢, which depends on the materials
involved as well as their surface structure. Polished surfaces usually show a smaller
emissivity.

Ci2 (3.17)

The last contribution to the total heat load is the load due to cryosorption and cryo-
condensation. It is proportional to the amount of molecules hitting the cryopanel and the
per molecule transferred enthalpy AH. The heat flux is then given by [148]

gp = W [ AH(Tg — Te) + (1 — ag) AH(Tg — Tr) — a(pe/p)AHs], (3.18)
with the area of the cryopanel A, the average thermal velocity © of the incident molecules,
the pressure p around the panel, gas temperature 7; and the capture coefficient as. The
fraction of o gets captured, the fraction of 1 — «a; reflected and the fraction «a(p./p)
re-evaporated. The terms AH (T — T¢), AH (T — Tr) and AHg describe the corre-
sponding amount of transferred enthalpy per mol. For high thermal accommodation, the
temperature T of the reflected molecules can be assumed to be near the temperature T

of the cryopanel [148].

3.4.5 Commercial Refrigerator-Cooled Cryopumps

In this section, one specific category of commercially available cryopumps will be presented
briefly as it is the inspiration for the cryosource designed in this work. The cooling power
for this types of pumps is provided by a closed-cycle refrigerator (cryocooler), which
exploits the Gifford and McMahon process [149]. The working gas helium is circulated
between a compressor and the refrigerator, where the gas gets expanded in two stages.
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The first stage, which usually has an operation temperature between 50K and 80K, is
used to cool a radiation shield and a baffle across the inlet of the pump. The shield
is required to reduce heat radiation from the room-temperature vacuum chamber and
thereby ensures a temperature of around 10K and below at the second stage. Here the
cryopanel is mounted and is usually coated with a sorbent material on the inside. An
illustration of this pump type is shown in Figure 3.7.

Heavy gases are captured directly at the warmer baffle by cryocondensation, while
nitrogen gets pumped at the uncoated outside of the cryopanel also by cryocondensation.
The light gases like helium and hydrogen, which cannot be captured by condensation,
will make their way to the inside of the panels where they get pumped by cryosoption.

Due to the limited cooling power provided by the cryocooler, these pumps are rather
small. However, the closed loop cycle makes them easier to handle than other cryop-
umps like bath pumps, which require a constant supply of new liquid helium. For more
information on bath- and additional cryopump types, see [127], [130] and [148].
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Figure 3.7: Schematic illustration of a refrigerator-cooled cryopump with integrated cryo-
cooler. Heavy gases are captured directly at the baffle while nitrogen gets
trapped by the uncoated outside of the cryopanel, both by cryocondensation.
The lighter gases like helium and hydrogen cannot be captured by condensa-
tion. They are pumped by cryosoption with the sorbent material on the inside
of the cryopanel. Illustration based on [127, Fig. 12.22].
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4 Design of a Cryogenic Electron-Gun

4.1 Idea and Motivation

The purpose of this work is the design and construction of a source for highly polarized
electrons with an improved photocathode lifetime especially for future high current (20-
100 mA) applications. As can be seen in Table 2.3, a laser power in the regime of some
Watts is required for such high currents. This will lead to a short cathode lifetime due to
thermal desorption as described in Section 2.3.4. Hence, active cooling of the cathode is
essential to counter the heat influx introduced by the laser. This however is not sufficient
to ensure a lifetime long enough for high current experiments, as IBB is still present and
increases proportional to the number of electrons and therefore, the extracted current.
With sufficient cooling of the cathode to prevent thermal desorption IBB will be the
dominant effect contributing to the decay of the NEA layer. Improvement in the vacuum
conditions would be most effective in reducing IBB. As a cooling system is required in
any case, a cryopump which makes use of the same system could be a viable option to
reduce the pressure. The advantage of cryopumps are the very high pumping speed they
provide and the fact that they can be custom tailored to fit any geometry. However, when
placing the cryopanel of a commercial pump inside the source volume, the gas molecules
originating from the chamber walls still need to find their way to the panel. When passing
the electron beam the molecules can still be ionized. So in this work a different approach
was chosen.

By taking advantage of a custom tailored pump, the cathode will be placed in an almost
completely closed cryogenic sub-volume, effectively turning the whole sub-volume into a
vacuum pump. This way when the cryopump is activated there will be no more outgassing
in the sub-volume due to the cryogenic temperatures, while the existing residual-gas
molecules will be pumped by the walls. The design is inspired by the commercially avail-
able refrigerator cooled cryopump described in Section 3.4.5. The cryopanel and baffle
will be replaced by the sub-volume. As the electron beam needs to leave the volume
it cannot be closed completely. In order to get sufficiently low pressure inside of the
volume prior to activating the cryopump, an adequate gas flux due to a non-zero vacuum
conductance is required (see Section 4.3.1). As this opening will be the only way new gas
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molecules get introduced into the sub-volume a significantly improved vacuum condition
inside the volume and around the cathode is expected. This would greatly reduce IBB as
well as residual-gas adsorption thereby significantly improving both vacuum and charge
lifetimes. Lee et al. showed that additionally an increase in beam quality parameters
such as a smaller emittance (see Section 4.3.3) can be expected from a cooled cathode
[150], which, however, is not the focus of this work and will not be investigated any further.

Photo-CATCH features a set of vacuum chamber for cleaning and activation of GaAs
cathodes and therefore, provides a suitable base for the new cryogenic source. However,
at the time of the setup a direct integration into Photo-CATCH was not possible due to the
fact that the test stand was in active use for other experiments and longer reconstruction
work of the chambers as well as the beamline would be required. Therefore, a separated
independent smaller test stand with minimal diagnostics and no activation capabilities
was developed. A transport chamber designed by Kurichiyanil [43] was used to transfer
cathodes, activated at Photo-CATCH, to the new test stand. The design of all components
of the setup has been carefully chosen such that it allows future integration into Photo-
CATCH. In the following chapters all parts of the cryogenic source, the new test stand and
Photo-CATCH will be presented in more detail, starting with the latter.

4.2 Photo-CATCH and Cathode Preparation System

The test stand Photo-CATCH provides a set of vacuum chambers for photocathode clean-
ing and activation, as well as a -60kV DC photo-gun and a beamline with diagnostic
instruments. In this section the setup will be described along the lines of[42], [43] and
[49] starting with an overview, followed by a more detailed description of the activation
chamber, which was used to provide the cryo source with activated cathodes.

4.2.1 Photo-CATCH Overview

Photo-CATCH features four chambers, which are connected in a row and can be separated
by all-metal valves. The transport of the cathodes between the chambers is done via
magnetically-coupled linear transfer devices, here referred to as manipulators. A steel fork
is connected to the manipulators, fitting into a molybdenum holder called puck, which
houses the photocathode!. Figure 4.1 shows a model of a transport fork and a puck with
installed photocathode. An overview of the whole test stand is given in Figure 4.2. New

!Molybdenum exhibits an expansion coefficient lower than stainless steel by the factor of 3 to 4. This way
the puck will not get stuck in the fork or other holders during bake-out or heat cleaning.
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Figure 4.1: Cut view of the puck and the transport fork. The puck houses the cathode
which is hold in place by a tungsten spring. A hole in the bottom exposes the
cathode to the laser beam. The fork is inserted into the gap around the pucks
top for transfer.

cathodes are introduced to the system through the load-lock chamber (LLC) which is
equipped with a 260 1/s turbo pump and reaches a pressure in the high 10" mbar regime,
which is monitored by a combined Pirani and cold-cathode vacuum gauge. The chamber
can be quickly vented, opened and closed again using a quick-CF-flange system (QCF).
To prevent unnecessary contamination, venting is done using nitrogen. Newly inserted
pucks are directly placed onto the fork of a manipulator used for transfer into the next
chamber. For a first cleaning of new pucks and cathodes, a tungsten coil located inside
the load-lock chamber can be used. It is a common procedure to first anneal the empty
puck at a temperature of up to 500 °C for 1h to 2h to remove contaminations prior to
cathode installation.

The next chamber is the atomic hydrogen cleaning chamber (AHCC), which is dedicated
to the cleaning of photocathodes. For this purpose it is equipped with a hydrogen atom
beam source and two heating coils. To store the puck coming from the LLC a carousel that
can be moved both vertically as well as radially is mounted at the top flange. It can hold
up to two pucks at the same time. This chamber is pumped by a 1001/s IGP and a 4001/s
NEG to a base-pressure in the low 10! mbar regime. The pressure can be measured
by a cold-cathode ionization gauge and the IGP controller. After cleaning, the puck can
be picked up from the carousel by a manipulator and can be transferred to the cathode
activation chamber (CAC). There the activation procedure as described in Section 2.3.3
is conducted. It has been used in this work to prepare cathodes for the cryo source test
stand and will be described in more detail in the next section.
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Figure 4.2: Overview of the Photo-CATCH test stand. Shown are the four chambers and

the beam line. New photocathodes get introduced into the system using the
Load-Lock Chamber (LLC) and transferred between the chambers by manip-
ulators. The cleaning and activation procedure takes place in the Atomic
Hydrogen Cleaning Chamber (AHCC) and the Cathode Activation Chamber
(CAC). The DC electron gun inside the Gun Chamber (GC) produces the elec-
tron beam, which gets deflected by 90° by a bending magnet and directed
into the main horizontal beamline. There different diagnostic instruments are
located to measure the properties of the electron beam. For better visibility
the support frame and the Helmholtz coils, which compensate for the earth’s
magnetic field, are not shown in the picture.
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The last chamber before the beamline is the gun chamber (GC). It holds a DC photo-gun
featuring a so-called inverted insulator geometry. A voltage of up to -60kV can be applied
to the electrode. The chamber is pumped by a combined 4001/s IGP and 4001/s NEG
and an additional 20001/s NEG. The pressure is monitored by a hot-cathode ionization.
vacuum gaugeThis gun was not used in this work. For more details on the chamber and
the inverted geometry one may consult [42] and [43].

After a short vertical beamline, the electron beam from the gun and from a future cryo
source gets deflected by 90° by a bending magnet into the main horizontal beamline. It
is equipped with instruments for measurements of electron-beam parameters as well as
low-energy experiments. The pressure at UHV level in the gun chamber and the vertical
beamline is separated from the higher pressure in the main beamline (in the regime of
108 mbar) by two differential pumping stages. Multiple magnets such as quadrupole
triplets, steerers and solenoids are used to focus, shift and control the electron beam. To
compensate the influence of the earth’s magnetic field, two Helmholtz coils are placed
along the horizontal beamline. For monitoring of the beam position, retractable beryllium
oxide (BeO) fluorescent screens are available. Two Faraday cups are located at the end of
the beamline for beam-current measurements and a combination of a 3 GHz RF deflector
cavity and a slit can be used to measure the longitudinal shape of the electron bunches.
For emittance measurements two wire scanners are present at two positions along the
beamline. The electron spin-polarization can be measured by a Mott polarimeter and
the spin orientation can be manipulated using a Wien filter. Most of the components are
controlled by in-house electronics based on the Controller Area Network (CAN) bus using
the Experimental Physics and Industrial Control System (EPICS) [151], that is also used for
controlling the S-DALINAC [152]. A detailed description of all Photo-CATCH diagnostic
instruments can be found in [42].

4.2.2 Cathode Preparation System

The activation system of Photo-CATCH was used in this work to prepare activated GaAs-
cathodes for the cryo source test stand. The complete system is shown as a schematic
representation in Figure 4.3 and a 3D-model in Figure 4.4. Like the AHCC, it features a
carousel mounted to the top flange to store and transport pucks. After bake-out a pressure
in the lower 10! mbar regime can be maintained by a 2001/s IGP and a 4001/s NEG. A
cold-cathode ionization gauge connected to a remote-controllable multi-channel gauge
controller measures the pressure. For transportation to the gun chamber, a manipulator is
present and a large window allows visual observation of the manipulator and the carousel.
In the upper part of the chamber, two tungsten coils are mounted and connected trough
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an electric feedthrough. They provide an additional option for cleaning of the cathode,
when the hydrogen cleaning is not used. The carousel allows positioning of the puck under
the coils by rotation and vertical movement. Both are controlled from the outside by a
rotary drive and a translator mounted to a bellow on top of the chamber. The position of
the puck characterized by the height and the angle are displayed at the translator in mm
and the rotary drive in degrees, respectively. During heat-cleaning the temperature of the
cathode surface can be monitored by an infrared pyrometer attached to the window at
the chamber bottom. For easier alignment of the pyrometer and the laser used for the
activation procedure a camera module? is mounted to the bottom window as well.

On the mid-level of the chamber the activation assembly is mounted to an electric
feedthrough. It features a ring-anode to measure the photocurrent and two dispensers,
one for caesium and one for lithium. A positive bias voltage is applied to the anode
through a connected power supply which can provide a voltage of up to 500V, while
the photocurrent received by the anode is measured with a current meter. To control
the flux of caesium and lithium independently, the dispensers are driven by separate
power supplies. Oxygen is provided through a piezo-electric controlled leak valve from a
separated reservoir attached to the chamber. It is operated with a high-voltage module,
providing a voltage of up to 1 kV. Through the bottom window incident light is introduced
by either an array of white-light LEDs, an array of blue LEDs® or a 780 nm red laser
beam. The latter is provided by a separated laser setup and guided to the CAC through a
polarization-maintaining fiber-optic patch cable mounted at the bottom window. A manual
shutter directly behind the lens allows to block the beam. To measure the laser power
right before entering the chamber a non-polarizing beam splitter and a photodiode are
used. A constant fraction of the laser power is diverted to the diode and read out by an in-
house-produced current meter. Two coated dielectric mirrors are mounted after the beam
splitter, that allow the laser to be aligned onto the cathode. From the photodiode readout,
the splitting ratio of the beam splitter r=P/Pr = 1.908(1) (where the transmitted power
Pt also takes the loss of the mirrors into account) and the transmission coefficient of
the window Cr = 0.90(2), the actual power of the laser on the cathode surface can be
calculated. The power and current supplies of the ring anode, the dispenser and the
piezo valve, as well as the current meter and the gauge controller are all connected to
an EPICS input/output-controller (IOC) server. From a client PC connected to the server
all values can be read out and controlled for the activation procedure. A Graphical User
Interface (GUI) build with Control System Studio (CSS) [153] allows easy access to all
relevant parameters. For a detailed description of the GUI see [49] and [154].

2Raspberry Pi® Camera Module 2 NoIR
3Currently six white and six blue 5050 LEDs of unkown spectrum are used.
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Figure 4.3: Schematic overview of the activation setup at the CAC. The cathode surface
is coated with caesium und lithium by running a current through the respective
dispenser, while oxygen is introduced trough a piezo-electric valve from an
external reservoir. A photo diode and a beam splitter cube located at the
bottom window allows to monitor the power of the laser right before the
beam enters the chamber. As an alternative light source a white-light or blue
LED array (not shown in the picture) can be used. The pressure inside the
chamber is measured by a cold-cathode ionization gauge and the emitted
photocurrent by a ring-anode, which can be biased with a voltage of up to
500V. An EPICS server allows remote control of all components and data
acquisition. Figure based on [49, Fig. 3.3].
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Figure 4.4: Cut-away view of the Cathode Activation Chamber (CAC), with a zoom on
the activation assembly. Cathodes held by a puck are transferred into the
chamber by the manipulator and placed in the carousel. A z-translator and
rotary device allow the carousel to be moved and rotated to place the puck
near the two heating coils (not visible in the picture) or over the activation
assembly. Caesium and lithium is applied to the cathode using dispensers
while oxygen is provided from an external reservoir through an piezo-electric
leak valve.
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4.3 Cryogenic Sub-Volume

The core component of this source is the cryogenic sub-volume (also referred to as inner
chamber in this dissertation) in which the cathode will be placed. The design of this
volume exhibits some challenges and specific demands on the used materials listed below:

* The volume requires an integrated electrode and anode, which needs to be electrically
isolated from each other.

* All materials must be suited for XHV, which includes to be bakeable to a temperature
that ensures low outgassing.

* All materials require a high thermal conductivity to achieve the low temperatures
necessary for cryosorption.

* A good thermal conductance between the individual parts is essential.

* Thermal radiation and emissivity of all materials needs to be in a regime which
allows temperatures low enough for a cryopump.

* The material and the design of the electrode must prevent field emission.
* The design needs to be compatible with the pucks used at Photo-CATCH.

* The size of the source has be be small enough to fit into the available space at
Photo-CATCH to make a future integration possible.

The final design of the sub-volume is shown in Figure 4.5 as an exploded view. The top
cylinder represents the tip of a closed-cycle cryostat (also referred to as cryocooler), which
was chosen to provide the needed cooling power. It will be presented in more detail in
Section 4.4. On the copper tip of the cooler a 5 mm thick disc with a diameter of 120 mm
made from Oxygen-Free High Thermal Conductivity Copper (OFHC) is screwed to provide
a mounting base for the rest of the volume. Between the electrode and the copper disc
another 5 mm disc made from aluminum oxide* Al,O5 (also called alumina) is located
to electrically insulate the cryocooler from the electrode. Aluminum oxide features a
high dielectric strength of > 25kV/m while also showing a high thermal conductivity.
Figure 4.6 shows the temperature dependent thermal conductivity for all used and some
additional materials, which may be interesting for future experiments which different
designs.

*A-997 aluminum oxide (99.7 % purity) ordered from BCE Special Ceramics GmbH
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@ Cryocooler Tip
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Figure 4.5: Exploded view of the cryogenic sub-volume. The top cylinder represents

the tip of a closed cycle cryostat, which provides the cooling power. As a
mounting base a copper disc is directly screwed to the cooler. An aluminum
oxide disc electrically insulates the sub-volume from the cooler. The electrode
and anode are made from aluminum and a hollow aluminum oxide cylinder
acts as the walls of the sub-volume insulating the electrode from the anode
electrically. The inner surface of this cylinder is coated with activated charcoal
to create a cryo-pumping surface. The puck gets inserted into the electrode
from the side via a manipulator. All parts are connected with zirconium dioxide
screws.
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Thermal conductivity of the materials used and some additional, which may
be relevant for future designs, plotted over the temperature. RRR stands for
residual-resistance ratio and describes the ratio of the resistivity at room
temperature and at 0 K. Source of data: [155, 156].
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For the electrode, aluminum was chosen as it also shows a high thermal conductivity
and requires lower bake-out temperatures compared to the commonly used stainless steel.
The latter is of importance as the cryocooler only allows a maximal bake-out temperature
of 170°C [157]. The electrode design of the Photo-CATCH gun, where the puck is inserted
from the bottom via a lift cannot be copied. A z-translator on top of the chamber is
necessary to move the lift, which is not an option as the top of the chamber is already
occupied by the cryocooler. So a lateral insertion of the puck is the only feasible alternative.
For this the electrode was cut out on one side to allow a manipulator to insert the puck
from the side. To place the puck in the recess of the electrode, the manipulator needs to
be movable vertically. Figure 4.7 shows a model of the electrode and the puck insertion
process. To reduce a broadening of the electron beam or bunch due to space charge effects,
the electrode features a so-called Pierce geometry with an angle of 67.5° at the bottom
[158]. A small recess on the top allows to connect the h.v. cable.

Connected to the electrode is an insulating hollow cylinder also made from aluminum
oxide, which forms the wall of the sub-volume. The inner surface of this cylinder is
coated with activated charcoal to create a cryosorbing surface around the cathode. On
the bottom, a cover disc with a hollow pipe for the electron beam to exit and the laser to
enter made from aluminum closes the sub-volume. It also acts as a grounded anode to
form an accelerating electric field.

All parts are connected using M3 screws made from zirconium dioxide® (ZrO,). They
are screwed in through holes near the edge in each part from the top and the bottom into
the aluminum oxide chamber walls. Zirconium dioxide like aluminum oxide is an electric
insulator but exhibits a higher fracture toughness which makes the screws more resistant
to breaking which could destroy the sub-volume, if the screw cannot be removed any more.
Robuster screws also allow a higher torque and contact pressure, increasing the thermal
conductance between each component. On the downside the thermal conductance of the
zirconium dioxide screws itself is lower by a factor of about 10 compared to aluminum
oxide screws. Small venting holes drilled through the chamber wall from the outside
into the screw hole allows trapped gas to be pumped to prevent virtual leaks. To further
increase the thermal conductance, indium foil® was placed between all components. As
the surface of the components are not perfectly planar, small gaps are present which result
in a reduced contact area and a smaller thermal conductance. The soft indium foil fills
these gaps.

5Z-700 E zirconium dioxide ordered from BCE Special Ceramics GmbH®
0.1 mm thick 99.99% indium foil by Cryoandmore Budzylek GbR
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Figure 4.7: Top (a) and bottom (b) view of the electrode without puck. On the backside in
the top view a recess for an eyelet to attach the h.v. cable using a screw can
be seen. On the bottom of the electrode the Pierce geometry with an angle of
67.5° to reduce beam broadening due to space charge effects is visible. In (c)
the insertion of the puck into the electrode is shown. The puck is held by a
transport fork attached to a manipulator, which needs to be movable in the
vertical axis to place the puck into the hole.
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4.3.1 Exit-Pipe Dimension

The dimension of the pipe located at the bottom of the sub-volume (here called the
exit-pipe) are of utmost importance for the vacuum condition inside the sub-volume and
therefore, for the increase in lifetime. There are a few aspects to consider when choosing
diameter and length of the pipe. Firstly, there are only two small openings to the sub-
volume: the exit-pipe and one for the puck. Before inserting the cathode and activating
the cooling, a sufficient initial pressure inside the inner chamber has to be achieved to
not exceed the capacity of the cryopump. A larger diameter and a smaller pipe length
result in a higher conductance and therefore, a better initial pressure will be reached
in a shorter time. However, a higher conductance also result in a higher end-vacuum
pressure in the sub-volume as more particle find their way into the inner chamber from
the higher outside vacuum after the activation of the cryopump. Hence, one has to find a
compromise between initial pressure, pump-down time and end-vacuum.

As the capture capacity of the cryopump (see Section 3.4) highly depends on the
properties of the cryosorbent used and no data is available for the activated charcoal used
in this work (see Section 5.1) the capacity of the pump cannot be calculated. However, one
can get a rough estimate by comparison to a commercially available pump. Choosing a
rather small cryopump with a comparable setup as described in Section 3.4.5 and a similar
size of the cryopanel to the size of the cryogenic-sub volume the VCP 100 by HSR AGs®
offers a capacity of 100 bar-1 for argon and nitrogen and 4 bar-1 for hydrogen. As argon
and nitrogen get pumped on the uncoated outside of the cryopanels by cryocondensation,
only the hydrogen capacity is relevant for the estimation. Assuming the used charcoal
and the design of the source to be not ideal for a cryopump, the capacity is estimated to
be worse by a factor of 10 compared to the commercial pump. This leads to a hydrogen
capacity of 400 mbar-1. There will be two stages of the usage of this capacity, first the
residual gas from the initial pressure inside the sub-volume gets captured, after that only
gas molecules finding their way to the inside through the exit-pipe contribute to the gas
load. To calculate a maximal acceptable initial pressure some simplifications have to be
made. First it is assumed that all gas molecules inside the sub-volume gets captured’ by
the charcoal and contribute to the depletion of the capacity in the same way. Second it
is determined that a maximum of 1 % of the total capacity should be consumed by the
initial gas load. Using the volume of the sub-volume of about 0.321, the calculation results
in a maximum acceptable initial pressure of 12.5 mbar, which should be reachable even
with a positive displacement pump only. As a result, the capacity of the cryopump should
not be something to worry about when choosing the pipes dimensions. The used values

7Helium actually will not be pumped at the achievable temperature.
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Table 4.1: Values and result for the calculation of the maximum acceptable initial pressure
inside the sub-volume, without depleting the pumping capacity of the cryo

sorbent.

Parameter Value
volume of sub-volume 0.321
hydrogen capacity of VCP 100 cryopump 4barl
assumed sub-volume capacity 400 mbar-1

maximum capacity consumed by initial gas load 1% = 4 mbar:1
resulting maximum acceptable initial pressure 12.5 mbar

and the result of the calculation are summarized in Table 4.1.

However, the final pressure and the time to pump down the whole system remain
important factors. The pressure ratio inside the chamber to the outside can be estimated
by the flux of particles into the sub-volume and the capture rate of the cryo-surface. The
former can be calculated using Equation (3.9) with the conductance C of the openings
and the difference between the pressures p,,; outside and p;,, inside the sub-volume as

Qin =C- (pout - pin)- (4.1)

As the opening for the puck will be blocked by the puck itself during operation, only
the exit-pipe contributes to the conductance and can be calculated for a gas with given
temperature 7" and molar mass M by® [159]

o T e [RT
PRE T Blpipe 21 - M’

4.2)

with the diameter d,;,. and length [, of the pipe.
The absorption rate of the cryopump is the product of the pumping speed S and the
pressure p;, in the chamber

Qout = S * Din- (4.3)
The pumping speed S can be calculated using Equation (3.11)

R-T
cryo = € Oid = A .
Seryo = ¢ Sia = ¢ 2 - M

8This equation only holds for the molecular-flow regime.
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Table 4.2: Estimated hydrogen pressure ratio between the inside of the cryogenic sub-
volume and the surrounding outer chamber for different combinations of
diameter and length of the exit-pipe. The dimensions chosen for this setup
are marked in red.

Diameter (mm) Length (mm) pin/pout

40 30 0.366
30 30 0.196
30 40 0.155
25 40 0.096
24 40 0.086
20 50 0.042
10 50 0.005

In the equilibrium state, the flux into the chamber and the absorption rate are equal. From
this the pressure ratio can be calculated by:

Pin _ C
DPout C + S

Qin = Qout — (4.4)
The ratios for some pipe diameter and length combinations have been calculated in Table
4.2 for hydrogen using a capture coefficient of 0.3 at 12K [130].

Before bake-out, the outgassing of metal is dominated by H,O which decreases over
time. The rate of this decrease depends on the properties of the surface, its contamination
and history. This cannot be calculated or simulated, only measurements can provide
reliable data. Therefore, the time for the sub-volume to reach its final pressure cannot be
estimated by calculations. The decision for an exit-pipe with 25 mm diameter and 40 mm
length was made based on the calculated pressure ratios and experience with pump-down
times for different vacuum systems [160].

However, Monte Carlo simulations can be used to calculate the final pressure inside and
outside of the sub-volume. They have been conducted with the chosen pipe parameters
using the software Molflow+? developed at CERN [161], to determine the hydrogen
pressure with the foreseen cryo gun chamber design and pump setup (see Section 4.5). A
simplified model of the chambers was used to calculate the pressure at three locations;

“Molflow+ version 2.9.4 was used for the simulations.
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Table 4.3: Hydrogen outgassing rates used in Molflow+ simulations of the cryogenic
source and the Photo-CATCH gun chamber.

Material Bake-out H, Outgassing Rate (mbar- 1/s- cm?)
aluminum 20h at 100°C 4 .10 [162]
stainless steel 20h at 200 °C 21013 [162]

Table 4.4: The final hydrogen pressures calculated by Molflow+ for the cryo source and
the Photo-CATCH gun chamber at cryogenic temperatures.

Location Pressure (mbar)
sub-volume 4.7 1016
between sub-volume and shield 1.7 - 1014
outside of shield 3.4.1014

inside Photo-CATCH gun chamber 2.8 .10

inside the sub-volume, between the sub-volume and the heat shield, and outside of the
shield. An activation of the NEG pumps to 50 % of their maximal pumping speed was
assumed as they cannot be heated to the temperatures required for 100 % (see Section
4.5). It was presumed that the outgassing from all cryogenic components is so low that it
can be neglected for this simulation, but there will also be no pumping effect from the
non-coated cryo-surfaces for hydrogen. Only the inner wall of the sub-volume was set to a
capture coefficient of 0.3 [130]. As a comparison to a conventional source the simulation
was also done for the gun chamber of Photo-CATCH. The used outgasing rates for the
involved materials can be seen in Table 4.3 and the pressure results in Table 4.4. Figure
4.8 shows the geometries of both chambers and the pressure at the defined locations.

As can be seen, the simulation predicts a pressure ratio (~0.0138) of about one mag-
nitude lower than the calculations (~0.096). This is probably caused by the heat shield
which was not included in the calculations but in the simulation. Comparing the results
with the simulation of the Photo-CATCH gun chamber, a pressure in the same magni-
tude outside the shield in the cryo source and in the Photo-CATCH gun chamber can be
expected.

Concluding from both, a hydrogen pressure one to two magnitudes lower than in the
gun chamber of Photo-CATCH can be expected inside the cryogenic sub-volume. Assuming
IBB to be the dominating lifetime limiting effect and IBB intensity to be proportional to
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Figure 4.8: Simplified geometries of the cryogenic source camber (a) and the Photo-
CATCH gun chamber (b) used in Molflow+ simulations. The shown pressures
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the amount of residual hydrogen molecules, an increase in charge lifetime by up to two
magnitudes can be anticipated.

4.3.2 Electric Field and Field Emission

When the electric field gradient of the electrode reaches a critical value, electrons start
to tunnel trough the potential barrier and will be released into the surrounding vacuum.
This so-called field emission will reduce the pohotocathodes lifetime (see Section 2.3.4)
and needs to be prevented by a proper design of the electrode as well as the choice of a
suitable material. The core aspects to reduce field gradient are to avoid sharp corners and
to increase the space between the electrode and other conducting parts with different
potential. Additionally, a proper polishing of the material is of importance as it produces
a smooth surface without micro-edges and increases the field gradient limit. Before the
maximum potential can be reached, a conditioning procedure of the electrode must be con-
ducted. The potential is slowly increased until field emission occurs. This eliminates field
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emitters from the electrode surface through ion bombardment and the resulting sputtering
and ion implantation [163]. The effectiveness of this procedure can be increased by a gas
conditioning technique with helium or krypton. A constant flow of the gas is introduced
to the vacuum system to a pressure in the 10" regime while the ion pumps are turned off
[164]. The voltage is increased until a field emission excess current is measured, then
the increase is paused until field emission extinguishes and the voltage is increased further.

The most commonly used metal for electron gun electrodes is stainless steel, which
shows an upper field emission limit of around 10 MV/m [120]. However, the thermal
conductance of stainless steel is too low to achieve the necessary temperature. Also, steel
requires a bake-out temperature between 200 °C and 220 °C for an acceptable outgasing
rate, which is not compatible with the maximum bake-out temperature of the used
cryocooler (see Section 4.4). Therefore, aluminum was chosen as electrode material.
Mamun et al. measured a field emission limit between 5MV/m and 5.4 MV/m with a
mechanically polished bare aluminum electrode!® [165]. After a conditioning procedure
with helium a limit between 8.5 and 12.0 MV/m could be reached.

For copper electrodes, an increase of the maximum field gradient of up to 50 % was
observed by cooling it to 30K [166]. Concluding from this a similar increase for aluminum
is expected.

To asses the field gradient and estimate an upper limit for the potential, the electric
field of the electrode was simulated with the software CST Studio'!. CST offers different
solvers for different problems, like an electrostatic solver for the electric field or the
particle in cell (PIC) solver for particle tracing. For the calculations CST creates a mesh
by decomposing the space and the model into discrete cells. Depending on the problem
and the used solver a hexahedral or tetrahedral mesh can be chosen. For round objects
a tetrahedral mesh provides better results with less cells, however, the PIC solver only
allows a hexahedral mesh. In each cell the Maxwell equations are solved based on the
finite integration technique using a matrix formalism [167].

To reduce calculation time, a simplified 3D-model of the sub-volume including the heat
shield was created and loaded into CST. The mesh type was set to tetrahedral. A material
library is included in CST to define the properties of the components, however, for con-
ductors CST only offers the choice of a perfect electrical conductor (PEC), other electrical
resistivity and conductivity are not taken into account in the simulation. Therefore, the

1°Two electrodes were measured, the first one performed worse with a maximum field gradient between 3.0
and 3.6 MV/m.
''CST Studio Suite 2020®
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electrode, all other metal parts and the activated charcoal was specified as PEC. For the
insulator, aluminum oxide from the included library was chosen. The potential of the
electrode was altered between -5 kV and -30 kV, while the potential of the anode was set to
0kV (grounded). The resulting electric fields are shown exemplary for 30 kV in Figure 4.9.
As can be seen, the highest field gradient occurs at the edge of the Pierce angle geometry at
the bottom of the electrode. There is a small gap between the electrode and the chamber
wall to prevent the creation of virtual leaks in the space between them. The second highest
gradient is at the top between the electrode and the copper mounting disc. The graph in
Figure 4.10 shows the maximum field gradient according to the simulations for different
electrode potentials. As expected, a linear relation can be observed. At -30 kV a maximum
field gradient of 11.1(1) MV/m can be expected. Depending on the conditioning results
and the effects of the cooling -30 kV may be achievable with this design. Electron guns
used at accelerators usually operate with potentials of up to -300kV, so -30kV is rather
low. This is owed to the design limitations such as the lateral insertion of the puck, the
size limitations at Photo-CATCH and to the fact that the electrode is placed inside the
sub-volume and not freely like in most other guns. For an operation at the S-DALINAC or
other accelerators higher currents or bunch charges are needed, requiring higher electron
energies and electrode potentials. However, this source is designed as a proof of concept
to demonstrate a lifetime increasing effect by the means of placing the cathode inside a
cryogenic sub-volume. For this purpose a lower potential will be sufficient.

4.3.3 Simulation of the Electron Beam

Besides calculating the electrical field, CST is also capable of calculating the movement
of charged particles in the field numerically, taking the Lorentz force and space-charge
effects between the particles into account. Using the PIC solver the electron beam was
simulated to asses the transversal spread and the center shift of the electron beam. The
algorithm calculates the movement of the particles in time steps At using the Newtonian
equations. The size of the time steps are defined by the smallest mesh cell [168]. Since for
the simulation of a 10 pC electron bunch over 6-107 particles and over 18-10'4 interactions
would be required, CST uses so-called macro-particles to reduce calculation time. The
total charge ¢, is distributed over the total number of macro-particles N

N
= Z qi- (4.5)
i=1

Where the charge ¢; of a single macro-particle can be larger or smaller than the elemental
charge of e = 1.602 - 10°'? C. The charges below the elemental charge are used by the

68



Figure 4.9: Electric field gradient around the electrode for a potential of -30 kV. The highest
gradient can be observed at the edge of the pierce geometry and between the
top and the copper disc. For illustrative reasons the color scale was limited
to 8 MV/m, the actual maximum field gradient at -30 kV is 11.1MV/m.
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Figure 4.10: Maximum electric field gradient according to CST simulations for different
electrode potentials. A linear relation can be observed.
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software to represent a charge density lower than the density of macro-particles at that
location. The count of macro-particles is defined by the number of emission points on the
particle source surface, which can be configured in the settings. More emission points
result in longer calculation times and larger data files but better statistics.

At the surface of the electrode, where the cathode will be located, a circular particle
source was defined. There are multiple settings to specify the parameters of the source.
The particle type can be chosen and was set to electrons. As the used laser system (see
Section 4.7) only allows a DC operation, the electron beam was set to a DC beam as well.
The cutoff radius of the emission surface was set to 500 ym and the transverse emission
profile to a Gaussian distribution following the profile and size of the laser spot.

The emission direction of the i-th particle is characterized by the polar angle 6; and
the azimuth angle ¢;. In CST they are distributed uniformly among all particles with
0° < 0; < 0ar and 0° < ¢; < 360°, where 6,,,, can be set in the particle source properties.
It was set to the maximal possible value of nearly'? 90° which corresponds to a root mean
square (RMS) angle 6,.,,,s of

grms = <02> - <9>2 = Aemax

V12

This angle is below the angle of 6,.,,,s ~ 29° derived from experimental data in [90], but it
is the highest possible in CST, as the uniform distribution is fixed in the software. Figure
4.11 shows the emission point distribution on the circular surface as well as the emission
angles.

The emission energy of the electrons was calculated for the used laser wavelength of
450 nm which corresponds to a photon energy of 2.76 eV. The energy gap of GaAs at the
minimal achievable temperature of the puck of 19K is 1.52 eV. From this follows an upper
energy limit of the emitted electrons of 2.76eV - 1.52eV = 1.24¢€V.

The 3D-model was oriented in a way that the electron beam travels along the z-axis
and the origin is located in the middle of the emitting surface. Table 4.5 summarizes the
used source parameters. An example of the visual beam representation created by CST is
shown in Figure 4.12 for -12kV electrode potential and a beam current of 500uA. The
particles shown are the macro-particles and do not provide insight into the real charge
distribution. In the figure a shift of the beam’s center can be seen. This is an artifact
created by the way the software places the mesh, which does not create a symmetrical
mesh distribution.

The results of the simulation can be exported as a table of all macro-particles at a
specified time, which contains the phase-space information (x;, yi, 2i, Pa,i> Py,i> P=.i» ¢i) of

~ 26°. (4.6)

2An angle of exactly 90° would mean a non-physical emission in only transverse direction.
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i-th Emission Point

Emission Surface

Figure 4.11: On the left side the circular emission surface as defined in CST with the
individual emission points (blue) of the macro-particles is shown. The surface
is limited by the set cutoff radius . = 500 um. The right side shows the
emission angle for an arbitrary particle, which is emitted in a polar angle 6;
and azimuth angle ¢; to the surfaces normal. The angles for all particles are
distributed evenly with 0 < 6; < 6,4, and 0 < ¢; < 360. Graphic based on
[169, Fig. 4.8].

all i = 1, ..., N macro-particle of the beam. From these date the beam envelope can be
obtained. It describes the transverse electron spread along the beam line. For that a
weight factor w; for each macro-particle needs to be defined as

N
wi =L Y wi=1. 4.7)

- 9
at i=1

Using this factor, the arithmetic mean (x) and the variance (22) can be calculated by [169]

N
(2) = wm; (@) = wilw; — (x))?, (4.8)
i=1

here shown for the x component. In accelerator physics usually the root mean square
values are calculated. As the source is cylinder symmetrical with the beam center in the
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Figure 4.12: Visual representation of the macro-particle beam generated by the PIC solver

of CST. The beam originates from the cathode surface inside the sub-volume,
gets accelerated by the set potential, exits the volume and is terminated
at a distance of 33 cm where the first quadrupole magnet is located. The
energy of the particles increases from the cathode to the exit-pipe and stays
constant after leafing the sub-volume and the accelerating field. The shown
beam only represents the spatial distribution of the macro-particles used
by the solver, which does not provide insight into the real distribution of the
charge and the electrons. In (a) the beam is shown in a side view and in
(b) from the top. One can see a small shift of the beam center . This is
an artifact created by the way the software places the mesh. The shown
simulation was conducted with -12 kV electrode potential and a current of
500 pA.
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Table 4.5: Parameters of the particle source used to simulate the electron beam in CST.

Parameter Value

anode potential ov

electrode potential -12kV to -30kV
particle type electron

transversal emission profile  Gaussian
longitudinal emission profile DC

laser spot cutoff radius 0.5mm
emission angle 89.999°

DC beam current 10uA to 100 A
number of emission points 841

number of mesh cells 44 . 10°

origin the arithmetic position mean () equals to zero'3. So in this case the standard
deviation equals the root mean square diameter envelope d,,s , which can be written as

(4.9)

To be consistent with nomenclature in literature the term root mean square is used in this
dissertation.

The envelope for the x and y components should be identical due to the cylinder-
symmetrical geometry. However, due to the mentioned placement of the hexahedral mesh
slight differences can be observed. Therefore, the values for both axis were averaged as

dT’I’TLS X drms
s = % (4.10)

The effect of the heat shield on the results was evaluated in one simulation comparison'4,
which showed a maximal difference of 2 % for all calculated values. Therefore, the shield
was removed from all further simulations to reduce simulation time. The differences were
taken into account in the given errors accordingly.

For the evaluation the particle positions were exported at 6 ns, when the beam reached
a distance of around 33 cm, the point where the first beam-shaping element (quadrupole

3Here the shift due to the mesh placement is neglected.
4The simulation was done with -12KkV electrode potential and 100 A beam current.
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Table 4.6: Beam divergence for different potential and beam current combinations calcu-
lated from the beam waist at 0.2 m and 0.33 m. All values are in mrad.
10pA  100pA  500pA 1000 pA
-12KkV | 4.04(1) 4.13(1) 4.51 5.00(1)
-15kV | 3.66(1) 3.73(1) 4.02(1) 4.41(1)
-20kV | 3.18(1) 3.23(1) 3.43(1) 3.68(1)
-25kV | 2.87(1) 2.90(1) 3.05(1) 3.24(1)
-30kV | 2.62(1) 2.65(1) 2.76(1) 2.91(1)

magnet) will be located in the final setup (see Section 4.8). The envelope was calculated
at multiple points along the beam, for which the beam was cut into slices of 1 ¢cm length,
which provided enough statistic in each slice of around 80.000 macro-particles. The
simulation was run for different electrode potentials from -12kV to -30 kV and different
beam currents from 10 A to 1 mA. The results are plotted in Figure 4.13. As can be
seen the potential has a greater influence on the envelope than the beam current. The
highest RMS beam-diameter of 3.5(1) mm can be observed for -12kV and 1 mA after a
distance of 33 cm. Higher currents are not possible with the current laser system (see
Section 4.7). The pipe diameter at the quadrupole magnet is 40 mm and the diameter of
the sub-volume exit-pipe 25 mm. Beam loss due to the broadening of the beam cased by
space charge effects is not expected according to the simulation.

The divergence Oy, is an angular measure describing the increase in RMS beam-radius
with distance from the cathode. It is typically measured in milliradian (mrad = mm/m)
and can be calculated from the envelope

ATy . Adyms

with the envelope radius r;.,,,s = 0.5 d;-1,,s. The divergence for all simulated potential and
current combinations were calculated from the RMS values at a distance of 2 cm and 33 cm.
They are listed in Table 4.6 and reach from 2.62(1) mrad for a 10 A beam at -30kV to
5.00(1) for a 1000 A beam at -12 kV. For comparison the electron gun STEAM at the
Mainz University shows a divergence of 2.2 mrad at -100 kV while the newly developed
PKA gun exhibits a divergence of only 0.6 mrad [169]. The difference may originate
from different parameters like differing potentials, laser spot diameters, space charge or
starting energy of the electrons due to another laser wavelength.
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Figure 4.13: CST Simulation results of the electron beam-diameter envelope at different
distances from the cathode surface for multiple beam currents and electrode
potentials. Marked is the location of the exit tube at 7.1cm to 10.1cm in gray
and the beginning of the quadrupole magnet at 33 cm in black. Note the
different scales for the different beam currents in (a) and (b) vs. (c) and (d).
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A perfectly centered alignment of the laser spot on the cathode may not be possible due
to the limited visibility into the closed sub-volume. Therefore, the behavior of an off-axis
beam was simulated. The particle source was moved 5 mm to one side, which corresponds
to the radius of the puck opening. The macro-particle distribution for a potential of -12kV
and a beam current of 500 pA, illustrated in Figure 4.14, shows no particle loss even
under maximum misalignment of the laser. However, a transverse shift of the beam center
of 9.7(1) mm after 26 cm can be observed. At that distance the first steerer magnet is
located, which can compensate the shift and re-center the beam. For comparison the shift
due to the mesh placement at that position is 0.1(1) mm in both axis.

Another source for a beam shift is given by the earth magnetic field. The first setup
of the test stand will not feature a Helmholtz coil like Photo-CATCH to compensate this
field. Later along the beamline the shift can be compensated by the steerer magnets, but
in the space between the cathode and the first steerer the beam is most prone to the
external field. Especially the inside of the sub-volume is critical as the electrons have not
yet reached their final velocity. In CST a vertical magnetic background field in x-direction
with 20 T [170] was configured and the simulation has been carried out for different
electrode voltages and beam currents. Figure 4.15 illustrates the macro-particle beam for
-12kV with 500 A and shows that no particles are lost inside the sub-volume. For other
currents no significant change in the shift could be observed. At the location of the first
steerer (26 cm) a center shift of 1.9(1) mm was calculated.

The new test stand is not designed to measure beam-quality parameters (see Section 4.8).
Also, the focus of this work is the improvement of the lifetime, not beam quality. Therefore,
additional beam quality parameters are not discussed and calculated here. However, the
emittance which describes the volume of the electron ensemble in six-dimensional phase
space has been used as starting point for further simulations to determine the compatibility
of the Photo-CATCH beamline with the cryogenic source (see Section 4.9).

4.4 Cryocooler and Heat Assessment

There are two options to provide the cooling power for the cryopump. The first would
be the use of a cooling fluid like liquid nitrogen or helium. This would require a steady
flow of new fluid. In our laboratory no supply for any kind of cooling fluid is available, so
there would be the choices of building one or to use a tank which needs to be refilled by
hand periodically. Both options are note feasible as building a supply would go beyond
the financial and time scope of this work and manually filling a tank inside the laboratory
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10 cm

Figure 4.14: Visual representation of the macro-particle beam when the source origin
is shifted by 5mm in positive x-direction. This analyses the influence of a
not perfectly centered laser spot. In the side view (a) it can be seen that no
particle gets lost by hitting the walls. In the top view (b) the shift is clearly
visible. The shown simulation was conducted with -12kV electrode potential
and a current of 500 pA.
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Figure 4.15: Visual representation of the macro-particle beam with a 20 4T horizontal

magnetic background field in x-direction representing the horizontal compo-
nent of the earth magnetic field at the location of the laboratory. In the side
view (a) it can be seen that no particle gets lost by hitting the walls. In the
top view (b) a shift in x and y-direction is visible, where the latter is created
by the magnetic field while the x-shift is the already mentioned artifact of
the mesh distribution. The shown simulation was conducted with -12 kV
electrode potential and a current of 500 pA.
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is not possible while the source is in operation due to safety reasons. So the only option
remaining is to use a refrigerator with a closed cooling fluid cycle (also referred to as
cryocooler). There are a variety of commercially available options for such a device,
with different cooling power and properties. Most of them use helium as cooling fluid
and a compressor to create a closed circle. The gas gets compressed, transferred to the
refrigerator where it gets expanded. There are two stages with different temperatures. On
the warmer first stage a heat shield is attached to reduce heat radiation from the outside
onto the cooler second stage at which the experimental setup, in this case the cryogenic
sub-volume, gets attached.

A crycooler from Advanced Research Systems!® (ARS) was chosen. It provides a cooling
power of 1.1 W at 4.2K and can reach a minimal temperature of < 4K. One disadvantage
that this type of refrigerators shows is a vibration of the cooler tip with an amplitude
of 10-30 um caused by the expansion of the cooling gas/fluid. This vibration would
transfer to the electron beam and render it unusable for most experiments. ARS solves this
problem with a low-vibration interface which reduces the vibrations to an level acceptable
for the use in an electron gun operated at an accelerator. Figure 4.16 shows a schematic
representation of the setup. The interface sits around the cooler and is connected trough
soft rubber mounts which dampen the vibration. The transfer of the cooling power is
done via an exchange gas, in this case helium, between cooler and vibration interface.
The interface reduces the cooling power to 1 W at 4.6 K but also dampens the vibration
to an amplitude of < 500 nm. Even lower vibrations below 50 nm can be achieved by
removing the soft mounts and mounting the head to a separated rig, which is detached
from the interface mount. As vibrations < 500 nm are sufficient for a first evaluation of
a lifetime-increasing effect a setup with soft mounts were chosen. However, for future
sources e.g. at the S-DALINAC or when developing cold sources for large-scale accelerator
applications a separated rig may be a way to increase beam quality. The vibration interface
like the cryocooler itself, features two stages of which the first one is used to connect a heat
shield and the second for the experimental setup. To allow higher bake-out temperatures,
the cooler can be removed from the interface without breaking the vacuum. However,
this requires enough space on top of the cooler as it needs to be pulled out upwards. Due
to a limited room height in the Photo-CATCH laboratory, however, the bake-out needs
to be done with the cryocooler in place. An inlet allows to refill the exchange gas on
first setup or after removal of the cooler. On the upper part the self-sealing tubes for
the cooling fluid are connected. For a flexible placement of the compressor tubes with
9 m have been ordered. For temperature measurement three sensors are included, one is
directly integrated into the cooler’s tip, the others can be placed freely. A 75 Watt heater is

15Advanced Research Systems Inc. CS210SF-GMX-20B
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Table 4.7: Relevant properties of the cryocooler (CS210SF-GMX-20B by ARS) given by
the manufacturer. The values for cooling power are with the use of the low-
vibration interface.

Property Value

1. stage cooling power at 77K 60w

2. stage cooling power at 4.5K 1w
minimal achievable temperature 2. stage <4K
cooldown time to 5K (no additional load) 2h
vibration amplitude using soft mounts <500nm
vibration amplitude using separated rig <50nm
maximum bake-out temperature cryocooler 170°C
maximum bake-out temperature low-vibration interface 200 °C
maximum magnet field at sampleholder <50uT
heater power 75W

integrated into the cooler to stabilize the temperature at a set value. A DN150 CF-flange
on top allows the cooler and the interface to be placed into a vacuum chamber.

The heat shield is made from aluminum and was electro-polished to reduce emissivity.
It exhibits 8 holes, one on the bottom for the electron and laser beams, one to insert the
puck, two for high-voltage cables and four to increase the vacuum conductance for a faster
pump-down time.

The helium compressor is run by a 380V 3-phase 50 Hz power supply and is connected
to the supply of cooling water available in the laboratory to take away the heat load from
the cryocooler. Table 4.7 summarizes the most important properties of the cryocooler and
the vibration interface.

4.4.1 Heat Assessment

To assess if the provided cooling power will be sufficient, a rough estimation of the heat
load onto the cryocooler was calculated. As written in Section 3.4.4 there are four compo-
nents which contribute to the total heat load of which the heat load through residual gas
can be neglected in the molecular-flow regime [130]. Therefore, it will not be considered
in the estimation of the total heat load.
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Figure 4.16: Schematic representation of the used cryocooler with attached low-vibration
interface. The cryocooler sits inside the vibration interface and is only con-
nected through soft rubber mounts which dampens the vibrations from the
cooler. Soft rubber bellows contain the exchange gas helium between vibra-
tion interface and cooler. The gas transfers the cooling power to the interface
without transferring the vibrations. It can be refilled through a helium inlet.
On top of the cooler two connections for the helium hose to the compressor
are located. To connect the cooler to a vacuum chamber a DN 150 CF flange
can be used. The heat shield gets mounted at the first stage of the vibration
interface.

\Outer Second Stage (4.2 K)
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Table 4.8: Emissivity of relevant materials used in the heat assessment calculations. The
nearest fitting temperatures were used.

Material Temperature (K) Component Emissivity
aluminum, mech. polished 370 outer chamber 0.095 [172]
aluminum, mech. polished 4.2 inner chamber  0.06 [147]
aluminum, electro-polished 77 heat shield 0.08 [147]
stainless steel, mech. polished 77 cryocooler 0.12 [147]
aluminum oxide not given insulator 0.4 [173]
copper, unpolished 4.2 mounting plate 0.06 [147]

The heat load ¢r introduced by thermal radiation can be calculated using Equation
(3.17). But to get accurate values the viewing factor is required. It can be calculated
analytically for simple geometries, but for more complex ones only simulations using
raytracing can produce accurate values. The used geometry is rather complex with
different materials of not exactly known emissivity. However, a rough estimate can be
done using Reference [171] which yields

. o A\(T} - Ty)
Ir = 1 Ay 1 1 ’
FEG)

(4.12)

with the Stefan-Boltzmann constant ¢ and the area A;, the temperature 7; and the
emissivity of the inner (1) and outer (2) surface, respectively.

There are two radiation components to consider. The first is the radiation coming from
the heat shield to the sub-volume. The temperature of the sub-volume is assumed to
be 20K as this is the temperature limit over which no significant hydrogen pumping
is possible [132]. For the temperature of the shield the official information from the
manufacturer of 77 K were used. The cooling power at that temperature is specified with
60 W. A heat load of 0.02 W was calculated using the emissivity values given in Table 4.8.
The second radiation heat load origins form the holes in the shield. It can be calculated
to 0.21 W, which is one magnitude higher than the radiation from the heat shield. Due
to a temperature dependence of the power to 4 and the room temperature of the outer
chamber this was to be expected. A compromise between heat load and gas flux had to
be made when choosing the size and number of holes in the shield.
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Table 4.9: Enthalpy differences AH(80 K — 4 K) for some gases in kJ/mol [148].

Ny H, D, To
9.3 3.308 3.483 4.075

The heat load due to conduction through the high voltage cable!® can be calculated
using Equation (3.15). The used cable has a radius of 0.5 mm and an approximate length
of 0.7 m. With the thermal conductivity integral from OK to 290K of 152kW/m [147] a
heat load of 0.23 W follows.

When using Equation (3.18) with the enthalpy transfer values given in Table 4.9 and
the pressures from simulations in Section 4.3.1 one finds that the heat load created by
the cryosorption and condensation can also be neglected, as they are multiple magnitudes
below the load created by radiation and conduction through the h.v. cable.

An additional heat source in photo-guns is introduced by the power deposited by the
laser. For an estimate the power absorption or reflection coefficient of the cathode needs
to be taken into account. For GaAs the reflection coefficient for a laser with 450 nm lies
between 0.6 and 0.7 [108]. So a heat load of 60-70 % of the laser power can be assumed.
However, parts of the reflected light may not leave the sub-volume, hit the walls instead
and get absorbed eventually. Therefore, as an upper limit estimation it is assumed that
100 % of the lasers power contributes to the heat load. The used laser diode (see Section
4.7) has a maximal power of 80 mW where only a fraction arrives on the cathode surface
due to reflections and absorption on different components as mirrors, lenses and the fiber.
A maximal power of around 12 mW was measured after the window at the setups bottom.

Table 4.10 summarizes all heat-load sources and shows the total heat load of 472 mW,
which is below the 1 W provided by the cryocooler at 4.2K. So a temperature below the
critical 20K can be expected. However, due to a limited thermal conductivity especially at
lower temperatures a final temperature above 4.2 K should be anticipated.

4.5 Vacuum Chamber

The used cryocooler only allows a bake-out temperature of up to 170 °C with the cooler
attached [157]. Removing the cooler from the low-vibration interface allows higher tem-
peratures. However, due to the limited room height and the lack of a crane at the location
of the setup, the removal was not possible. Therefore, the vacuum chamber housing

16© KAP-BAND-L-AWG20-HV30
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Table 4.10: Estimated heat load onto the cryogenic-sub volume and the cryocooler due
to different effects.

Component Heat Load ¢ (W)
radiation through holes in shield 0.21

radiation from heat shield 0.02

conduction through h.v. cable 0.23

heat due to laser power 0.012

total heat load 0.472

the source was made from aluminum!”, which requires a lower bake-out temperature
of 120 °C compared to stainless steel. An additional advantage of aluminum is the lower
total outgasing rate after bake-out compared to stainless steel [174]. The lowest record
for total outgasing of U15C stainless steel is actually lower than the one of aluminum
but requires annealing of the chamber at 1000 °C and a bake-out at 360 °C which is not
feasible for a cryogenic source at our facility [175].

To better distinguish this chamber from the sub-volume housing the cathode (see Section
4.3) it will be called outer chamber or in accordance with the gun chamber of Photo-CATCH
cryo gun chamber (CGC) from here on. A rendered image of the chamber is displayed in
Figure 4.17. The whole chamber was split into two parts connected by a DN250 CF-flange
for easier assembly and disassembly. This is necessary for the installation of the high
voltage cable, which needs to be attached to the inner chamber and the feedthrough
before closing the chamber. For this purpose two DN40 CF-flanges are attached to the top
part as a feedthrough. One for the high voltage of the electrode and a second for a future
test with a potential applied to the anode. On the top a DN160 CF-flange is attached for
the cryocooler. On the lower part multiple DN40 CF-flanges are present for a residual-gas
analyzer (RGA), a vacuum gauge, the feedthrough for the NEG activation cables, for the
insertion of the puck and one at the bottom as an exit for the electron beam. Two DN63
CF-flanges for viewing ports allow to see the puck when inserting into the heat shield
and the inner chamber. To connect an IGP'® a DN100 CF-flange is attached. For a future
integration of the source into Photo-CATCH the whole chamber was designed in a way
to fit into the test stand. As there will be little space on the sides the viewing port and
the puck insertion flange are oriented towards the front, while the remaining flanges are
oriented towards the back of the chamber.

The AluVac® series chamber was manufactured by Vakuum Komponenten & Messtechnik GmbH.
® Gamma Vacuum 45S-CV-4D-SC-N-N
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Figure 4.17: Render of the outer DN250 vacuum chamber of the source. The whole
chamber is split into two parts for easier assembly and disassembly. The
upper part is equipped with flanges for the cryocooler, the high voltage
feedthrough for the electrode and a second feedthrough for the anode. The
lower part includes flanges for a vacuum gauge, a residual-gas analyzer, the
feedthrough for the NEG activation cables, an exit for the beam, an insertion
port for the puck and two viewing ports. 3D file courtesy of .

On the inside mounts for four NEG wafer modules are attached to the walls. The used
modules'? require a relative low activation temperature for NEG pumps. Figure 4.18
shows the activation times and temperatures needed for different efficiency percentages.
guarantees a safe bake-out of the aluminum chamber up to 120 °C with a short exceed
to 160 °C for 30 minutes. As can be seen from Figure 4.18 even for 20 % efficiency a
higher temperature is required. Due to limited space at Photo-CATCH the size of the
chamber only allows a mounting of the modules close to the chamber walls as well as to
the aluminum heat shield. So an activation of the NEGs without heating the chamber and
the shield to much cannot be guaranteed. To work around this problem a pulsed activation
is planed, where the NEGs are heated until the chamber wall temperature increases too
much, then the activation is turned off until the chamber temperature drops and the

1°Saes® WP 950-St 707® wafer module
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Figure 4.18: Temperature and time required for the activation of the NEG modules in-
stalled in the CGC to a certain efficiency. At temperatures below the shown
curves no activation can be achieved, even with longer durations. Source of
data: [176].

activation is started again. This procedure is repeated until a sufficient pumping efficiency
is reached. Figure 4.19 shows a cut view of the complete assembled CGC including the
sub-volume, vacuum pumps, gauge, heat shield and the cryocooler.

4.6 Transport Chamber

As the separated test stand for the cryogenic source does not feature any activation
capabilities, activation of the cathode need to be done at Photo-CATCH. Hence, a way to
transfer the cathodes without destroying the NEA layer is required. A transport chamber,
designed by Kurichiyanil [43] and assembled in corporation with him was used for this
task. It was originally intended to transfer cathodes cleaned at Photo-CATCH using
hydrogen cleaning to SPIn at S-DALINAC. As it was never tested with activated cathodes,
its performance in keeping the NEA layer in place was measured as part of this work. In this
section the chaber design will be presented, for the measurement results see Section 5.2.
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Figure 4.19: Cut-away view of the cryo source assembly with cryocooler, croygenic sub
volume, heat shield, pumps, manipulator and vacuum gauge. Not visible are
the NEG pumps as they are located behind the shield and at the cutout. 3D
file of the chamber courtesy of VACOM®.
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A 3D design of the transport chamber is shown in Figure 4.20. It consists of a DN40
stainless-steel chamber equipped with a 4001/s NEG pump which can maintain a vacuum
in the lower to mid 10"!! regime after bake-out. On the other end a window is located to
view the stored cathodes. At the chamber bottom a hand-operated gate valve and a quick
CF-flange system?° (QCF) adapter is connected. The QCF system features a special flange
with a clamping chain and allows fast docking to the load-lock chamber of Photo-CATCH
and the cryo test stand, reducing transfer times. A vacuum sensor allows monitoring of
the pressure inside the chamber. Pucks with cathodes are stored in two stacked carousels,
which can hold up to three pucks each. For insertion of the pucks the carousels are
attached to a manipulator which allows them to be lowered into the LLC, where the local
manipulator can be used to place or remove pucks into or from the carousel. Using a
magnetic coupled manipulator instead of a z-translator with a threaded rod like the ones
used on the chambers of Photo-CATCH ensures a faster transfer time into the transport
chamber. This is especially important as the load-lock chambers are usually the ones with
the highest pressure (low 10" mbar to high 10" mbar regime) and therefore, degenerate
the NEA layer the most.

4.7 Laser Setup

Figure 4.21 shows a measurement of the quantum efficiency and the degree of polarization
as functions of the laser wavelength for superlattice GaAs cathodes. As can be seen the peak
polarization lies around 780 nm while QE increases continuously with lower wavelength,
but the slope drops significantly below 775nm. At Photo-CATCH a diode laser with
780nm is used as it provides the best compromise between QE and polarization for
most experiments with polarized electrons. However, this measurement was done with
a cathode near room temperature and therefore, does not apply to a cryogenic cathode.
Sturgk et al. showed a shift of the absorption coefficient of GaAs with lower temperatures
[177]. From these results a shift of the QE and polarization curve is expected as well for
cryogenic cathodes. Using Equation (2.14) the temperature-depended energy gap can
be calculated. Using the values of Table 2.1 result in an energy gap of about 1.42 eV or
870 nm for room temperature and about 1.52 eV or 817 nm for 19 K, which is the lowest
temperature achievable for the puck with the setup used in this work (see Section 5.3.3).
So a maximal shift of 53 nm can be expected for the energy gap. If one assumes the
same shift for the quantum efficiency and polarization the ideal wavelength for optimal
polarization and reasonable QE would be 727 nm. However, high polarization is not the
focus of this work but longer lifetime. Therefore, measurements will be made with bulk

QCF flange with clamping chain VaCFix®
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Figure 4.20: Transport chamber used to transfer cathodes activated at Photo-CATCH to
the cryogenic test stand. A hand-operated gate valve and a quick CF flange
system with clamping chain allows fast docking of the chamber to the Load-
Lock chambers. Pucks housing the cathodes are stored in two carousels
attached to a manipulator, which allows transfer of the carousels to the
attache chamber. Pressure is maintained by a NEG pump and monitored
during docking by a vacuum sensor. A window allows viewing of the stored
pucks.
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Figure 4.21: Quantum efficiency and the degree of polarization as function of the laser
wavelength, measured for a previously used strained superlattice GaAs
cathode from SVT Associates. The polarization shows a peak at around
780 nm while the QE rises continuously with lower wavelength and shows a
drop of the slope at around 780 nm. The wavelength used at Photo-CATCH
(780 nm) is marked in green. Source of data: [178].

GaAs cathode rather than superlattice, due to limited availability of the previously used
SVT strained-superlattice cathodes. A diode laser with 450 nm was chosen to ensure a
high QE even after a possible NEA degeneration due to the transport from Photo-CATCH.

The laser setup consists of two parts, one assembled on a laser table with a laser diode
coupled into a fiber and a small assembly at the cryo test stand where the beam gets
coupled out of the fiber, and directed through a window onto the cathode surface. Both
can be seen schematically in Figure 4.22. The setup on the laser table starts with a
450nm 80 mW laser diode?! which is mounted in a collimation package®? consisting

21Roithner Lasertechnik SHD4580MG
2Thorlabs® LTN330-A
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Figure 4.22: Schematic representation of the cryo-source laser system. The setup con-
sists of two parts; the first with the laser diode coupling into an optical fiber
is located at a laser table. The second part is mounted to the bottom window
of the cryogenic test stand. It features a decoupling and two mirrors to align
the beam onto the cathode surface.

of a mounting tube and a aspheric lens. The tube is mounted in a self designed and
in-house manufactured mount including a thermo-electric cooling element connected to a
temperature controller?®. After the mount a neutral density filter is located to control the
laser power. Two adjustable silver mirrors?* follow to guide the beam into a lens?> and a
multi-mode optical fiber patch cable?® mounted to a fiber adapter plate?’. Between the
focus mirrors and the lens a remote controlled shutter is located to block the beam when
not needed. Because a later implementation of the cryogenic source into Photo-CATCH
will use a 780 nm laser, not all components were optimized for a wavelength of 450 nm,
and the laser-beam diagnostics did not feature an online measurement of the laser power.
Therefore, a hand held power meter?® has to be used.

BToptica DTC 110

24Thorlabs® PF10-03-P01

%Thorlabs® C220 TMD-A

26Thorlabs® M42L05

27Thorlabs® SM1FC FC/PC

2Thorlabs® PM100D with $121C power sensor
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Due to the closed design of the cryogenic source the laser alignment proved to be a
complex task, which has to be done before closing the chamber (see Section 5.3.2 for
the exact procedure). Also, the laser assembly on the chamber needs to be removed
after alignment for the bake-out procedure. Therefore, a high mechanical stability and
reproducibility are essential. From experience with the laser setup on the activation
chamber a more complex setup with a live power measurement before the beam enters
the chamber leads to a higher mechanical instability of the array resulting in larger
fluctuations of the laser spot on the cathode. Therefore, a design with only essential
components was chosen for the cryo source which reduces the lever effect of a longer laser
beamline and ensures higher mechanical stability. The setup consists of a fiber adapter
plate??, a collimation lens®° and two dielectric mirrors®!. All components are mounted to
an in-house manufactured mount. It can be seen attached to the test stand in Figure 4.23

4.8 Dedicated Test Stand

At the time of the assembly of the cryo source Photo-CATCH was not available for greater
reconstruction works as it was in active use for other experiments. Therefore, a separated
dedicated test stand was designed and assembled. It is shown as a model in Figure 4.24.
As it is intended as a temporary solution for a first validation of th expected lifetime
improvement, only essential elements are included in the design. The core components
are the cryo source itself inside the aluminum vacuum chamber and a Faraday cup, which
is used to measure the current of the electron beam [179]. From the decay of the beam
current over time the cathodes lifetime can be calculated. As the laser beam enters the
source chamber from the same direction the electron beam exits it, the cup cannot simply
be placed at the end of the aluminum chamber.

To solve this problem, a magnet is attached at the end of the source chamber, bending
the electron beam in an alpha-shaped path, therefore, called alpha magnet [180]. The
beam is bent by 270° or effectively 90° which allows the laser beam to enter from the
bottom unhindered while the electrons get deflected to a horizontal beamline. The magnet
is placed on the outside of a rectangular shaped so-called alpha chamber, which provides
enough space for the beam to be bent without hitting the walls. Wheels and a 45° angled
rail on which the alpha magnet sits, allows the magnet be be transferred out of the way for
bake-out of the alpha chamber. The rail is connected to a frame which allows movement
in all three directions as well as tilting to some degree.

YThorlabs® SM1FC FC/PC
30Thorlabs® AC254-060-B-ML
31Thorlabs® BB1-E02
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Figure 4.23: Mirror array for the decoupling of the laser beam mounted at the bottom
window of the cryogenic test stand. In orange the fiber patch cable can be
seen. The path of the laser is marked in blue.
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Figure 4.24: Dedicated test stand to measure a potential lifetime improvement of the

cryo source. New cathodes activated at Photo-CATCH are inserted into the
Load-Lock chamber and transferred to the cryo source via a manipulator and
a XY transfer device. The electron beam leaves the source chamber at the
bottom, gets focused by a quadrupole magnet triplet and deflected by 90° by
an alpha bending magnet. A Faraday cup measures the current of the beam.
A vacuum chamber equipped with an IGP and NEG pump sits between the
cup and the alpha magnet, reducing the pressure increase created by the
electrons hitting the cup. A retractable BeO fluorescent screen right before
the cup allows observation of the beam position required for an alignment
of the beam through the quadrupole triplet and multiple steerer magnets. A
residual-gas analyzer is used to measure the effects of the cryo pump on
the gas spectrum inside the source chamber. For better visibility the support
frame is not shown in the picture.
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As the electrons diverges after leaving the source a triplet of quadrupole magnets
between source chamber and alpha magnet focuses the beam to prevents electron loss.
One quadrupole magnet focuses the beam in one axis but defocuses in the other. With a
set of two a focusing effect in both axes can be achieved, while a set of three allows the
same focus strength in both axes. Due to limited laboratory space the same small magnets
also used in the vertical beamline of Photo-CATCH are installed. To align the magnets,
they are placed on a frame which can be moved in all thee axis. For more information on
the used quadrupoles and the alpha magnet one may be referred to [180].

When the electrons hit the Faraday cup they can increase the pressure in the cup and in
connected components. To stop the pressure increase from reaching the source chamber a
4001/s NEG and an 1001/s IGP pump are placed between the cup and the alpha magnet
attached to a small stainless-steel chamber, here referred to as the pump chamber. An
Beryllium Oxide (BeO) fluorescence screen located right before the Faraday cup allows to
check the alignment of the beam into the cup. Both can be sealed off from the rest of the
test stand by a manual gate valve between screen and pump chamber.

A small chamber with 6 flanges one in every direction is attached to the puck insertion
port on the aluminum chamber. It is used to dock the transport chamber and will be called
load-lock chamber (LLC) in accordance to the equivalent chamber at Photo-CATCH. It
features a quick CF-flange on top and two DN40 CF-windows. Other than the one at Photo-
CATCH this LLC is not equipped with a turbo pump, but features a DN40 CF-flange on the
bottom, to connect a separate mobile pumping cart, which is also used at Photo-CATCH to
provide a pre-pressure for the CAC, AHCC and GC. The cart is equipped with a diaphragm
pump, a turbo pump, a vacuum gauge, a needle valve for venting and a flexible connection
hose. A residual-gas analyzer can be attached optionally but is currently directly connected
to the CGC to measure the influence of the cryopump on the residual-gas spectrum. To
transfer the puck from the LLC to the CGC a manipulator equipped with a transport fork is
attached to the LLC. Between load-lock chamber and manipulator an XY transfer device®?,
here also referred to as XY-manipulator, is installed. It allows the linear manipulator to be
moved up, down and sideways by +12.5 mm, which is essential to place the puck into the
slot inside the electrode. To seal the LLC off from the CGC after transferring the puck, a
second hand-operated gate valve is placed between those two chambers.

All chambers other than the CGC are made from stainless steel. All flanges are connected
using annealed or unannealed silver-plated copper gaskets and silver-plated screws. The
silver plating prevents the individual parts from baking together due to thermal expansion
during bake-out. A rack using aluminum profiles®® and in-house manufactured supports

*2McAllister Technical Services MC1000-1.1.5
#3KriTec GmbH aluminum Profile 8 80x40 light and accessories
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was designed to provide a mounting platform for the chambers and other components.
The test stand does not feature Helmholtz coils, so the influence of the earth’s magnetic
field needs to be compensated by the steerer magnets.

4.9 The Integration Into Photo-CATCH

A future integration of the cryo source into Photo-CATCH is foreseen allowing to measure
additional beam parameters such as the beam shape, the emittance and the degree of
polarization. As the cryo source is planned to be an extra option and the already existing
gun chamber (GC) should not be replaced, some modifications on the chamber setup are
required. An additional chamber called transfer chamber (TC) (not to be confused with
the transport chamber) was designed and manufactured to allow an activated cathode to
be transferred either to the gun chamber of the conventional source or the cyro source. A
model of this transfer chamber is shown in Figure 4.25.

As space at Photo-CATCH is limited there is no room for an IGP and the transfer chamber
is only equipped with an NEG and a vacuum gauge. On top either a z-tanslator like on the
CAC and AHCC or a manipulator like on the transport chamber will be placed. An attached
carousel allows storage and transfer of the pucks. On the bottom a flange is available for
the residual-gas analyzer or a connection to the mobile pumping cart. In the first case
the residual-gas spectrum of all three attached chamber can be measured by opening the
valve to the corresponding chamber and closing the others. The manipulator and the XY
transfer device currently used at the dedicated test stand can be reused. For a view on the
carousel two windows are available. The transfer chamber will be placed between AHCC
and CAGC, all separated by valves. After activation the puck can be transferred either into
the GC as usual or back into the transfer chamber where it is picked up by the manipulator
and transported further into the CGC. Figure 4.26 shows the modified chamber setup of
Photo-CATCH with the integration of the CGC and the transfer chamber. The CGC sits
over the beamline and the electron beam needs to be bend by 90°. The alpha magnet
currently used at the dedicated cryo test stand is well suited for this task. In contrast
to the magnet used for bending the beam from the conventional gun the alpha magnet
allows a horizontal beam to pass it, as the alpha chamber is open to all four directions.
Therefore, the cryo and the conventional source can share the same beamline.

To study whether the beamline is suited for an operation of the cryo source or if
modifications have to be made, a simulation was conducted using the software elegant>*
[181]. Elegant is developed and maintained by Argonne National Lab and uses a matrix

34The name elegant is an acronym for ELEctron Generation ANd Tracking.
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Figure 4.25: Model of the transfer chamber, which will be inserted between CAC and
AHCC. It is necessary to allow a transfer of the activated cathode into the
CGC as the conventional source should not be replaced. The XY transfer
device and the manipulator currently used at the dedicated cryo source
test stand can be reused. To store the cathode for handover from one
manipulator to the other either a linear rotary device with a carousel can be
used or the manipulator and carousel currently in the transport chamber
can be reused. At to bottom a port for the mobile pumping cart or a RGA is
available. The latter can be used to analyze the residual-gas spectrum in the
CGC, AHCC and CAC by opening the corresponding valve.

to Cryo Gun chamber (CGC)
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Figure 4.26: Top view of a rearrangement of the Photo-CATCH chambers for a future
integration of the cryo source. The AHCC and LLC have to be moved to the

right to give way for the transfer and cryo gun chamber. The GC and CAC do
not have to be moved or modified.
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formalism among others to describe and calculate different parameters of electron and
other particle beams in accelerators. In addition elegant is capable of optimizing the
beam control elements (in this case the magnets) in position and current for a given
beam-parameter goal. The software requires two files, in the first part of the lattice file
the used control elements are defined while in the last part these elements are combined
to a sequence describing the beamline. In the command file a start particle bunch is
defined and generated as well as the parameters for the optimization are characterized.
The beamline of Photo-CATCH was modeled and a bunched beam was generated with
elegant. The starting beam parameters were obtained with a CST simulation using a
-30kV potential. A bunched beam was simulated since elegant and a possible future
use in accelerators requires an electron bunch. The optimization goal was to stay in the
diameter of the beam tubes and the diagnostic elements. For this the beamline was split
into four segments, each containing one quadrupole triplet. The optimization process was
set to optimize the focusing right before the quadrupoles. Figure 4.27 shows the position
spread envelope of the beam from the cryogenic source after optimization process, while
the beam angle envelope is shown in Figure 4.28. The results of the simulations shows
that the beam line can be used for an operation with both sources. The only necessary
modification is a shift of the beamline to give way for the placement of the alpha magnet.
Currently at the foreseen position of the alpha magnet a solenoid is located. As the space
in the laboratory is limited a replacement of the solenoid with a narrower version may be
a more feasible option. For more details on the conducted elegant simulation including
the currents for the magnets found by the optimization algorithm one may consult [182].
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Figure 4.27: Half transverse spread of the bunch along the beamline according to simu-

lations with elegant. Shown are the magnets included in the simulation. At
the alpha magnet the vertical beamline becomes horizontal. Also marked
are the differential pumping stage, the Wien filter and the chopper as they
exhibit a smaller vacuum pipe diameter. /o1 and /o33 refer to the matrix
elements describing the transverse position spread of the electrons. The
graph has been interpolated linearly between the calculated values resulting
in the displayed angular shape.

100



6 T T T T T T T T I T T T T I T T T T T T T T
= i ® Steerer Magnet T
8 5 ® Quadropole Magnet 777" o
E | Alpha Magnet —— Aoy, |
5 . |
© Differential Pumping Stage
s 3} i E
N : Wien Filter i
2 ' i
< 2
[}

@
(O]
5 1
[
® L o O
|_
5 o
I -
_1-‘I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 1 2 3 4 5

Distance (m)

Figure 4.28: Half transverse angular deviation of the bunch along the beamline according
to simulations with elegant. Shown are the magnets included in the simula-
tion. At the alpha magnet the vertical beamline becomes horizontal. Also
marked are the differential pumping stage, the Wien filter and the chopper
as they exhibit a smaller vacuum pipe diameter. /o2, and /o4 refer to the
matrix elements describing the transverse angular deviation of the electrons.
The graph has been interpolated linearly between the calculated values re-
sulting in the displayed angular shape.

101






5 Assembly and Commissioning

5.1 Cryo Gun Chamber Assembly

The following section describes the assembly process of the sub-volume and the cryo gun,
which was conducted in a clean room to prevent contamination of the cleaned components.

In the first step the sub-volume walls were coated with activated charcoal. As the
properties and efficiency of the cryopump are determined by the sorbent material the
choice of charcoal is significant. A selection of four different charcoal materials have been
characterized by Day in 2001, with CHEMVIRON SCII showing the best results [131]. But
it is no longer available. Aquacarb 207C SC 12x30 was recommended as an equivalent
replacement [183]. This variant was not obtainable in Germany at the time of this work,
either. Therefore, an available alternative! made from the same source material (coconut
husk) with the same particle size and similar characteristics was chosen. The detailed
properties are listed in Table 5.1. As bonding agent Thermoguss? was used, which is
suited for XHV and withstands the bake-out temperature. The Thermoguss was applied to
the inner walls of the sub-volume manually using a silicon brush, leaving a gap of around
1 cm to the top and the bottom to maintain the electrical isolation between electrode and
anode. The charcoal was scattered on top and pressed slightly into the Thermoguss. After
curing for a day excessive charcoal was removed and the uncoated parts cleaned. The
result is shown in Figure 5.1. For future studies with alternative sorbent materials and
bonding agents, four additional alumina walls are available.

The tip of the cryocooler features one screwed hole for mounting. To provide a larger
mounting base a copper plate was screwed to it. Between both 0.1 mm indium foil® was
placed to increase thermal conductivity as well as friction to prevent the mounting plate
from turning. For easy assembly the cryocooler was positioned on an rack and a small
lifting platform was used to align the components of the sub-volume. This way the ceramic
screws could be inserted straight without the risk of breaking. Additional indium foil

The charcoal was ordered from JaPeBi Contor GmbH.
2Thermoguss 3000 by Harold Patscheider GmbH
%99.99 % indium foil from Cryoandmore Budzylek GbR
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Table 5.1: Properties of the activated charcoal used.

Property Value
source material coconut husk
particle size 12x30 mesh (1.68-0.60 mm)
bulk density 420-550 kg/m?
ash content < 3%
hardness (ASTM 3802) >90%

was place between every connection to ensure good thermal conductivity. The h.v. cable
was attached at the recess using one of the ceramic screws. One of the free temperature
sensors was mounted to the sub-volume bottom using one of the anode screws. For better
thermal conductivity vacuum grease* was applied to the sensor. Figure 5.2 shows the
h.v. cable and Figure 5.3 the anode with attached temperature sensor. The completely
assembled sub-volume attached to the cryocooler can be seen in Figure 5.4. The heat
shield was attached to the first stage of the cooler using the manufacturer provided screws
while the h.v. cable was feed through one of the shields openings. This is shown in Figure
5.5.

The NEG modules mounted inside the lower part of the vacuum chamber need to
be insulated from the chamber walls but connected to each other and the electrical
feedthrough. Therefore, the modules were mounted with ceramic screws and washers and
connected to each other using copper plates. The four modules are grouped in two pairs
and mounted on opposing sides. In order to connect both pairs one longer copper plate
was routed in an arc along the chamber wall to not block the space for the sub-volume.
Figure 5.6 shows a view inside the chamber with mounted NEG modules, Figure 5.7 the
connection of the modules to the feedthrough and Figure 5.8 a closer view onto the copper
plate attached to one module.

The cryocooler and sub-volume were inserted into the top part of the vacuum chamber
and the h.v. cable fed through one of the DN40 CF-flanges. For insulation of the high
voltage, ceramic beads were threaded onto the cable and the tip connected to the electric
feedthrough. Photo 5.9 shows the feedthrough with connected cable right before closing
the flange.

In the last step the chamber was closed, transferred into the laboratory and mounted to
the test stand rack. Figure 5.10 shows the completely assembled chamber.

“Apiezon N grease
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Figure 5.1: Sub-volume walls coated with Figure 5.2: h.v. cable attached to the elec-
activated charcoal. trode of the sub-volume.

Figure 5.3: Temperature sensor attached to the bottom of the sub-volume held by a teflon
washer and a ceramic screw. For better thermal conductance Apiezon® N
grease is applied between sensor and sub-volume.
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Figure 5.4: Complete

mounted to the tip of the
cryocooler.  On the left
side of the volume the
temperature sensor cable
can be seen and on the
right side the h.v. cable
without ceramic beads.

sub-volume Figure 5.5: Cryocooler with mounted sub-

volume and heat shield. The h.v.
cable can be seen on the right side.
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Figure 5.6: View into the vacuum chamber. On the chamber walls the mounted NEG
modules can be seen. They are connected to each other through copper
plates.
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Figure 5.7: Connection of the NEG panelsto Figure 5.8: View onto the lower part of the
the electric feedthrough. NEG panels with copper band
connection and ceramic screws.

Figure 5.9: h.v. cable with ceramic beads attached to the h.v. feedtrough.
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Figure 5.10: Completely assembled cryo gun chamber. At the top the tip of the cryocooler
can be seen.
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5.2 Transport Chamber Evaluation

As the transport chamber had never been tested for activated cathodes before, a measure-
ment series was conducted to determine the level of NEA layer decay during transport
from Photo-CATCH to the cryo test stand. Beforehand, the transport chamber was baked
out at 200 °C for one week® and mounted to the load-lock chamber of Photo-CATCH.
A cathode was cleaned and activated as described in Section 2.3.3 with caesium and
oxygen using the co-deposition activation scheme. A white LED was used to measure
the photocurrent during activation to ensure that the cathode is illuminated even when
the positioning of the carousel is slightly off. After the procedure was finished, the pho-
tocurrent with the white LED was noted and in addition the current was measured using
a blue LED to better represent the blue laser used at the cryo source. The quantum
efficiency cannot be calculated with the LEDs as the power impinging on the cathodes
surface is unknown. Therefore, the QE was determined using the red laser (780 nm) of
the activation chamber and with the blue (450 nm) laser used at the cryo source. To guide
the blue laser beam to the activation chamber, the fiber was mounted to the decoupling
and mirror array usually used for the red laser. As the optics were not designed for this
wavelength the active power measurement included in the array could not be used. Hence,
the power had to be determined using a hand-held power meter® right before the window.
Losses due to reflections on the window were neglected as only the QE ratios are of interest.

The activated cathode was transferred through the AHCC and the LLC to the transport
chamber. The transfer usually took between 9 and 15 minutes, where the transfer into the
transport chamber was usually faster than the way back as the placement of the puck in
the carousel of the transport chamber is easier than the pick up with a manipulator. The
pressure in the AHCC and LLC was in the mid 10"1° mbar and lower 10-® mbar to high
10" mbar regime, respectively. The transport chamber was not detached from the LLC
for this measurement series. To simulate a transport to the cryo test stand the cathode
was stored in the transport chamber for some time and then transferred back to the
activation chamber to measure QE and photocurrent again with all four light sources. Six
measurements have been conducted, where in the first two the transfer through the LLC
took longer as the puck got stuck. This directly translates to a reduced QE afterwards as
shown in Table 5.2. As the pressure in the LLC is higher than in the other chambers the
transfer through the LLC is the critical moment to sustain a high QE and should be done
as fast as possible. For the third activation the transfer could be conducted quicker and

>The temperature of the gate valve was set to 180°C.
®Thorlabs® PM100D with S121C power sensor
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over 50% red laser QE could be sustained after a storing time of 60 min. The QE using
the blue laser increased after the transport, which can be explained by either a better
placement of the puck carousel or a rotation of the puck during transfer. The NEA layer is
not applied uniformly in the activation process and the QE varies over the surface. When
the puck is rotated during the transfer the laser may hit a spot with a higher QE, which
can result in a QE ratio above 100 %.

When closed, the transport chamber can sustain a pressure in the mid 10! mbar
regime, but when exposed to the vacuum in the LLC the pressure rises significantly. After
closing it again it takes some time to drop to the former level. Figure 5.11 shows the
development of the pressure inside the transport chamber during and after the transfer
process of measurement 2. To reduce the pressure rise the LLC was baked at 95°C for
20 h before the last three measurements, but no significant pressure reduction in the LLC
could be achieved. The bake-out temperature was limited by the fact that the attached
transport chamber would be baked too. This could lead to a reduced pumping speed of the
NEG and would require a complete reactivation of the pump. The following measurement
however, showed an increase of the red laser QE ratio to over 98 % while the blue laser QE
ratio is again over 100 %. This could also originate from a faster transfer. Nevertheless,
the bake-out was maintained for the following measurements and have been conducted
before all transports to the cryo test stand.

For the last two measurements the storing time was increased to 20 h. The actual de-
taching, carrying and mounting to the cryo test stand can be done in a matter of minutes,
but it takes around 5 h for the LLC at the cryo stand to reach a pressure in the 108 mbar
regime, which is essential before opening the transport chamber. As the cleaning, cool
down and activation takes a few hours, too, the total transfer may require two work days
and the cathode has to be stored in the transport chamber over night. This was simulated
with a storing time of 20 h. The results show that over 67 % of the red laser and over 71 %
of the blue laser QE could be sustained. Thus, a storage over night is possible without
losing too much QE for a lifetime measurement.

Summarized, the results demonstrate that the transport chamber is well suited for a
transfer of activated cathode from Photo-CATCH to the cryo test stand. The transport
chamber may also be an option for polarized guns at accelerators. For a red laser, some
decay of the NEA layer has to be expected. But as an advantage, the activation can be
performed outside the accelerator hall during operation and then transferred into the gun
faster than cleaning and reactivation of the old cathode. By doing so, down times of the
accelerator operation could be reduced, provided the pumpe-down time of the load-lock
chamber is fast enough. This may also be an option at accelerators where space is limited.
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Table 5.2: Photocurrents of the cathode measured with a white (7,,,,) and a blue LED

(In), as well as the quantum efficiency with a 780 nm red (,, 730) and a 450 nm
blue laser (1, 450) before (n=0) and after (n=1) the transfer of the cathode into
the transport chamber, storing for some time and transfer back. Between
measurement 3 and 4 the LLC was baked out at 95 °C for 20 h. All values were
measured using an anode bias voltage of 100 V.

before bake-out after bake-out
Activation 1 2 3 4 5 6
Storing Time (h) | 1 1 1 1 20 20
Iy, (nA) 629(5) 375(5) 424(5) 433(5) 479(5) 498(5)
I, (nA) 153(5) 204(5) 298(5) 339(5) 302(5) 197(5)
I /1o, (%) 24(1) 54(2) 70(2) 78(2) 63(2) 39(1)
Inp (nA) 199(5) 105(5) 121(5) 126(5) 141(5) 139(5)
I, (nA) 74(5) 90(5) 119(5) 126(5) 115(5) 74(5)
I v/ 1o (%) 37(7) 86(7) 99(6) 100(6) 82(6) 82(6)
10,780 (%) 7.2(2) 4.9(2) 4.6(2) 4.2(2) 4.8(2) 5.9(2)
1,780 (%) 0.2(2) 0.2(2) 242 412 3.2(2 4.1(2)
n1,780/M0,780 (%) | 4(3) 5(4) 52(5) 98(6) 67.2(5) 69(5)
10,450 (%) 8.1(2) 5.5(2) 55(2) 532 6.12 7.7(2)
M,450 (%) 3.5(2) 39(2) 59(2) 6.002) 6.12(2) 5.5

M1.450/M0,450 (%) | 44(3)  71(4) 108(5) 113(6) 99(5) 71(4)
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Figure 5.11: Pressure development inside the transport chamber during and after trans-

fer of the cathode into the chamber. The moments the chamber was
opened/closed are marked in blue/green. The pressure spikes seen at the
time the valve was opened and closed are created by the high sensitivity of
the gauge to vibrations. This also results in a slight pressure increase before
the opening due to the vibrations generated by the transfer through the AHCC
and LLC.
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5.3 Commissioning

5.3.1 Bake-Out and NEG Activation

The complex and nested structure of the CGC results in an increased pump-down and
bake-out time. After one week of pumping a pressure of around 7 - 10°® mbar was reached
and the bake-out process started. To prevent a rapid pressure rise, the temperature was
increased slowly over a period of two weeks until 120 °C for all aluminum and other
sensitive parts and 140 °C for the remaining components were reached. Two weeks
later the falling pressure curve reached a stable state and the temperature was lowered
again. At 70°C the NEG was activated with 22 A current for roughly 3 h, which results
in a temperature of nearly 280 °C, according to the manufacturer. The temperature rise
of the heat shield and the vacuum chamber was lower than anticipated and a pulsed
activation procedure was not required (see Section 4.5). Using the data from Figure
4.18 an activation efficiency of 50-70 % can be anticipated. After room temperature
was reached a final pressure of 4-5- 10! was measured, which is comparable with the
pressure inside the Photo-CATCH gun chamber. Based on this observation as well as
the calculations and simulations done for the pressure ratio between sub-volume and
outer chamber, a vacuum around the cathode of up to two magnitudes better than at
Photo-CATCH is expected, resulting in a lifetime increase of up to two orders of magnitude.

5.3.2 Laser Commissioning and Properties
Alignment

For the emission of electrons the laser described in Section 4.7 needs to be aligned onto the
cathode surface. The main challenge here is the limited view due to the closed sub-volume
and shield. This is an inherent problem in the design, that cannot be changed as the
closed volume is a key feature of the source to enhance the cathodes lifetime. To solve
this problem the alignment was done before closing the system. A pre-alignment was
done before attaching the load-lock chamber by adjusting the mirrors of the decoupling
array (see Figure 4.23 for the array) until the beam was visible with the unaided eye
in the inside of the sub-volume through the flange where the load-lock chamber will be
connected. Figure 5.12 shows the view into the chamber including the visible laser spot
on the ceiling. For a more precise alignment a photo diode was mounted centered into a
puck using an adapter ring and inserted into the sub-volume via a transport fork attached
to a rod. Then the mirrors were readjusted until the maximum diode current was found.
To determine the fraction of the laser power reaching the cathode, the laser was also
focused onto the diode outside the chamber. By comparing both diode currents the total
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Figure 5.12: View into the cryo gun chamber and the sub-volume, seen from the location
of the LLC. The laser spot is visible at the ceiling of the sub-volume and
marked in red.

power loss could be calculated to 43.2(1) % of which 12(1) % originate from reflations on
the window, which was measured before installation. The remaining loss may result from
the adapter ring in which the diode was placed. As the surface of the diode was set back
a few millimeters from the rings and the pucks surface, a not perfectly straight beam may
hit the inner side of the ring. Another cause may be a slight tilting of the diode produced
during mounting into the ring.

For the bake-out procedure the mirror array needs to be removed. In order to assess
the reproducibility of the alignment after bake-out the array was removed and reattached.
Only a minimal misalignment afterwards was observed, hence, a reproducible alignment
was expected. However, this method is very sensitive against unintentional adjustment
of the mirrors, which would require an opening of the system and a complete repetition
of the time consuming bake-out procedure. Therefore, great caution is advised when
handling the mirror array.

Unfortunately, the bake-out process had a greater effect on the alignment than anticipated
and the beam did not hit the cathode afterwards. To readjust the laser without the need to
open the CGC, it was sealed off of the load-lock chamber and the manipulator was replaced
with a window. After pump-down of the LLC the valve was opened presenting a view into
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Table 5.3: Beam waist radius of the laser spot at the distance of the cathodes surface
(80 cm) as well as 2 cm before and after. The waist is shown for the two axis
u and v and the mean of both.

Distance z (cm) wy(2) (um) wy(2) (M)  wWpean(z) (pm)

78 399(1) 394(1) 397(1)
80 403(1) 335(1) 369(1)
82 402(1) 341(1) 371(1)

the sub-volume, allowing the pre-alignment procedure to be redone. A realignment with
a photo diode was not possible, as it would require the CGC to be opened up again. A not
perfectly centered beam was taken into consideration in the simulations and should not
prevent a successful lifetime measurement.

Beam Profile

The profile of the laser beam cannot be directly observed at the location of the cathode
as the sensor does not fit into the sub-volume. Therefore, the beam was coupled out of
the fiber on the laser table and focused on the distances at which the cathodes surface
will be in the CGC. The profile was measured using a scanning-slit beam profiler” at the
cathodes location as well as 2 cm before and after to take a slight measurement error of
the distance between cathode and fiber coupling into account. The profiles are shown in
Figure 5.13 while the beam waists are summarized in Table 5.3. The measured waists are
in good accordance with the cutoff radius of 0.5 mm used in the CST beam simulations.
The profiles do not follow a perfect Gauss curve and multiple modes are visible, originating
from the use of a multi-mode fiber. This is not a requirement for a lifetime comparison,
but for the use at an accelerator, where beam quality matters, an upgraded laser setup
using a single mode fiber is advised.

Stability

As the laser system did not feature an active power stabilization, the power fluctuations
over 112 h were measured to asses the effect on the precision of the lifetime measurement.
The temperature stabilization was set to 21 °C and the diode current to 84 mA, which
is the manufacture recommended operation point and well above the laser threshold.

"Dataray® BeamMap2 — XYZO® Scanning Slit Beam Profiler
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Laser beam profiles at the distances of the cathodes surface (80 cm) as well
as 2 cm before and after. As only the shape of the beam is assessed here, the
power distribution on the left is shown in arb. units. The shift between u and
y axis profile for the measurement at 80 cm and 82 cm originate from a not
centered beam on the sensor. The right side shows the power distribution in
a color representation in 2D and 3D.

117



Table 5.4: Absolute and relative stability of the laser power over 112 h.

mean laser power 2.016 mW

min. power 2.002 mW
max. power 2.030 mW
error +14uW

percentage error  0.694%

The power was measured after the fiber using a Thorlabs® PM100D with a S121C power
sensor. Beforehand, the laser was warmed up for roughly 1 h and the power reduced to
2mW via the neutral density filter. The result is shown in Figure 5.14. Two fluctuations
can be observed, one fast oscillation with small amplitude and a slower drift with higher
amplitude. The fast oscillation has a fluctuation in the range of minutes and an amplitude
in the range of single-digit yW. While the drift happens on a scale of hours with an
amplitude of double-digit W. For a lifetime measurement over multiple hours or days the
slower drift presents the dominating effect, due to its higher amplitude. Therefore, the
fast oscillation will not be considered separately and only the spread of the total drift will
be used for the calculation of an absolute and percentage error of +14,W and 0.694%,
respectively. The results are summarized in Table 5.4. An additional oscillation, visible in
the first few hours, indicates that a longer warm-up phase is needed.

5.3.3 Cryocooler Commissioning

The temperature of the sub-volume with active cooling was assessed with measurements in
two setups. A first evaluation was done in a simple DN160 CF vacuum chamber attached
to the pumping cart providing a pressure in the lower 108 mbar regime. The cryocooler
features three sensors, of which one is integrated into the tip and two are freely placeable.
The temperature controller used however, only features two inputs, so the temperature
curve cannot be recorded simultaneously for all three sensors. As the exit-pipe was not
ready at that time one of the sensors was attached to the bottom of the ceramic chamber
walls in order to assess the temperature of the sub-volume. This setup allowed the other
sensor to be attached to a puck, which was inserted into the sub-volume to evaluate the
thermal conductivity between the electrode and a puck loosely placed into the opening.
Figure 5.15 shows the temperature curve for the internal sensor and the sub-volume
bottom. After the minimal temperature was reached (after 5h to 6 h), the inputs were
switched to the pucks sensor. The cryocooler tip reached a minimal temperature of
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Figure 5.14: Fluctuations of the laser power over a time period of 112h. A slow drift
and a high-frequency oscillation with lower amplitude is observable. For the
measurement of a lifetime over multiple hours or days, the slow drift presents
the dominating effect due to its higher amplitude. The laser was warmed
up for roughly 1h before the measurement was started. The additional
oscillation in the first hours indicate that a longer warm-up phase is needed.
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Figure 5.15: Temperature curves of the sub-volume and the cryocooler in a DN160 CF vac-
uum chamber before and after bake-out at 120 °C for 30 h. The final achieved
temperatures before bake-out are 5.9(1) K for the cryocooler, 19.0(1) K for the
sub-volume and 19.0(7) K for the puck. With baking of the complete system
the temperature could be reduced to 5.7(1) K at the cryocooler and 11.1(1) K
at the sub-volume bottom.

5.9(1) K, the sub-volume of 19.0(1) K and the puck of 19.0(1) K. As the laser setup was
not finished at the time the influence of the heat introduced to the puck by the laser
could not be measured. However, the fact that the puck reaches the same temperature as
the sub-volume indicate a sufficient thermal conductivity between puck and electrode to
effectively compensate this heat load. The emissivity of the involved surfaces present a
significant factor for the cooling process. For the materials involved the emissivity ranges
from 0.06 for mechanical polished aluminum to 0.4 for aluminum oxide (see Table 4.8),
whereas the emissivity of 0.96 for water is significant higher [172]. Therefore, the removal
of water films on the components is of utmost importance to optimize the temperature.
The measurement was repeated after a 30 h bake-out at 120 °C. This reduced the minimal
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temperature of the cryocooler to 5.7(1) K and of the chamber bottom to 11.1(1) K. The
temperature curves are shown in Figure 5.15. It can be noticed that the temperature
difference between cooler and sub-volume during cooldown was reduced after bake-out.
This indicates an improved thermal conductivity between the components, which may
originate from a softening of the indium foil during bake-out®. The foil now better fills
the gaps between the individual parts resulting in an increased contact area.

The temperature curves were measured again with the final setup at the cryogenic test
stand after the bake-out procedure described in Section 5.3.1. The results are shown
in Figure 5.16. This time the free sensor was placed at the bottom of the exit-pipe as
described in Section 5.1. It reached a temperature of 21.3(1) K. The required duration
increased by roughly 1 hour, due to the additional mass of the anode. The temperature of
the activated charcoal could not be measured directly, but a temperature well below 21.3 K
can be anticipated, which is sufficient for an effective pumping of hydrogen. During the test
stand setup the helium hoses were removed and reattached a few times, which introduces
a small amount of air into the cooling cycle each time. A slightly lower temperature may
be achievable by refilling the system with new helium. Furthermore, a fairly significant
dependency of the reached temperature from the room temperature was observed in later
cooling processes. By lowering the settings of the air conditioning system present in the
laboratory even lower sub-volume temperature may be achievable.

This setup allowed the evaluation of the lasers influence onto the temperature of the
complete system. Figure 5.17 shows the temperature curve before and after switching on
the laser at 12.1(1) mW?. No laser-induced temperature rise was observed. This matches
the expected behavior, as the laser of 12 mW only plays a minor part in the total heat load.

Residual-Gas Analysis

The effect of a cooled sub-volume on pressure and residual-gas composition was measured
using a residual-gas analyzer'®. The spectrum was recorded with and without cooling and
is shown in Figure 5.18. As the internal photomultiplier was used to enhance the signal
no statement on the absolute pressures can be made. The spectrum shows a reduction of
the heavier gases to some degree, but a slight increase for hydrogen. The RGA is mounted
outside the heat shield. Therefore, the spectrum does not give an insight into the behavior
inside the sub-volume, where a much larger effect is expected especially for hydrogen, as

8The melting point of indium with 156.6 °C is above the bake-out temperature.
°The power was measured before the window.
19Exorr inc. XT100(M)
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Figure 5.16: Temperature curve of the cryocooler and the sub-volume for the final setup
at the cryo test stand. The sensor for the sub-volume was placed at the
bottom of the exit-pipe component as described in Section 5.1. A minimal
temperatures of 8.0(1) K and 21.3(1) K could be achieved for the cryocooler
and the sub-volume, respectively.

it is only captured by the charcoal. When in operation the analyzer creates some heat, that
raises the temperature of its surroundings including the heat shield, which may falsify
the measurement. As the data were recorded after the high-voltage conditioning (see
Section 5.3.4) an unusual high amount of helium, still remaining in the system, can be
noticed. As helium cannot be captured by the cryo pump, krypton should be evaluated as
an alternative in future conditionings.
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Figure 5.17: Temperature curve of the cryocooler and the sub-volume before and after
switching on the laser at 12.1(1) mW (measured before the window). The
time the laser was switched on is marked in green. The higher base temper-
ature compared to the measurements above originates from a higher room
temperature in the laboratory at the day of the measurement.
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Figure 5.18: Spectrum of the residual gas before and after cooldown. Only a small reduc-
tion in pressure of the lifetime relevant gases can be seen. As the RGA is
mounted outside the heatshield, where a much lower cryopumping effect is
expected this spectrum does not show the behavior inside the sub-volume.
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5.3.4 Lifetime Measurement
High-Voltage Conditioning

To achieve the highest possible electrode potential a conditioning had to be conducted as
described in Section 4.3.2. This was first done without any additional gas for several days.
The potential was increased slowly until a field emission excess current was measured by
the high-voltage supply'!. The increase was paused until field emission extinguishes and
the voltage was increased further. This procedure was repeated until no more decrease
in current was observed. After finishing the conditioning a stable operation at -8 kV to
-9kV could be reached. To further increase the potential a conditioning with helium was
conducted. For this purpose, the IGPs were turned off and the helium was introduced into
the system through a needle valve to a pressure in the 10 mbar regime. Then the potential
was further increased slowly in the same way as before. This led to a maximum stable
voltage of -12kV at room temperature. With cooling the potential could be increased
to -14kV. Thus, a positive effect of cooling on the field emission behavior of aluminum
could be demonstrated, but not as high as for copper, where an increase of up to 50 % at
30K was observed (see Section 4.3.2). However, according to the CST simulations, an
operation at -12kV should be possible.

Cathode Preparation

For the the lifetime measurement the cathode was activated in the same way as for the
test of the transport chamber. The LLC at Photo-CATCH was baked out at 95 °C for around
20h and the cathode heat cleaned for 30-40min. A 2-3h cooldown phase followed
until the cathode reached room temperature again. After the co-Deposition activation
procedure, the quantum efficiency was measured and the cathode directly transferred
into the transport chamber. The LLC was vented and the transport chamber detached
from Photo-CATCH and mounted to the LLC of the cryo test stand. A mobile pumping
cart was used to pump down the LLC, while it was baked out at 95 °C for around 14 h.
Afterwards it took 3 -4 h until the LLC reached room temperature and a pressure in the
mid 108 mbar regime. The transfer of the puck into the sub-volume could be conducted
reliably and reproducibly after some trial transfers with an unactivated cathode.

"Heinzinger electronic GmbH PNC 60000-3 neg
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Lifetime Measurement

After the cathode was activated and placed inside the sub-volume, the electrode potential
was ramped up to -12kV and the laser shutter opened. As the magnets were not adjusted
yet their currents were ramped-up slowly while the fluorescent screen was monitored.
In multiple activation runs and many magnet current combinations no beam could be
observed on the screen. However, when increasing the laser power to ~200 W and
above, a significant pressure increase (up to the 10" mbar regime) could be observed. The
increase only occurs with an activated cathode in place and a high voltage applied. From
this one can conclude a proper laser adjustment and a cathode emitting electrons. As the
strength of the pressure increase was independent from the magnets configuration the
origin of the beam loss could not be determined. It may be possible that, in contradiction
to what was predicted by the simulations, the beam is not able to leave the sub-volume.
If the beam exits the sub-volume, there are four steerer magnets with two axis each,
three quadrupole magnets and an alpha magnet before the beam can be observed at the
fluorescence screen or the Faraday cup. This creates many degrees of freedom especially
as the magnets can be tuned continuously with positive or negative currents, making an
alignment of the beam complex and time consuming.

Therefore, the chamber was opened up again and a second BeO fluorescent screen right
before the alpha magnet was introduced. It features a hole in the middle, wide enough to
let the laser beam pass. This way a reduction of the degrees of freedom could be achieved.
In addition the anode (exit-pipe) was connected to a feedthrough to monitor whether the
beam gets lost inside the sub-volume. The same cable type as for the high voltage was
used including the same ceramic beads. The procedures for pump down and bake-out
were repeated in the same manner as before. As the target increases the distance between
laser out coupling and cathode, it was focused on the new distance. After the second
bake-out a lower pressure than the first time could be reached, which was below the
sensor’s measurement range of down to 1-10"'! mbar. A reconditioning of the electrode
with helium was required resulting in the same voltages for stable operation as before.

In the following measurements only the current of the first and second steerer magnets
were scanned while the newly installed screen was monitored. But again no beam could be
observed. To evaluate if the beam gets lost inside the sub-volume the anode was connected
to the readout electronics and the measurement repeated. With a high laser power in the
mW regime a current of 1-1.5 nA could be measured when opening the shutter. However,
this is magnitudes below what is expected with the set laser power. Assuming a quantum
efficiency of 1 % survived the transport and a laser power of 1 mW reaching the cathode a
photocurrent in the yA regime is expected. The measured current did not increase when
raising the laser power further, also the results could not be reproduced in the following
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runs, where no current could be measured. This results indicate, that the beam is able to
leave the sub-volume and only a fraction of the electrons could be measured at the anode
in the first run. Hence, the beam must be lost somewhere between the heat shield and
the fluorescent screen. A loss inside the shield is geometrically almost impossible. If the
beam is straight enough to exit the sub-volume it should also be able to pass the larger
opening of the shield.

To exclude the possibility of an external magnetic field created by pumps, wires or other
electronics, which could disrupt the beam, the magnetic field strength around the chamber
was measured using a magnetometer'2. But no field strength above the earth’s magnetic
field of roughly 20 uT for the horizontal component could be observed. According to
the CST simulations the earth’s magnetic field results in a beam shift of 1.9(1) mm at
the first steerer. To exclude the shift as the cause of the beam loss, the chamber was
wrapped in Mu-metal. This nickel-iron soft ferromagnetic alloy exhibits a exceptionally
high permeability providing a low reluctance path for magnetic flux. It can be used to
shield against static or slowly varying magnetic fields like the earth’s magnetic field. The
measurements were repeated but delivered the same results.

Another conducted approach to determine the origin of the beam loss was to reproduce
the method the QE is measured in the Photo-CATCH activation chamber. A bias voltage
from 100V to 500V was applied to the anode instead of the high voltage to the electrode.
With an field gradient this low the electrons should not gain enough energy to exit the
sub-volume but be drawn towards the anode. However, no current could be measured,
also no pressure increase could be observed without the high voltage ,even with a laser
power of several mW. This hints at the fact, that the pressure increase is created by the
accelerated electron beam hitting a chamber wall and not by the release of electrons alone.
However, if electrons are emitted a current should be measurable at the anode in this
setup.

As a last attempt an estimation of the lifetime increase due to the cooling of the
sub-volume was intended by comparing the time the pressure increase is measurable
at room and cryogenic temperature. The laser was set to a power of roughly 720 yW
(measured before the window) resulting in a pressure increase to the 10"1° mbar regime,
at room temperature. After several hours the pressure fell to a level, where it could not be
distinguished from the base pressure any more. At cryogenic temperature only a minimal
pressure rise in the lower 101! mbar regime could be observed, which fell in a matter
of minutes to an indistinguishable level. This demonstrates the high pumping speed of
the cryopump but prevents a useful lifetime comparison based on the pressure rise. Even
with the highest possible laser power of 12 mW (before the window) no significant higher

12projekt Elektronik Mess- und Regelungstechnik GmbH FM210 Teslameter
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pressure raise could be achieved. This suggests that the electron beam does not leave
the sub-volume and the pressure rise created by ESD, get pumped inside the sub-volume
before reaching the outside and the vacuum gauge. This result is contrary to the previous
observation which suggested the opposite. Therefore, no reliable statement about where
the beam loss happens can be made, yet.

It can be concluded that electrons are emitted as the pressure increase is only observable
with an activated cathode and a negative high-voltage electrode potential, but the origin
of the loss remains to be determined. Due to the time consuming preparation process
after opening the chamber no further modification for additional investigations could be
conducted in the time scope of this work.
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6 Summary and Outlook

A new approach in increasing the operational lifetime of GaAs photocathodes has been
developed and first test experiments have been carried out within this work. In particular,
the concept of a cryogenic sub-volume to enhance the vacuum conditions locally around
the cathode has matured. The multiple challenges that come with such a closed volume
have been worked out and a design was found which is compatible with the cathode
activation system that is already in place at Photo-CATCH. Suitable materials were chosen,
that meet all given requirements on thermal conduction, XHV compatibility and electrical
insulation.

The electric field of the gun was simulated using CST studio for potentials ranging from
-5kV to -30kV to asses the risk of field emission that come with the small sub-volume. A
maximal field gradient of 11.1(1) MV/m was calculated for -30 kV. The resulting electron
beam has been simulated for beam currents from 10 A to 1 mA and electrode potentials
from -12kV to -30kV. The results showed that an operation with all testes potential is
possible. Occurring beam shifts can be corrected by steerer magnets and the electron
spread focused by quadrupole magnets along the beamline. The effect of a not perfectly
centered laser spot and the influence of the earth’s magnetic field on the beam have been
studied. Both presented no beam shift that cannot be compensated by steerer magnets.

The heat load onto the sub-volume has been estimated for different heat sources and
summarized to a total heat load below 0.5 W. The chosen cryocooler exhibits a cooling
power of around 1 W and is thus sufficient to reach the temperatures required for a
cryopumping effect. The results have been verified by measurements demonstrating a
temperature at the rear end of the sub-volume of 21.3(1) K, which meet the criteria for
an effective capturing of hydrogen.

A vacuum chamber to house the cryo source has been designed, featuring a split geome-
try to ensure an easy mounting and setup process. The expected pressure reduction due to
cryopumping has been calculated as well as simulated, resulting in a pressure inside the
sub-volume of up to two magnitudes lower compared to the outside chamber. To provide
the necessary pre-vacuum a simulation was run confirming the sufficient pumping speed
of the foreseen NEG and IGP pumps.
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To conduct first lifetime comparison measurements a dedicated test stand was devel-
oped, featuring a Faraday cup, several magnets for beam transport, a load-lock chamber
to transfer activated cathodes into the cryo gun and a residual-gas analyzer. Prepara-
tions for a future integration into the test stand Photo-CATCH, which features additional
diagnostic instruments have been made including the design and manufacturing of a
transfer chamber allowing the operation of both, the present conventional and the new
cryo gun. As the cryo gun is foreseen to be located in front of the conventional along
the beamline, simulations have been conducted evaluating necessary modifications. The
results demonstrate that an operation of both sources is possible with the current beamline,
solely a shift to give way for the connection of the cryo source is needed.

The complete test stand has been assembled including a simple laser setup using a
450 nm diode laser, which can provide a laser power of up to 12 mW. Due to the complex
nested structure of the gun the bake-out process took over one month but resulted in a
final pressure in the 10°12 mbar regime, which outperforms the simulation predictions.

A transport chamber, original designed to transfer hydrogen cleaned cathodes to the
spin-polarized electron source (SPIn) at the S-DALINAC, has been tested for the transfer of
activated cathodes from Photo-CATCH to the cryo test stand. The decay of the NEA layer
when stored inside the chamber for some time have been evaluated in 6 measurements.
The results showed that for 20 h of storing up to 100 % for a blue laser (450 nm) and
98 % for a red (780 nm) laser of the former QE could be preserved, demonstrating the
suitability of the chamber for activated cathodes.

The properties of the laser have been determined by measuring the power stability over
time and the beam profile at the distance of the cathode. A beam waist radius between
335(1) um and 403(1) um were measured in good accordance with the cutoff length of
500 pm used for the electron beam simulations. For the calculation of the cathodes lifetime
an error of +14,W caused by laser power fluctuations has to be taken into account.

The process of cathode activation, transfer to the cryo test stand and placing the puck
inside the gun could be conducted reliably and reproducibly, both at room and cryogenic
temperature. After a conditioning with helium a stable electrode potential of -12kV could
be achieved at room temperature, which can be raised to -14 kV by cooling the electrode.
This presents an increase of the field emission limit by 16.6 % due to cryogenic cooling of
aluminum. The achieved potentials are at variance with the expectations from simulations.

Multiple runs have been conducted, trying to measure the lifetime of the cathode. It was
demonstrated, that electrons are emitted but no beam could be observed and no statement
about the lifetime could be made. Despite multiple approaches including an upgrade
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of the test stand the origin for the electron loss could not be determined. Experimental
findings are contradictory, and the necessarily closed and nested design of the gun makes
diagnosing the problem complex. Despite no experimental result was achieved so far,
verifying a lifetime increasing effect, significant steps towards a cryogenic electron gun
have been made in this work. For multiple relevant factors like pressure, the temperature,
the transport of activated cathodes and the laser alignment the suitability for a cryogenic
source were demonstrated. The built preliminary test stand as well as the cryogenic
source’s integration into Photo-CATCH present a solid base for further investigations.

To carry on this approach in the future, first the origin of the beam loss has to be isolated
and eliminated. A step-by-step set up of the gun is advisable. Meaning to test the gun with
a reduced design, starting with only the electrode without sub-volume and heat shield.
This gives an inside if the problem occurs in the sub-volume or along the beamline. If a
beam can be extracted this way the following steps would be to add the inner chamber
walls without activated charcoal, continuing until the component responsible for the loss is
identified. This undertaking presents a time-consuming process, since the chamber needs
to be opened up and closed multiple times, which requires a bake-out each time. Two
options are available to reduce this time, either a modification of the current test stand or
an integration into Photo-Catch. In the first case an additional pump at the end of the
beamline would reduce the pumpe-down time as well as the bake-out duration. Even more
time may be saved by introducing a gate valve at the gun chambers exit. This way only
the chamber needs to be baked. To simplify the alignment of the laser, a retractable 45°
mirror, similar to the fluorescence screen could be installed between gun and load-lock
chamber, allowing an alignment without the removal of the LLC or the manipulator.

When integrated into Photo-Catch the gun chamber would be sealed off from the beam-
line with a valve, also resulting in a faster bake-out. An additional time-saving advantage
of this option is the elimination of the over night transfer of the cathode to the cryo test
stand, allowing more frequent measurement runs. At Photo-CATCH the laser-alignment
problem increases as the foreseen transfer chamber to which the GC will be attached is not
as easily removable as the LLC at the cryo test stand. Therefore, a retractable mirror would
be even more beneficial. In both scenarios some further automations can be implemented
to speed up the measuring process like the high-voltage ramping or the scanning of the
magnet currents. Installing a ceiling mounted lifting support like a crane would benefit
both options and ease the opening of the chamber.

Looking further ahead, the properties of different sorbent materials can be compared
to find the most suitable one. Due to the closed design, other aspects than those for
conventional cryopumps may play a role. Thus, additional research may be required.
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Furthermore, alternative electrode designs can be examined to increase the achievable
potential. With an upgraded laser system, allowing a scanning of the frequency, the
wavelength dependent QE and polarization measurement of Figure 4.21 can be conducted
at cryogenic temperatures. This allows a comparison of theory and experiment. For the
active operation at the S-SALINAC or future new accelerators requiring high beam currents
a larger version of the gun is required to provide electrons with higher energy.
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A Appendix

A.1 Technical Drawings

Dimensions in mm

Figure A.1: Technical drawing of the lower part of the aluminum vacuum chamber in top
view.
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Figure A.2: Technical drawing of the lower part of the aluminum vacuum chamber in side

view.
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Figure A.4: Technical drawing of the NEG mounting plate inside the aluminum vacuum
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