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Zusammenfassung

In der vorliegenden Arbeit wird eine Studie des Mikro-Ofens zur Verdampfung von Blei
an der Schwerionenquelle GTS-LHC des Linearbeschleunigers Linac3 am CERN vorgestellt.

Die Heizleistung des Ofens ist einer der Hauptparameter fiir das Tuning an der lonen-
quelle und bisher beruht die Wahl der Heizleistung ausschliellich auf der Erfahrung des
Quellenoperateurs. Plotzliches Absinken des Ionenstroms der Ionenquelle verlangt auller-
dem héufig nicht planbare Variationen der Heizleistung. Zusitzlich konnte im Regelbetrieb
nicht erreicht werden, dass die gesamte Bleifiillung im Tiegel des Ofens aufgebraucht wird,
bevor eine Verringerung des Quellenstroms eine Neubefiillung notig macht. Da die Neu-
befiillung eine Ausfallzeit fiir die Quelle darstellt, ist eine Verldngerung des Ofenbetriebs
bis zum vollstindigen Aufbrauchen der Bleifiillung wiinschenswert.

Die Studie beinhaltet thermische und Gasflusssimulationen sowie Messungen an einem
Teststand. In einer Reihe von Messungen wurde der Ofen in unterschiedlichen Bedingun-
gen betrieben um sein Verhalten zu charakterisieren. Instabilititen der Verdampfungsrate
konnten so dokumentiert und Griinde fiir deren Auftreten gefunden werden. Aullerdem
wurde das Entstehen einer Blockade untersucht, die in &hnlicher Form auch an der Schwer-
ionenquelle beobachtet wurde.

Durch Verdnderungen des Ofenaufbaus konnten am Teststand sowohl die Verdamp-
fungsrate stabilisiert, als auch die Entstehung der Blockade vollstdndig verhindert werden.
Ohne das Auftreten der Blockade konnte der Ofen bis zur vollstandigen Entleerung des
Tiegels betrieben werden. Aus den Ergebnissen der Studie ergeben sich Vorschldge fiir eine

Verdnderung des Ofenaufbaus an der Schwerionenquelle von Linac3.
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Abstract

This work presents a study of the micro oven that is used for the lead evaporation at the
heavy ion source GTS-LHC of the linear accelerator Linac3 at CERN.

The heating power of the oven is one of the main tuning parameters at the ion source and
so far the choice of the heating power is solely based on operator experience. Sudden drops
of the source current regularly require not foreseen modifications of the heating power.
Additionally during normal operation it could so far not be achieved that the complete
lead sample contained in the crucible of the oven is consumed before the decrease of the
ion current delivered from the ion source made a refill of the oven necessary. As the refills
are causing downtime of the heavy ion source an extension of the oven runtime until the
complete lead sample is consumed is desirable.

The study includes thermal and gas flow simulations as well as measurements at a
test stand. In a series of measurements the oven was operated in different conditions to
characterize its behaviour. Instabilities of the evaporation rate could be documented and
reasons for these instabilities were found. Additionally the formation of a blockage was
studied that was observed in a similar form at the heavy ion source.

By changing the oven setup the evaporation rate could be stabilized at the test stand.
Also the formation of the blockage could be completely prevented. Without the blockage
formation the oven could then be operated until the crucible was completely empty. From
the result of the study recommendations for a change of the oven setup at the heavy ion

source of Linac3 can be deduced.






Contents

1. Introduction

2. The GTS-LHC lon Source, Functionality and Setup
2.1. Ionizationprinciple . ....... ... ... e
2.2, Plasmaconfinement . ... ...... ..ottt
2.3. Electronheating . ... ... ... .. e
24, GaSMIXING . . . oottt e e e e
2.5, GTS-LHCIon Source . . . . . ..ot e e e e et
2.6. Themicrooven. . .. ...... ..t

3. Theory and Simulations
3.1. Vapour pressure and evaporationrate . ................ ...,
3.2. Flowregimeoftheleadgasjet........... ... ... ... ... .. . .....
3.3. Knudsen’scosinelaw ........ ... .. .. .. .. . .. ..
3.4. Molflow+ simulationmodel ............ ... ... ... ... .. ... ...
3.5. Thermal transport mechanisms. ... ............. ... . v,
3.6. 2D model of the micro ovenin ANSYS .. ... ... ... ... ... . ... .. ....
3.7. 3Dmodel in ANSYS. . .. ..

3.8. Conclusion from the thermal simulations ................ ... ......

4. Oven Characterization at the Test Stand
4.1. Setupoftheoventeststand.............. ... ...,
4.2. Outer thermal profile at stable powerlevels . .......................
4.3. Divergenceofthelead gasjet ......... ... ... .. .. ... .. . .. .. ...
4.4. Calibration: From the deposition to an evaporationrate . . . .. ..........

5. Temporal Evaporation Behaviour
5.1. Operation simulation attheteststand .. ..........................

5.2. Active @asinjection . . . ... ... .ttt e e

10
11
12
14

19
19
23
25
27
36
39
44
63

65
65
80
88
91

97
97

VII



Contents

5.3.
5.4.
5.5.
5.6.

Unstable evaporationrates . ... ........... ittt
Oven insulation modifications . .......... ... ... ... ... ... ....
Stable ovenoperation ... .......... .. .. e

Conclusion of the measurement Series. . . . . ... oo i ittt i,

6. Conclusion and Outlook

A. Nitrogen Test at the GTS-LHC lon Source

A.l.
A2,
A3.

Low energy beam transfer line and instrumentation . . . . ..............
Measurements .. ... ..... ... e e

DISCUSSION . . . v e e e e e

B. Finite Elements Method

B.1.
B.2.

Exampleforthe FEM .. ... ... .. . . . . . . i i

Nonlinear systems . . . .. ... ..ttt e

List of Symbols and Abbreviations

Bibliography

Acknowledgements

Eidesstattliche Versicherung

VIII

153

155
155
156
160

163
163
166

169

173

181

183



List of Figures

1.1.

1.2.

2.1.
2.2.

2.3.

2.4.

2.5.
2.6.

2.7.

2.8.

3.1.
3.2.

3.3.
3.4.

3.5.
3.6.

Sketch of the accelerator chain at CERN that is involved in the heavy ion

beam acceleration. . ... ...... .. ... 2
A possible lead ion beam production scheme forthe LHC. . ............ 3
Sketch of the loss cone of a magnetic mirror in velocity space. .......... 9

Sketch of the magnetic field lines for the magnetic bottle created by two
solenoids and the field lines of asextupole. ........................ 10
Sketch of the GTS-LHC ion source and its basic components around the
plasmachamber. ........ ... .. . . .. .. e 13
Sketch of the general setup of the micro oven that is used at the GTS-LHC
0] 0 110 4 o 14
Sketch and photo of the crucible that contains the lead sample for the oven. 15
Photo of the filament holder, the filament and the filament protection
aroundit. . .. ... 16
Photo of the layers outside of the filament and a photo of the fully assembled

SUPDPLY. « ot 17
Vapour pressureoflead. .......... ... ... . .. . . .. . 21
Knudsen number, when the vapour pressure of lead is assumed and the

characteristic length is the diameter of the crucible. . . . ............... 25
Geometry of Lamberts cosinelawin2D . ... ........ ... ... ... ..... 26

The geometry for a Molflow+ simulation prepared with the ANSYS Design-
Modeler. . . . ... 28
Simulation of the lead gas jet from the oven in Molflow+. . .. ........... 29
Photo of the remaining lead in the crucible after a measurement and the
positions of the emitting surface that where used to calculate the evaporation

rate from the oven at a range of temperatures. ...................... 31

IX



List of Figures

3.7. Evaporation rates per surface area for the different positions of the lead

surface withinthecrucible. . . . ... ... ... ... . . .. 31
3.8. Total evaporation rates of the Linac3 lead oven, from the Molflow+ model

and of an estimation using the Hertz-Knudsen equation. .............. 32
3.9. Normalized impingement rate on a facet, placed 5 cm away from the oven

for the 3 casesshowninfigure3.6. .. .. ... ... ... ... ... ... ...... 33
3.10. Geometry used to calculate the transversal gas profile. . .. ............. 34
3.11. Outline of the transversal profile of the lead gas jet 50 mm away from the

(03755 o 11 ) o 35
3.12. Mean free path of the gas particles calculated from equation (3.12) using

the pressure, given by the Molflow+ model. . ....................... 36
3.13. Derivation of the two dimensional geometry for the thermal 2D model of

theoven. . ... ... .. 39
3.14. Temperature of the oven cover and a copper pin within the crucible, against

heating power. . ... ... ... e 42
3.15. Geometry of the surface representing the cylindrical lead sample in the 2D

Simulation. . . ... ... e 43
3.16. Lead temperature from the thermal 2D simulation for two bodies that re-

semble a fulland an emptycrucible. ....... ... ... ... ... ... .. .. 44
3.17. Appearance of the mesh for the three dimensional oven model in ANSYS. .. 46
3.18. The material assignments at the 3D model of theoven.. .. ............. 47
3.19. Thermal emissivities of the materials that are used in the 3D model. . . . . .. 48
3.20. Loads and contacts of the 3D oven model, apart from the radiation. . ... .. 48
3.21. Temperature span of the crucible and the oven cover in the 3D model com-

pared to the 2D model for the same heating power in the filament. . ... ... 49

3.22. Temperature on a path within the crucible derived from the 3D and the 2D

SIMUlation. . . .. ... e 50
3.23. Comparison of the thermal distribution of the micro oven at 10 W predicted

by the two models in ANSYS. . . . . ... .. . 50
3.24. Comparison of a reduced 2D model of the oven with a 3D model that was

derived by rotating the 2D model around its symmetry axis, 3Dy. ........ 52
3.25. Geometry used for a 3D and 2D comparison of simpler structures. . ... ... 53
3.26. Thermal distribution of the filament holder in all six simulations. . . ... ... 54
3.27. Geometry of the simplified oven modelin3D. ...................... 55



List of Figures

3.28. Temperature span of the crucible and the oven cover from the simplified 3D

model compared to the full3Dmodel. . . .. ....... ... ... ... ... ... 56
3.29. The body representing the reflective tantalum foil as a cylinder and the new

body where the foil is thin and has windings . ...................... 57
3.30. Temperature profile of the tantalum foil for a heating power of 5W. On the

left the foil is represented as a thick cylinder and on the right with several

WINAINEGS. .« . ot e 57
3.31. All temperature values within the thermal distribution of the crucible (left

plot) and the oven cover (right plot) at a certain heating power level. . . . . .. 58
3.32. Temperature on a path along the crucible for three different simulation

models atSW. . . . ... 59
3.33. Temperature span from two 3D simulations. In one the filament was set on

a fixed temperature while the other used the heat generation.. ... ....... 60
3.34. Simple model of the injection plug at the GTS-LHC ion source. . . . . ... ... 61
3.35. Temperature span of the crucible and the oven cover with and without the

injection plug. . ... ... ... 62
3.36. The left plot shows the temperature span of the injection plug plotted against

the heating power of the oven. The right picture shows the temperature

profileoftheplug. ........ ... .. . 63

4.1. Sketch of the inside of the oven test stand vacuum chamber as seen from
thesideand fromthetop. ... ...... .. ... i 66
4.2. Sketch of the connections outside of the oven teststand. .............. 68

4.3. Photos of the oven feedthrough with the cooling pipes, the bellow and the

motorized stage that allows to move theoven. ...................... 69
4.4. Photos of the gas injection atthe teststand. . . ...................... 69
4.5. Principle ofathermocouple. ... ...... ... .. ... .. ... . . . . . ... 70
4.6. Photo of the thermocouples inside the oven teststand.. . . ... .......... 71

4.7. Setup of a temperature measurement with clamping rings and thermocouples. 72
4.8. Geometry of the holder ring for ANSYS thermal simulations. ........... 73
4.9. Temperature distribution of the oven cover and the holder ring for two
different simulations. . ......... . ... . . . 74
4.10. Temperature along a path in the oven cover, shown on the right, for ANSYS
simulations at 10 W of heating power, including a thermocouple holder ring. 74
4.11. Sketch of the oscillator circuit that lets the crystal oscillate at its resonance

frequency. . ....... ... 76



List of Figures

XII

4.12.
4.13.
4.14.
4.15.
4.16.
4.17.
4.18

4.19.
4.20.

4.21.

4.22.

4.23.

4.24.
4.25.

5.1.

5.2.

5.3.
5.4.

5.5.
5.6.

5.7.

5.8.

Photos of the deposition sensor and its feedthrough. ................. 77
Setup of an evaporation rate measurement. . . .. .................... 77
Visualization of how the deposition data after the SQM-160 is distributed. . 78
Reading of the deposition sensor when the shutter opens and closes. . . ... 79
Example of a temperature scan with different oven powers over time. . . . .. 81
Temperature at the reference position shown in figure 4.7 for the full power
range of the oven atseveralscans. . ........... ... ... ... ... ...... 82
. Averaged stable readings of the thermocouple positioned at the reference
position during all presented thermal scans at all used power steps. . ... .. 83
Thermal profile of the Linac3 oven at all operational power levels. ....... 85
The measured outer thermal profile of the oven together with the result of
the 2D and the detailled 3D simulation. . .. ........................ 86
Outer thermal profile of simulations, where the oven cover and the cane
share a conducting connection together with the measurement. . ... ... .. 87
Temperature along a path within the crucible, for two thermal 2D simula-
tions, with and without conduction between cane and oven cover. .. ... .. 87
Reading of the deposition sensor over time when the oven distance to the
detectorisincreased. . .......... ... 89
.Geometry of the solid angle taken up by the deposition detector. . . ... ... 90

The corrected normalized deposition sensor reading (Do, norm) at different

distances between the oven tip and the detector (s).. .. ............... 91

Power values of different oven runs at the GTS-LHC ion source in 2016, set
toacommon starting time. . . .. .... .. ..ttt 98
Subset of the power-time curves that was used to derive the model for the
typical oven operation atthesource. ............. ... ... ... ...... 99
Two examples for manipulation of the power-time curves. ............. 99
Selected power-time curves where the longer interruptions at below 5 W
wherecutout.. . . . ... . e 100
Evaporation rate during the oven operation replication at the oven test stand.102
Resulting evaporation rate R and the uncalibrated deposition rate D of the
operation replication at the test stand for three consecutiveruns. ... ... .. 103
First 120 h of the evaporation rate measurement S1. The different colors
represent fixed heating powerlevels. .. ........ ... ... ... ... ...... 104

Power to evaporation rate relation for the measurements S1-S3. . .. ...... 104



List of Figures

5.9. Measured evaporation rate of the oven with a nitrogen atmosphere at a
pressure of 1 X 1072mbar. ... ......... ..t 107
5.10. Power to evaporation rate relation for the measurements S3and N1.. . . ... 108
5.11. Evaporation rate and power during run N2, in a nitrogen atmosphere where
the power was adjusted to keep the evaporationstable. ............... 109
5.12. Power to evaporation rate relation for the measurements N1 and N2. ... .. 110
5.13. Appearance of the oven tip after two individual runs at the GTS-LHC ion
SOUICE. . v v vttt ettt et e e e ettt et et et e e e 111
5.14. Effect of the oxygen atmosphere of 1 x 10"°mbar on theoven.. .......... 113
5.15. The two crucible positions that were simulated with Molflow+ to derive the
fractions of the gas jet that hit the inner walls of the oven cover. ......... 115
5.16.0venrunin 1x 10 ®mbarofoxygen. .................. ... ........ 116
5.17. Measurement O3 at the oven test stand, using chemically clean lead at an
oxygenpressure of 1 X 10°mbar. ................ .. ..., 118
5.18. Crucible modification with the goal to prevent lead deposition on the outer
OVEILCOVEL. & & v vt vttt e e ettt ettt et e ettt et et e oo 119
5.19. Evaporation rate and power during measurement O4 at the oven test stand. 120
5.20. Evaporation rate and power during measurement 11, with chemically clean
lead, a reduced tantalum foil and without external thermocouples. . . . . . .. 123
5.21. Evaporation rate and filament resistance r plotted for the two time windows

5.22.

5.23.

5.24.

5.25.

5.26.

5.27.

5.28.

Dland D2. . ... 124

The evaporation rate together with |r | which indicates a negative

g,norm
derivation of the filaments resistance. ............................ 126
The upper plot shows the evaporation rate together with peaks indicating
negative resistance changes. .. ........ ... ... ... i .. 127
Evaporation rate and power of a measurement where the filament current is

automatically adjusted to keep the filaments resistance at a desired value. . 129

Evaporation rate of the oven together with drops of the resistance during
measurementI2.. . ... . L L L 130
Filament resistance, oven current and oven power together with the evapo-
ration rate in the time frame of the first evaporation ratedrop. .......... 131
Resistance setpoint together with the measured resistance and the evapora-

tHonrate. . ... ... ... e 131
Tantalum insulation rings at the front of the oven to enhance the heat re-

flectionattheoventip. . ........ . .. i 133

XIII



List of Figures

5.29. Evaporation rate and oven power over the time of the measurement T1. . .. 134
5.30. Several parameters during an evaporation rate drop that where recorded in
measurement T1. .. ... ... .. 135
5.31. Removing the tantalum foil can cause a misalignment of the inner oven parts.137
5.32. Evaporation rate and oven power during the measurement T2. . . ... ... .. 137

5.33. Evaporation rate and applied oven oven power during measurement U1.

The photo shows the tip of the oven after therun. ................... 140
5.34. Evaporation rate and the filament resistance for time windows of stable

power at the end of measurement Ul. . ........................... 141
5.35. Evaporation rate and power during measurementU2. . ............... 143

5.36. Photos of the oven with an empty and turned crucible, the thermocouple

with a copper pin and the oven with the thermocouple inserted into the

crucible. . . . ... 144
5.37. Temperature reading of the thermocouple that was inserted into the crucible

in the measurements Yland Y2. ......... ... ... ... ... .. ... 145
5.38. Temperature measured at the oven cover during the measurements Y1 and

Y2 plotted against the oven heatingpower.. . . ...................... 146
5.39. Filament resistance after the temperature stabilized at each power level

during the measurementsYland Y2. . . . ....... ... ... ... ... .... 148

5.40. Evaporation rate (R) and heating power (P) during the ramp up of the oven

evaporation in the measurements Uland U2. ...................... 149
5.41. Evaporation rate at different crucible temperatures derived by combining

evaporation and temperature measurements at fixed power levels. . . . .. .. 150
A.1. Sketch of the low energy beam transportline at Linac3. ............... 156

A.2. Beam current measured by the beam current transformer BCT05 durig a
selected time window of the nitrogentest. . ........................ 157

A.3. Two charge state distributions recorded at Linac3 during the test with nitrogen.158

A.4. Charge state distributions two days after the startof thetest. ........... 159

A.5. Charge state distribution recorded one day after the test was terminated. . . 160

B.1. Example for a heat conduction problem. . ......................... 164

X1V



1. Introduction

In the study of basic physics the technology to produce and accelerate ions is a key method
for the observation of fundamental particle interactions.

Ionized atoms can be manipulated with electric and magnetic fields which enables
experiments where the charged particles are trapped in ion traps or accelerated and then
collided.

The European Organization for Nuclear Research, CERN [1], is a research facility where a
chain of accelerators allows experiments with different kinds of particles, like high energy
proton collisions in the Large Hadron Collider (LHC), but also the cooling and deceleration
of antiprotons at the Antiproton Decelerator (AD) and the newly comissioned Extra Low
ENergy Antiproton ring (ELENA) [2, 3], or fixed target experiments for Kaon physics, like
NAG62 [4] that is connected to the Super Proton Synchrotron (SPS).

Several fundamental particles have been discovered at CERN with the Higgs boson being
a prominent example [5, 6].

Besides the search for new particles, high energy collisions also allow to study a state of
matter that is otherwise not accessible in laboratory conditions, the quark gluon plasma [7].
As quarks are confined by the strong force they are only present as the constituents of
another type of particle, the hadrons [8].

During the collisions of heavy ions, which contain many hadrons, the colliding nuclei
can become so dense and hot that the quarks within this compressed matter display a
quasi free behaviour [9].

This state of matter is believed to have been present during very early stages of the
universe and being able to recreate it in a laboratory can allow insights into what happened
shortly after the big bang.

In addition to the proton acceleration, CERN also has an infrastructure for the production
of heavy ion beams which are used in fixed target experiments at the SPS and during the
heavy ion program of the LHC, usually lasting one month per year [10-12]. Figure 1.1
shows a sketch of all accelerators at CERN that are involved in storing and accelerating the

heavy ion beam.
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CMS

North area

Linac3

GTS-LHC ion source

Figure 1.1.: Sketch of the accelerator chain at CERN that is involved in the heavy ion beam acceler-
ation.

The starting point of the heavy ion production at CERN is the GTS-LHC ion source that
ionizes neutral gas and then injects the ions into the linear accelerator Linac3. At the end
of Linac3 the ions are guided through foils that strip off additional electrons from the ion
hulls. The first circular accelerator for the heavy ion beam is the Low Energy Ion Ring
(LEIR) which accumulates several pulses, called bunches, coming from Linac3. After their
acceleration, the particles are injected into the PS, which besides accelerating also splits
each bunch coming from LEIR into two smaller ones. Between the Proton Synchrotron
(PS) and the larger SPS additional stripper foils in the transfer line strip the ions off their
remaining electrons, leaving a beam only consisting of nuclei. Several fillings from the PS
are injected into the SPS before its beam energy is ramped up. The SPS then accelerates
the particles to the LHC injection energy [13]. In the LHC two separated beams of the
ions are brought to the final energy and collided in the interaction regions. While A Large
Ion Collider Experiment (ALICE) is the detector that is dedicated for the investigation of
heavy ion collisions, all particle detectors installed at the LHC are involved in the heavy
ion program [14].

Figure 1.2 shows a possible scheme for the heavy ion beam production, in this case for
lead ions in the run of 2016 [15].
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Figure 1.2.: A possible lead ion beam production scheme for the LHC.

Most frequently the LHC collided lead ions during the heavy ion program. For the
production of these ions in the ion source a solid lead sample first needs to be evaporated
before it can be ionized in the plasma chamber of the ion source. The evaporation takes
place in one or both of the two available micro ovens that can be inserted into the GTS-LHC
(named after the Grenoble Test Source and the LHC).

The resistively heated ovens are controlled by leveling the heating power supplied by
the power supply. The setpoint of the oven power is one of the frequently used tuning
parameters at the GTS-LHC ion source and adjusting the oven power is an important part
of maintaining a stable ion current from the source.

However so far the underlying mechanisms that make this tuning necessary were not
well understood and the tuning decisions are mostly based on operating experience. Ad-
ditionally to that, the ovens undergo sudden unexpected drops in their evaporation rate,
making it necessary to raise the oven power when such a drop is encountered.

The oven operation is routinely ended after two weeks and the crucible is manually
exchanged with a newly filled one. After such a two week run the oven crucible often still
contains almost half of the initial sample, but continuing a stable operation was so far
impossible. The source current would drop and the oven power can not be raised infinitely.
20 W is the usual upper limit as beyond this value damage to the oven is expected.

The refill of the ovens is the main reason for scheduled downtime of the GTS-LHC ion
source during the use of lead ions in the heavy ion program of the LHC. As the heavy ion
program lasts four weeks an oven configuration that would enable a stable operation over
this duration is highly desirable.
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In this work a study of the oven in its current setup both experimentally and by simula-
tions is presented. Gas dynamics and thermal simulations were used to get and under-
standing of the gas jet profile and the thermal distribution inside of the oven. At a test
stand the oven was operated in different conditions and with modified configurations to
characterize the behavior of the evaporation rate and to find influences on the evaporation
stability.

The first chapter introduces the GTS-LHC ion source and the setup of its micro ovens.
The following chapter presents the theoretical considerations and simulation models that
where developed to understand the oven properties. The third chapter introduces the
experimental setup, the test stand, and the principle of the measurements at the test stand
together with some basic measurements. In the fourth chapter the results of a series of
measurements at the test stand are shown and discussed. The last chapter summarizes

the results of the study and gives a short outlook.



2. The GTS-LHC lon Source, Functionality
and Setup

Heavy ions for the CERN accelerator chain up to the LHC are produced by the GTS-LHC
ion source connected to the linear accelerator Linac3 [13, 16, 17]. Its design is based
on the Grenoble Test Source (hence the name GTS-LHC) which was developed at the
Commissariat a 'Energie atomique (CEA) in Grenoble to study the underlying physics
and possible improvements of ECR ion sources [18]. The source is an Electron Cyclotron
Resonance Ion Source (ECRIS) and uses microwaves to heat a magnetically confined
plasma in which the desired elements are ionized to high charge states [19]. The following
chapter introduces the setup and gives an overview of the ion source principle, mainly
following the description in [20].

2.1. lonization principle

The production zone for the ions inside an ECRIS is a plasma, defined as "a quasineutral
gas of charged and neutral particles which exhibits collective behaviour" ([21]). For an
ion source the plasma serves as an environment where electrons, ions and gas atoms can

interact by collisions and thereby ionize neutral particles to the desired charge state.

There are several mechanisms where ions, atoms or molecules can lose electrons and
thereby become an ion (of a higher charge state), while other mechanisms can reduce the
charge state of an ion.

Hence the distribution of charge states in a plasma is a balance between the different
processes affecting an ions charge state. This can be described by a balance equation
like [22]:
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dnj
(r)= ne(t)[nj—l(t)IRj—l,j +n;(6)RR 4 ;

det
nj(t)

Tion, j

(2.1)

—n;(0)IR; ;41— n;(HRR; ;] —

Here n; describes the density of the ions of charge j at the moment ¢, n, the electron
density in the plasma, IR; ; is the reaction rate of single electron impact ionization from
charge state i to j and RR,; ; the reaction rate of radiative recombination from charge state
itoj.

leo_(nt]) is the rate of ions of charge j that are lost from the plasma with the mean ion
confinement time 7y, ;.

Equation (2.1) is only true if single electron impact ionization and radiative recombina-
tion are the only processes that change the charge state of an ion and if j is neither zero

nor the maximum charge state in the plasma.

Electron impact ionization In an ECRIS the dominating process is electron impact ioniza-
tion [23-25]. A freely moving electron (e™) collides with an atom or ion (A"*) of charge n
and expels another electron from its shell. The result of such an interaction is an increased

charge state of the ion and two freely moving electrons:
A" e — A 426 (2.2)

Charge states higher than A* can occur if the ionization process happens multiple times in

a stepwise ionization. Also possible but less probable is the double ionization with,
A" e — A 4 367 (2.3)

Both processes can only happen if the electron carries enough energy to overcome the
respective ionization energy of the involved ion [26], which depends on the element and

grows with the initial charge state n [27].

Charge exchange For highly charged ions like the lead ions Pb?** in the GTS-LHC, the
ions need to stay in the plasma long enough to be ionized in multiple steps. But competing
processes can also lower their charge states again. One interaction leading to lower charge

states is a charge exchange between an ion A”* and a neutral particle A or, less probable,
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two ions, A”* and A/*, in the plasma:

A" HA— AT AT

(2.4)
A}‘H— +Am+ _)A(n—1)+ +A(m+l)+ .

The charge exchange lowers the amount of high charge states in the plasma but at the

same time increases the number of lower charged ions as it is also an ionization process.

Radiative recombination Ions can also recapture electrons from the plasma where the
excess energy of the electron is radiated as a photon (y), called the radiative recombination
[28,29]:

A e — ATy (2.5)

The cross section of this process favours low energy electrons and high charge states
and acts more as a limiting factor towards high charge states rather than influencing the
amount of less charged ions.

The origin of ionizing electrons is the process itself as each particle being ionized releases
new electrons. To keep the ionization running the electrons need to be heated and confined
together with the ions.

For the confinement magnetic fields are used, which is described in the next section.
Energy to heat the electrons is added to the process by microwaves described in section
2.3. Besides the presented mechanisms also other processes influence the distribution of
charges and particles, e.g. loss mechanisms (described by the term Z’O—(nt]) in equation (2.1)),
as an ion source can only produce particle beams if the desired ions yare not completely
confined.

2.2. Plasma confinement

To create and control a plasma, the charged particles, in this description exemplary the
electrons, need to be confined in a certain volume. In the GTS-LHC ion source this is
achieved with room-temperature electromagnets creating a magnetic cage for the plasma
particles. Working principle of such a cage is the magnetic mirror.

The Lorentz force F; on an electron reads [30]:

F,=—q.(E+vVv,xB) . (2.6)
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Here E and B are the electric respectively the magnetic field, g, the charge and v, the
velocity vector of the electron.

In the following the Euclidean unit vectors e, e, and e; are used. If the elctron moves
through a homogeneous magnetic field (B = Be,), its velocity vector can be split into two

components, one parallel (v)) and one perpendicular (v,) to the magnetic field lines:

Ve=vi e tye; . (2.7)

The force of the magnetic field following from equation (2.6) then reads:

Fz=—¢g.ve xB=—q.v Be; . (2.8)

If the electron is moving perfectly perpendicular to the magnetic field lines, the force
following from equation (2.8) will force the electron into a circular motion as it always acts
perpendicular to its velocity. An additional parallel component of the velocity brings the
electron into a helical trajectory around the field lines.

While moving within the magnetic field the electron generally follows certain conserva-
tion laws. Primarily it conserves its energy, E,, that can be expressed as

1
E. = Eme(uj +v? (2.9)

Here m, is the electron mass at rest. Another conserved value is the magnetic moment of

the gyration u,, also called the first adiabatic invariant:

mev?
2B

Ue = ) (2.10)

If an electron moves into a region with a stronger magnetic field (a higher |B| = B), the
magnetic moment can only be conserved by increasing the rotational speed v, . Equation
(2.9) then shows that the kinetic energy can only be kept constant if the speed parallel to
the field lines is reduced. An electron is being reflected if the parallel speed component is
lowered to zero. From equation (2.10) it can be deduced that this happens at a point in the
magnetic field where E, = u.B. The reflection is only possible if the kinetic energy of the
electron is distributed over the two directional components in a way that it can transfer all

of its parallel kinetic energy into the rotational energy, which gives the requirement:

E, < UeBuay - 2.11)



2.2. Plasma confinement

If the parallel component of the velocity vector of an electron is too large compared to the
perpendicular one, it traverses the mirror and is lost, even when the total energy is lower
than that of others that are being reflected. This parameter combination is called the loss

cone [20]. Another way of expressing this can be done using the magnetic mirror ratio

R
B max

_—, (2.12)
Bmin

Rmag =

where B,;, is the minimal and B,,,, the maximum field strength of the magnetic bottle.
Starting with a particle at speed |v| = (v, + y) in the region with the minimum magnetic
field, the requirement for this particle to be kept (see (2.11)) becomes:

Y é UJ_(Rmag_ 1) . (2.13)

Figure 2.1 visualizes this condition.

A
particle trapped

vy

4] > UJ_(Rmag_ 1)
loss cone

-
y

Y

Figure 2.1.: Sketch of the loss cone of a magnetic mirror in velocity space.

In an ECRIS the confinement is done with two magnet sets. On the axis parallel to
the beamline, solenoids create a magnetic field whose strength peaks at the ends of the
plasma chamber and has a local minimum in its middle. This way the plasma particles
are confined in the middle of the chamber. However the plasma confinement in a simple
magnetic bottle is unstable and the plasma can escape radially, which is called the mag-
neto hydrodynamic instability (MHD-instablity) [19]. To enhance the radial confinement
another set of magnets superposes a radial multipole field (usually a sextupole [20]) that
leads to a growth of the field strength with growing radial distance to the symmetry axis of
the plasma chamber. Figure 2.2 sketches the field lines of these two magnet setups, while

the resulting superposition is a more complex field.
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Magnetic bottle Sextupole
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Figure 2.2.: Sketch of the magnetic field lines for the magnetic bottle created by two solenoids
and the field lines of a sextupole. The solenoids accomplish longitudinal confinement,
while the sextupole magnets stabilize the plasma radially.

(

|B|

>

2
z

2.3. Electron heating

For the plasma to be able to ionize atoms to high charge states, besides the confinement,
it also needs to have sufficiently energetic electrons that can interact with the ions as pre-
sented in section 2.1. In an ECRIS, this is achieved by injecting microwaves into the plasma
chamber which heat the electrons. The heating mechanism is a resonance phenomenon
using the gyration of electrons around magnetic field lines. Inside of a magnetic field
electrons gyrate around the field lines with the cyclotron frequency w. defined by the field

strength, B:
_ 4B
me

we (2.14)

When a microwave with a certain frequency w is injected, electrons in the plasma ex-
perience a force by the electric field of the microwave. But as this field is oscillating, the
electrons do not generally accumulate energy.

In the ECRIS design a zone exists where w,;= w¢ pcg at the magnetic field strength Bycg.
Defined by the magnets, this zone usually is an egg shaped closed surface around the

centre of the plasma chamber and is called the resonance surface.

Here the electric field of the microwave changes its polarity with the same frequency as

10
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the gyration of the electrons. This way the kinetic energy of the electrons can grow over
several turns, depending on the phase relation of the electron and the micro wave. This
setup on average heats the plasma electrons. If several microwave frequencies are injected,
several resonance surfaces can exist which all heat the electrons.

For the electron heating to work as described it is important that the injected microwaves
can reach the ECR surface. As the electrons within a plasma can oscillate with the plasma
frequency w,, [31], they are able to adiabatically adapt their position to electric fields that
oscillate with a lower frequency than w,,. This leads to the reflection of microwaves with
a lower frequency than w,,, hence a critical electron density 7, ;, for every microwave
frequency exists where microwaves can not conventionally propagate through the plasma.
As the ECR ion sources hold a magnetized plasma, this description is not complete ( [32])
and ECR ion sources with frequencies above this cut-off have been demonstrated for
certain microwave modes ( [33]). The GTS-LHC ion source however is operated below the
cut-off frequency.

2.4. Gas mixing

To enhance the amount of high charge state heavy ions in an ECR plasma a usual technique
is gas mixing [19]. This means that a second gas that consists of a lighter element (like oxy-
gen, nitrogen or helium) is injected into the plasma chamber besides the gas that delivers
the desired heavy ions. It was observed that this can shift the charge state distribution of
the heavy ions towards higher charge states [34].

Several explanations for the effect exist: The influence can be explained by a cooling
effect on the heavy ions. Within the plasma the heavier ions collide with the lighter ions.
This transfers thermal energy to the latter. With the extraction of the lighter ions from the
plasma also thermal energy is transported out of the plasma [35].

By cooling the heavier ions their confinement is enhanced and thereby the average time
an ion remains in the plasma. This leaves more time for the stepwise ionization to high
charge states.

An alternative explanation refers to the plasma potential created by light ions that
confines the heavy ions more effectively [36].

It was also suggested that the positive influence on the amount of highly charged ions
stems from a combination of several mechanisms including the ones above but also an
effect on the electron density and the rate of charge exchange reactions [37].

At the GTS-LHC ion source gas mixing is being applied routinely with oxygen serving as

11
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the buffer gas during the the lead ion production.

2.5. GTS-LHC lon Source

As a successor of the ECR4 [38] the GTS-LHC ion source is providing heavy ions for CERN
accelerators since 2005 as the the old source could not fulfill the needed requirements for
the LHC beam [17]. Figure 2.3 shows a sketch of the basic components of the ion source.

The GTS-LHC features a plasma chamber in the shape of a hollow cylinder, whose
symmetry axis is parallel to the produced ion beam.

It is surrounded by three room temperature solenoid coils with the same polarity, pro-
ducing the field for the axial electron confinement. One coil is on each end of the cylinder,
defining the maximum magnetic field on the symmetry axis. The third coil is in the middle
of the plasma chamber to adjust the minimum field.

The radial plasma confinement is enhanced with a permanent magnet hexapole placed
inside of the solenoids around the wall of the plasma chamber.

The extraction of the particle beam is achieved by 3 electrodes at the end of the plasma
chamber that are connected to the beamline of Linac3. To extract the positive ions the
body of the source is on a positive potential of 18.8 kV compared to the extraction electrode,
which is grounded, like the rest of the accelerator beamline.

On the other end of the plasma chamber, the injection side, the injection plug with
several functions is facing the inside of the plasma chamber. An additional electrode on
negative potential compared to the ion source body is facing the inside of the plasma
chamber. This part is called a bias disc and it helps to maximize the ion yield [34]. Besides
the magnetic field all remaining "ingredients" for the plasma are brought into the plasma
chamber via the injection plug. Here the 14.5 GHz microwaves are coupled into the plasma
by one of two rectangular waveguides. The second waveguide is connected to a spare
microwave generator and not part of the normal operation. An additional pipe allows to
inject gas into the chamber. If several gases shall be inserted, the mixing is done outside of
the plasma chamber. Additionally to the gas pipe two micro ovens are inserted through
the injection plug. As the micro ovens are the subject of this work their setup is described

in more detail in the following section.
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GTS-LHC ion source at Linac3
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Figure 2.3.: Sketch of the GTS-LHC ion source and its basic components around the plasma cham-
ber. The photo shows the side of the injection plug that is facing the plasma chamber.
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2.6. The micro oven

The oven technique is a widely used method to produce vapours from materials that are
solid at room temperature and possess relatively high vapour pressures at manageable
temperatures like calcium and lead. At the GTS-LHC ion source two ovens are inserted
into the vacuum of the plasma chamber via canes. Their setup is optimized to provide
sufficient temperatures at a compact design. The achievable temperature range reaches up
to 1000 °C in the crucible, which is sufficient for the evaporation of lead. Their operating
principle is resistive heating via a filament that is wound around a structure containing
the crucible, the filament holder. Outer layers provide thermal insulation to enhance the

temperature to power ratio. A sketch of its setup is given in figure 2.4.

828.5mm

Oven cane,
Stainless steel

Outer oven cover, Tantalum

Reflector foil, Tantalum
Lead sample

Filament insulator, Alumina

Crucible, Alumina Filament, Tantalum

Filament holder, Alumina

Figure 2.4.: Sketch of the general setup of the micro oven that is used at the GTS-LHC ion source.
The upper picture shows the oven on its cane, the lower picture shows an exploded
view of the oven.

2.6.1. The crucible

A hollow cylindrical crucible is used to contain the material that is supposed to be evapo-
rated. It is made out of alumina (Al,O3) which is able to withstand high temperatures and
shows no chemical reactions with hot lead and its vapour. Figure 2.5 shows a photo and
the basic dimensions of the crucible.
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27.5mm
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B

Photo of the crucible

Figure 2.5.: Sketch and photo of the crucible that contains the lead sample for the oven.

In the front, the cylinder is closed with a wall which features the extraction hole for the
produced vapour. The back end is closed by a plug that also consists of alumina. The Wall
thickness in the middle is thinner compared to the front and the back end, which reduces

the area of direct contact to the oven and thereby the possibility of heat conduction.

2.6.2. Filament, filament holder and filament insulator

The heating current is carried by a tantalum filament wound as a double helix that closes
at the tip of the oven. In contrast to other possible designs this guides the current back to
the end of the oven without the necessity of another electrical conductor, e.g. the outer
oven cover. An alumina support structure is holding the filament. This structure is in
principle a cylinder which is hollow and open towards the oven tip but closed in the back.
On its outside a groove is holding the filament and ensuring that no parts of the wire are
electrically short circuited by touching each other. In the back the two ends of the filament
are separated so that one end is guided into the middle of the cane while the other end is
connected to its outside. Around the filament another alumina part, in the form of a tube,
shields it from possible electrical contact with metal parts of the setup. Figure 2.6 shows
photos of these parts.

2.6.3. Outer oven layers

Outside of the filament insulator two additional layers are protecting and insulating the
oven. A piece of 40 mm x 200 mm tantalum foil with a thickness of 25 ym is wound around

the filament protector to enhance the crucibles temperature by reflecting thermal radiation
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Filament (Ta) and filament holder (Alumina) Filament protection (Alumina)

Oven cane Crucible (Alumina)

Figure 2.6.: Photo of the filament holder, the filament and the filament protection around it. These
parts parts are made out of alumina except the filament, which is a tantalum wire.

back towards the centre of the oven. All oven parts are placed within the outer oven cover
which also contributes to the insulation but is mostly physically protecting the oven. This

part is also made out of tantalum.

2.6.4. The cane

To insert the oven into the plasma chamber it is mounted on the tip of a long cane. This
allows to insert and extract the oven from the plasma chamber without breaking the source
vacuum by passing the oven through an airlock during extraction from and insertion into
the source plasma. Besides being the oven holder it also serves the purpose of conducting
the heating current to and from the oven filament. Figure 2.8 shows a drawing of the
electrical connections of the oven and the cane.

Its main body consists of a long stainless steel tube with the same diameter as the outer
oven cover. In its middle a long wire that is electrically isolated from the outer metal
is guiding the current towards the filament. This wire passes an electrically insulated
vacuum feedthrough. One end of the filament is connected to the inner conductors with a
connector piece stabilized by an alumina ring inside of the cane. The contact is ensured
by two screws whose ends are pressed against the filament. The other end of the filament
is in electrical contact with the outer cane, were the current is returned to the cane end. In
contrast to the inner conductors the outer cane is on the same potential as its surrounding,
i.e. ground potential (during offline experiments, as presented in chapter 4) or the ion

source body.
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Filament (Ta) and filament holder (Alumina) Complete oven

Filament protection (Alumina)

Heat reflector foil (Ta) Oven cover (Ta)

Figure 2.7.: Photo of the layers outside of the filament and a photo of the fully assembled oven

Power supply
( X J
Heating Inner conductor vacuum 4 "|
filament feedthrough [
\ R

Current on cane

Earthing (source potential)
Figure 2.8.: Scheme of the electrical connection of the filament, the cane and the power supply.

All earthing points are at the same potential, i.e. either ground or the high voltage
potential of the ion source.
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2.6.5. Operation cycle at the source

Before being inserted into the source, the crucible is filled with a sample of isotopically pure
lead (*°®Pb), with a mass of approximately 1.5 g. For the high energy particle experiments
the involved particles need to be well defined. If a mixture of isotopes comes out of the
source a separation in the beamline would be required which would reduce the useful
beam current that exits the source.

After the oven is filled it is inserted into the source vacuum. The amount of heating is
defined by a power value, which is stabilized by a feedback loop that acts on the power
supply of the oven. After around 1 h of bakeout, with a power of 3 W, the power is ramped
up until the lead ion output is sufficiently high, which is the case at around 7 W but can
vary from run to run. Subsequently the heating power is raised routinely by the operator
based on experience and lead ion current at the source. Raising the oven power is part of
the common actions taken when the source current is decreasing. The operation cycle
is ended when the oven reached 20 W and its power would need to be raised more to
maintain a sufficiently intense ion current.

The threshold of 20 W is chosen to not damage the oven with too high temperatures. As
this is usually the case after two weeks of operation the refilling is pre-scheduled for the
GTS-LHC ion source. This allows to adapt the operation of the CERN accelerator chain to
the approximately 10 h of missing beam from the source. However this cycle leaves the
oven with roughly half of its lead filling still in the crucible. Attempts to operate the oven
significantly longer have not lead to satisfying results.

As the GTS-LHC ion source features two ovens in its plasma chamber the second oven
could be used to prolong the operation time, but it is not possible to run this oven for
another two weeks in the described cycle. The plasma and the buffer gas that are present in
the plasma chamber during the operation of the first oven seem to affect its performance
[39].

The choice of when and how much the oven power is being ramped up is based on
experience while the link of the oven performance and lifetime and the input parameters
has not been studied yet. From the fact that the crucible filling can not be entirely used in
one operational cycle it can be deduced that there is room for improvement.
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To understand and optimize the functionality of the lead oven and to define the optimiza-
tion strategy it is crucial to understand the underlying physical processes. Two charac-
teristics have been studied, the properties of the lead gas jet coming from the oven and
the thermal profile of the oven. The first part of this chapter presents the physics of the
gas jet and how it can be modeled by simulations. In the second part the relevant thermal
transport mechanisms are presented. In the last part of this chapter thermal simulations
are shown which are used to get information about the expected thermal distribution of
the oven and its crucible. Several different simulation models are presented and compared
with the aim to understand influences on the temperature profile of the oven.

3.1. Vapour pressure and evaporation rate

A characteristic quantity for the evaporation of substances is their vapour pressure. Being
kept in an enclosure with a certain range of pressures and temperatures all substances
can exist in an equilibrium with both a gas and a condensed phase, so either liquid or
solid [40].

Molecules in this case change between those two phases by either evaporation or subli-
mation from the condensed phase to the gas or condensation from the gas to the condensed
phase. The equilibrium is characterized by the same rates of evaporation and condensa-
tion. The partial pressure that is exerted by the gas onto the walls of a container in such an
equilibrium is called the vapour pressure. It depends on the actual substance and on the
temperature in the container.

If the temperature rises, the vapour pressure also rises, which leads to a bigger part of
the substance going into the gas phase. In this way the equilibrium could stop existing
if the vapour pressure is so high that it requires all molecules of the substance to be part
of the gas phase. On the other hand if e.g. a gas liquid equilibrium is kept in a container
and one adds more of the respective substance while not changing the temperature of the

system, the additional substance would only add to the condensed phase. The described
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behaviour can only be observed within a temperature limit. Above this critical temperature
a substance will not condense at any pressure and a two phase system is not possible
(at very high pressures the liquid and gas phase become indistinguishable). This is for

example the case for oxygen or nitrogen at room temperature [41].

3.1.1. The lead vapour pressure

The vapour pressure of a substance depends on its temperature. An approximate way to
derive the vapour pressure for different temperatures is the Clausius Clapeyron equation.
In its integrated form ( [42]) it gives the relation between two parameter combinations of
vapour pressure and temperature, p,,; at T and p,,, at T, using the enthalpy of vaporization
AH,,, and the gas constant Rg,,:

(3.1

In P2 _ —AHvap (i 1 ) )

pv,l Rgas Tl - ?2

This equation assumes the gas to be an ideal gas and the substance dependent enthalpy of
vaporization to be constant over the temperature range of 7; to T,. For the vapour pressure

of liquid lead an empirical relation, given in [43] (originally from [44]), can be used:

Bpy,

logo (P, [Pal)=5.006+ Apy + 7

(3.2)

where p, is the lead vapour pressure in Pa and Ap,, and Bpy, are measured coefficients.
These are: Ap, = 4.911 and By, = —9701. The temperature T can be chosen from the
melting point of lead at T =327.5°C to at least T =1200°C and the results will have a 5%
accuracy or better compared to measured values. Equation (3.2) with different coefficients
and if needed also higher order terms, can be used for a large range of metallic elements
and substances. Figure 3.1 shows the lead vapour pressure calculated from equation (3.2)

together with 3 values from [43] for a large range of temperatures.

3.1.2. Evaporation

Evaporation is the process of particles leaving a condensed phase and becoming part of a
vapour. When the same amount of particles condensate back into the liquid or solid, the
two phases are in equilibrium. The molecular theory of gases gives a relation between the
flux density of ideal gas particles impinging on a surface, J, their average velocity 7 and

the density of particles n:
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Figure 3.1.: Vapour pressure of lead following from equation (3.2), where the values of Pa where
converted to mbar and the temperature K to °C. The plot also shows three literature
values from [43].

J=—". (3.3)

From the Maxwell-Boltzmann distribution of speeds within the gas at a temperature T
it follows:

8y T
mm

(3.4)

<
Il

Here m is the mass of the gas particles and kg the Boltzmann constant. As the gas density

can also be linked to the pressure p at temperature T, using:

p=nkgT , (3.5)

equation (3.3) can be brought into the form:

j=—2P (3.6)

Vermmky T '

If one considers a liquid in a container that is in equilibrium with its vapour phase
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(p = p, at temperature T), equation (3.6) can be used to calculate the amount of particles
hitting the surface of the liquid phase. A fraction of these molecules will enter the liquid

phase again, making them the condensation flux density Jynq:

]cond: a] . (37)

The coefficient a gives the fraction of particles, that condensate when they are hitting
the liquid phase. If the container is closed, the rate of particles exiting the liquid, Jevap,
and condensing on it is the same, SO Jeyap = Jeond- NOW One can assume an opening in the
container, reducing the surrounding pressure to p < p,.. This leads to a reduction in the
flux of particles onto the liquid phase, while the amount of particles evaporating stays the

same. Hence the net evaporation rate per surface area Joy,p nec becomes:

alp,—p)

Jevap,net = \/ﬁ .
B

This is the Hertz-Knudsen equation for evaporation, that allows calculating the rate

(3.8)

of particles evaporating from a liquid substance at a certain temperature, if its vapour
pressure and its evaporation coefficient a is known. From the origin of the equation the

different values can be resumed:

* Jevapnet: The evaporation rate of the substance per surface area in ats™ m,

* p,: Vapour pressure of the concerned substance in Pa at the temperature 7.

* a Evaporation coefficient of the substance. A unit less number.

p: Partial pressure of the vapour from the concerned substance in Pa. The presence
of another gas is not considered, i.e. this is not a background pressure from the

atmosphere.

m: The atomic mass in kg.

T: The temperature of the vapour and of the liquid in K.

Itis used for applications where vacuum evaporation takes place and gives usable results
for the evaporation of metals when the right evaporation coefficient is chosen [45]. But it
needs to be taken into account that it is an interpolation from an assumed equilibrium
and does not include a theory of how the evaporation mechanism actually works. To fit the

results to measured values the evaporation coefficient is adapted for different substances.
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It also does not consider the influence of another gas so the equation does not give
the evaporation rate in relation to e.g. the quality of the surrounding vacuum. Yet it
is known that another gas present above the evaporating substance will also decrease
the evaporation rate. This can be explained as a two step process: The second gases
particles can collide with the particles evaporating and thereby increase the fraction of
the evaporating particles re-entering the condensed phase. This will however only have
an influence if the pressure of the second gas is in the same range or higher as the vapour
pressure [46]. In the case of the lead oven it is especially difficult to make assumptions about
the background pressure p of the vapour close to the liquid lead inside the crucible. Here
the Hertz-Knudsen equation can be used to give an estimate of the maximum achievable
evaporation rate by assuming p = 0Pa.

To include the atoms re-condensing in the crucible a simulation model is used that is
described in the section 3.4. To validate the applicability of the simulation the following

section presents an estimation of the flow regime inside the crucible and around the oven.

3.2. Flow regime of the lead gas jet

The flowing characteristics of a gas jet and thereby its divergence and profile depend on
the density and the temperature of the gas particles in the jet. Several regimes can be
distinguished which lead to different particle distributions and flowing speeds. These
differences lie in the number of interactions between the individual gas particles compared
to the interactions of particles with surrounding structures like walls.

A common coefficient used to determine the flow regime is the Knudsen number Kn,
which is the ratio of the mean free path of a gas particle, A, to the characteristic length of

the system, [ [41]:

A
Kn= T (3.9)

When the mean free path of the gas particles is long compared to the characteristic
length of the system, it is likely that a gas particle traverses from one wall interaction to
the next without encountering other particles. In the opposite case, the gas behaves like a
continuum with a flowing behaviour closer to that of fluids.

Table 3.1 shows the flow regimes and their respective Knudsen number ranges. However
there is no abrupt transition from one regime to another and the Knudsen number is only
an orientation. The border between molecular and transitional flow is stated at different

Knudsen numbers in different references, e.g. at Kn=1in [47], or at Kn=10 in [48].
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Knudsen number | Gas flow regime
Kn<0.01 Continuum
0.01<Kn<1.0 Transitional
Kn>1.0 Molecular

Table 3.1.: Overview of the flow regimes assigned to different Knudsen numbers.

With the different regimes of a gas come different ways of describing and simulating
its dynamics, which makes the determination of the respective flow regime an important
step. The mean free path of a gas molecule depends on the number density of the particles

n and their cross sectional size o:

1
A= }
V2no

The size o can be replaced by the molecule or atom diameter d and the number density

(3.10)

n can be calculated from the gases temperature T and pressure p using:

p=nkgT , (3.11)
with the Boltzmann constant k. With these replacements equation (3.10) becomes:

kT
C V2ndep

Equation (3.12) shows that besides information about the size of the particles also

(3.12)

knowledge about the temperature and the pressure is needed. In case of the lead oven, the
species of the particles is lead, whose atoms have a diameter of d =360 pm.

As a result of the small size of the crucible and the oven, the pressure is not easily
measured and needs to be estimated. Within the oven crucible the vapour pressure p, can
be used as an upper limit. This couples the values p ~ p, and T in equation (3.12) as the
vapour pressure is temperature depended. The other needed quantity for the Knudsen
number in equation (3.9) is the characteristic length of the system, /. In a long gas filled
pipe this length is usually chosen to be the diameter, as it is a good estimation of the
distance a particle needs to overcome to make an interaction with a wall rather than with
another particle. For an empty crucible this leads to the length of / = 3.4 mm, which is
used as an estimate because the lead distribution in the crucible is not known.

Figure 3.2 shows the result of the estimation of the Knudsen number in dependence of
the temperature T'. Until the temperature of 800 °C the flow regime is the molecular flow,

above this temperature it is the transitional regime (see table 3.1).
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Figure 3.2.: Knudsen number estimation for the flow inside of the oven crucible. For the pressure
in equation (3.12) the vapour pressure of lead is assumed and the characteristic length
is the diameter of the crucible. The temperatures are chosen to contain the operational
regime of the oven (see e.g. figure 3.14)

The big range of numbers comes from the strong temperature dependence of the vapour
pressure, which changes the mean free path length over several orders of magnitude within
a temperature range that is realistic for the crucible. One can assume that the pressure
outside of the crucible and outside of the oven is several orders of magnitude lower than
the vapour pressure of lead at the temperature within the crucible.

This leads to longer mean free path length that also overcome the longer characteristic
lengths outside of the oven. From these assumptions it is evident that the dynamics of the
gas jet coming from the crucible will not behave like a fluid but rather needs to be treated

as a molecular flow.

3.3. Knudsen’s cosine law

The molecular flow is a flow regime found in systems with high and ultra high vacuum
(less than 10~* mbar). Here the particles translate from one wall interaction to the next,
without relevant amounts of interactions with each other. An equation emerging in several
processes is called Knudsen’s or Lambert’s cosine law.

It links the measured amount of particles coming from a desorbing or reflecting surface
to the cosine of the angle between the observer and the surfaces normal. It is the underlying
relation used to model gas particles entering a space through an orifice or their scattering
at a wall in the Molflow+ simulations presented in the following section.

The cosine law is also assumed to describe how the directions of the atoms are distributed
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that exit the liquid lead surface in the crucible and enter the gas phase. In section 3.4.3 it is

discussed how this influences the geometry of the gas jet in the simulation.

From the gas dynamics perspective the law can be deduced from the following consider-
ation, following the explanation in [41]: An enclosure is filled with gas particles moving in
all directions. From a small opening in this enclosure they can enter a space, free of gas

particles (All particles leaving the enclosure are being pumped).

As the particles are moving in all angles with the same probability inside the enclosure,
the rate density of particles emitted from the hole is the same in all directions. But only the
particles having the same direction as the surface normal of the hole will see the full size
of the hole as their aperture. Particles moving with an angle 6 to the surface normal see a
reduced aperture, which gets smaller as the angle becomes larger. If a particle is moving
parallel to the surface of the hole, i.e. its angle to the normal is 8 =90°, it will not be able
to exit the enclosure.

b
Figure 3.3.: Geometry of Lamberts cosine law in 2D. If particles leave the opening a into the direc-
tion of the arrow, they see a reduced aperture b whose size is a cos 8.

The geometry is sketched in a 2D version in figure 3.3. If the molecular flow regime is
assumed, the particles will propagate in straight lines after having passed the opening
without interacting with each other. This leads to a flow rate J(8) that only depends on

the angle 6:

J(0)=J(0)cosO . (3.13)

Here J(0) is the number of particles that leave the opening in a certain amount of time
into a unit solid angle with the angle 0 to the surface normal and J(0) the amount that
goes into the unit solid angle directly facing the hole (8 =0). The law also applies for the
behaviour of particles that are being scattered after hitting a wall, which is described in
more detail in [41].
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3.4. Molflow+ simulation model

3.4. Molflow+ simulation model

Molflow+is a program to simulate the molecular flow regime using a Monte Carlo algorithm
and ray tracing, developed by Roberto Kersevan and Marton Ady at CERN [49, 50]. As
particle to particle interactions play no role in this regime the particles can be treated
independently and are traced through the geometry from one wall interaction to the next.
The system is represented as so called facets, the walls, in the 3 dimensional space. Each

facet has several characteristics that need to be defined:

The desorption rate.

The sticking factor.

The opacity.

The temperature.

The first two characteristics are the particles way of entering and leaving the system. A
positive desorption rate on a facet leads to particles streaming into the simulated environ-
ment.

The sticking factor is the probability that a particle will be absorbed at the facet during
a hit. The opacity defines, whether particles can pass the facet or if they are exclusively
either reflected or absorbed. A facets temperature has no effect on the path of a particle
but it affects its speed. Following from these characteristics a cycle in the simulation can
be described as follows.

A particle is emitted from one of the facets with positive desorption rate. The initial
direction is random with a probability based on the cosine law presented in section 3.3.
Following its direction it is traced to the next facet to interact with. Here it can either
pass, be absorbed or change its direction. The direction changes are again based on the
cosine law, which describes the scattering of gas particles on a rough surface. A mirror like
reflection only happens when this was specified for the respective surface.

When the particle is finally absorbed the cycle is ended. Only now, the speed evolution
of the particle is calculated. Based on the amount of hits and the particle speeds, pressure
values on the facets can be calculated. It is evident that only a sufficiently large number of

these cycles leads to a realistic density or pressure distribution in the simulation.
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3.4.1. The oven geometry in Molflow+

To create a Molflow+ simulation two steps are necessary: Facets, defining the geometry of
the system need to be created and their characteristics have to be defined.

As Molfow+ allows the import and transformation of CAD models, the ANSYS Design-
Modeler, a part of the ANSYS Workbench package [51], could be used to define and prepare
the geometry for the gas simulations.

For the simulation of the gas jet coming from the crucible of the lead oven, only the
relevant geometry needs to be considered and big parts of its setup, like the cane for the
insertion into the vacuum of the source, is not needed.

Used for the simulation geometry are only parts of the oven from the inner back end
of its crucible to the oven tip. To make the simulation and the facets produced out of it
simpler, the underlying CAD model of the oven was further simplified. The geometry of
the filament is rather complex, but it can be expected to have a vanishingly small influence
on the behaviour of the lead flow, as it is not in the path of lead atoms leaving the crucible.

For that reason the filament was removed from the geometry. Additionally the grooves
that fix the filament inside of the support structure (see subsection 2.6) were filled. As an
outer boundary to the simulation a cylinder was chosen. Figure 3.4 shows the resulting
CAD geometry.

virtual vacuum

virtual screen .
container

Particle origin  Filament holder
simplified

Figure 3.4.: The geometry for a Molflow+ simulation prepared with the ANSYS DesignModeler.

Another step before importing the model to Molflow+ is the inversion of the geometry.
This means that the resulting drawing is a single body that represents the gas volume itself
and not the surrounding walls.

When the body is then imported into Molflow+, the program creates appropriate facets
to enclose it. After the conversion into facets, some of them can be simplified using the
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3.4. Molflow+ simulation model

functionalities of Molflow+.

When the systems geometry is defined, the characteristics need to be assigned to the
different facets. Figure 3.5 shows the resulting model. In the depicted model the particles
are launched from the back of the crucible. Section 3.4.2 presents alternations to this setup.
The walls of the crucible are chosen to be repelling and do not absorb any particles, as
they should be hot enough to prevent any condensation on them.

For the following evaluation also the outer parts of the oven are assumed to not absorb
any particles, which is not true in reality. The outer cylinder is giving the boundary condi-
tions and its properties could establish a surrounding lead gas pressure outside of the oven.
In the case of the oven test stand (see chapter 4) its walls are cold and one can assume here
that any impinging lead atoms will condensate and leave the gas. So the outer facets are
set to absorb 100 % of the impinging atoms.

As it can be seen in Figure 3.5 additional facets were included that are completely
transparent to the simulated particles but count them ass they pass, which can be used to

depict the lead gas jets geometry.

Transparent facet can
be used to "detect"

Particles emitted particles
from back of

crucible

Oven geometry,
not absorbing

Enclosure with
absorbing
facets

Figure 3.5.: Simulation of the lead gas jet from the oven in Molflow+. The surrounding enclosure is
assumed to be completely absorbing. The particles are launched from the back end of
the crucible, to create a homogeneous distribution within the crucible. The structure
of the oven is not absorbing and reflects the particles according to the cosine law. The
profile in front of the oven is a transparent facet that counts the passing particles in a
predefined resolution (here 10 cells per cm). These can be used to analyse the beam
profile at arbitrary positions.
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3.4.2. Lead consumption rates deduced from the Molflow+ model

Molflow+ allows an estimation of the evaporation rates of lead at different temperatures
in the oven, assuming that the molecular flow regime is dominating the gas behaviour.
The basic principle of the simulation is to establish the lead vapour pressure close to
the assumed lead surface in the crucible by choosing the right amount of particles being
emitted from the emitting surface.

For the correct pressure values the crucibles temperature also needs to be defined. A
simple model is, to assume the crucible to have a homogeneous temperature 7 where the
lead establishes the vapour pressure p, r according to equation (3.2).

As the molecular flow regime is linear, it is sufficient to start a simulation with the desired
crucible temperature and an arbitrary emission rate, e.g. Jy,r = 1.0mbarls™ cm™.

The pressure on the outside of the crucible close to the emitting surface, pyu. r, is
measured for each crucible temperature. The emission rate can then be scaled using:

]start,T

]evap,sim,T = pv,T . (3 14)

start, T

For this kind of simulation an assumption about the lead distribution within the crucible

has to be made.

Lead surface position in the crucible

The real distribution of the lead inside of the crucible is not visible or accessible when the
oven is operated. From the remaining lead after the use of the oven, like shown in figure
3.6, one can assume that the lead forms a meniscus and is not spreading over its bottom.

In the Molflow+ simulation the lead distribution is represented by the emitting surface.
Different positions of a potential meniscus can be taken into account by moving the

emitting surface within the crucible as shown in Figure 3.6.

Results

The results for the different cases are shown in figure 3.7 together with the prediction of
the Hertz-Knudsen equation (3.8).

The results presented in figure 3.7 show that the evaporation rate needed to establish
the vapour pressure close to the lead surface can differ.

This can be explained by the geometry of the crucible. In the cases A and B the emitting
surface is larger than the crucible opening and thereby the crucible reflects particles back
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Crucible Case A Case B Case C
remaining lead

Figure 3.6.: Left: A photo of a crucible that was smashed after a measurement at the oven test stand.
Right: Positions of the emitting surface that where used to calculate the evaporation
rate from the oven at a range of temperatures.
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Figure 3.7.: Evaporation rates per surface area for the different positions of the lead surface within
the crucible shown in figure 3.6.

to the surface. In case C the emitting surface is directly at the front opening of the crucible,
where a big part of the particles leaving the surface will not be reflected back to it.

This is close to the case that can be predicted by the Hertz-Knudsen equation, when the
background pressure is assumed to be p =0Pa and @ = 1. The prediction of the Molflow+
simulation and the Hertz-Knudsen equation in this case show very similar results.

To calculate a total evaporation rate of the oven, R,,[mgh™'], i. e. the amount of lead
evaporated per time, the rate Joap sim, 7 N€€ds to be multiplied with the area of the emitting
surface. The surface size for the cases A and B is @ = 9mm? and in the case Citis, b =
1.7mm?. Figure 3.8 shows the resulting total evaporation rates.

The curves show the large range of total evaporation rates coming from realistic lead
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Figure 3.8.: Total evaporation rates of the Linac3 lead oven, from the Molflow+ model and of an
estimation using the Hertz-Knudsen equation (3.8) in one case assuming a surface of
a =9mm? and the other b =1.7mm?.

temperatures.

The different positions of the lead surface cause differing rates. The closer the lead
surface is to the crucible opening the higher is the total evaporation rate and the difference
is up to a factor of two between case A and case C.

The Hertz-Knudsen equation only gives a good estimate of the total evaporation when
itis assumed that the emitting surface has the size of the crucibles opening.

A comparison with measurements at the oven test stand is given in chapter 5, section
5.5.4 (see figure 5.41).

3.4.3. Transversal profile of the gas jet

Another result from the Molflow+ model is information about the transversal geometry
of the lead gas jet coming from the crucible. This information is e.g. helpful to assess the
calibration of the deposition detector in the oven test stand (presented in section 4.4). It
was also used to study the lead oxide blockage formation process (presented in section
5.2.3.

As shown in figure 3.5 the information about the gas flow in the simulation is analysed
using a certain type of facet. Such a facet is set to be transparent to the gas and has a texture
defined by its resolution in cells per cm. For transversal information the facet needs to

face the oven tip at some distance, as also shown in figure 3.5.
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In the case of the lead oven it is more desirable to know the impingement of particles
on a certain area, J;;, [atm™!] rather than a pressure profile, where also the impingement
angle of each particle plays a role. So the facets were used to record the value J;,, for the
different assumed positions of the emitting lead surface that are shown in figure 3.6, at
a distance of d =50mm as as the deposition detector at the oven test stand was usually
placed 50 mm away from the oven tip.

The linearity of the molecular flow regime leads to the same J;,, -profile at all emission
rates, while of course the total amount of impinged particles differs. Figure 3.9 shows the

result for the different cases, with normalized impingement rates, Ji, nrm-

Case A Case B

]im.,nrm [a-u~]
]im.,nrm [a-u~]

]im.,nrm [a~u-]

y [mm]

X [mm]

Figure 3.9.: Normalized impingement rate on a facet, placed 5 cm away from the oven for the 3
cases shown in figure 3.6. The lines besides the surface plot show the outline of the
projection of the impingement profile.

It can be seen that the evaporation profile is not the same for the different cases. When
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the lead surface is further in the back of the crucible, the gas jet gets a distinct peak in the
middle while a lead surface at the front of the crucible causes a rounder distribution.

A theoretical distribution for a flat surface in front of an evaporation source can be
derived from the cosine law (3.13) that was presented in section 3.3. When assuming
that behind the opening hole inside the crucible the gas particles follow the required
homogeneous distribution and that the hole itself has no wall thickness, an impingement
rate can be calculated by [52]:

]im.,O
(1 +(x/d)p’

where J;,, (x) is the impingement rate on a flat surface in front of the emitting one, /i, o

Jim (x)= (3.15)

the impingement at the centre of the surface, d is again the distance from from the emitting
surface at which the profile is determined, and x a distance from the centre as shown in
figure 3.10.

d
‘ < >
Jim.0 >
Jim, (x) * ¢
Evaporating surface

Impinged surface

Figure 3.10.: Geometry used to calculate the transversal gas profile of the lead oven with the cosine
law in equation (3.15).

To compare the calculated impingement with the simulations, without including infor-
mation about the total rate, one can set the maximum rate to one. Figure 3.11 shows the
resulting profile as a transversal outline.

The cases B and C are in reasonable agreement with the simple cosine law over a wide
range, while the peak in the profile of case A can not be described that simple. Especially
for the case C this is not surprising as the emitting surface is directly facing the facet used
to detect the particles and Molflow+ determines the particles emission according to the

cosine law.

3.4.4. Discussion

The simulation of the lead oven, using Molflow+ relies on the assumption that the molec-

ular flow regime is dominating the gas flow behaviour inside and around the oven. The
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Figure 3.11.: Outline of the transversal profile of the lead gas jet d = 50 mm away from the oven
tip. The dashed line shows the transversal outline that follows from the cosine law
(equation (3.15)).

previous section 3.2 presents the calculation of the Knudsen number, assuming the pres-
sure inside of the crucible is the lead vapour pressure. The Molflow+ model itself can be
used to asses if it predicts lead gas pressures outside of the crucible that lead to mean free

path lengths that make particle to particle interactions unlikely also on larger scales.

Figure 3.12 shows the mean free path of the gas particles calculated from equation (3.12)
using the pressure, given by the Molflow+ model on the symmetry axis around the oven
tip for the emitting surface being in the back of the crucible (case A). The pressure in the
crucible starts at p = 7.5 x 1072 mbar, which is the vapour pressure of lead at 800 °C. The
starting point of the axis s is arbitrary, within the crucible and growing s values correspond
to positions closer to, or exceeding the oven tip. The dashed lines show, starting from the
left, the position of the inner front end of the crucible, the crucible exit and the outer oven
tip.

In figure 3.2 it can be seen, that at 800 °C the gas inside of the crucible is still in the
molecular flow regime. The derived pressure profile then leads to the conclusion that it is
consistent to also assume molecular flow everywhere outside of the crucible. Therefore
the Molflow+ model is self consistent up to an oven temperature of 800 °C. At higher
temperatures the flow inside of the crucible can be influenced by particle to particle

collisions which might influence the evaporation rates.

The gas jet outside of the crucible however will still be in the molecular flow regime
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Figure 3.12.: Mean free path of the gas particles calculated from equation (3.12) using the pressure,
given by the Molflow+ model on the symmetry axis around the oven tip for the emitting
surface being in the back of the crucible (case A, s = 0). The dashed lines show, starting
from the left, the position of the inner front end of the crucible, the crucible exit and
the outer oven tip.

at higher temperatures due to the large drop in pressure outside of the crucible. So the
prediction of the shape of the jet coming from the oven and going into a vacuum should
be correct for all achievable pressures inside of the crucible. The model was created to get
an understanding of the oven gas flow behaviour, the link between its total evaporation
rate and the temperature in the crucible and also the geometry of the gas jet coming from
the oven.

As it was assumed that the oven is evaporating the lead into a complete vacuum, the
transferability to the operation at the oven test stand is higher than to the one at the real
ion source. While at the oven test stand the oven evaporates into an enclosure with defined
pressure, in the case of the ion source the pressure in front of the oven and the influence
of the plasma on the gas jet is not known. Further results of the Molflow+ simulations will
be presented in later chapters together with measurements.

3.5. Thermal transport mechanisms

The oven is a device that heats the lead sample to a sufficient temperature to evaporate
the lead. It is evident that understanding the functionality of the oven is linked to under-
standing its thermal characteristics, like the relation of power and temperature and its
spacial temperature distribution. This section introduces the basics of thermal transport

mechanisms that define the temperature distribution of the oven. A later section then
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presents ways to model these processes with thermal simulations.

Thermal transport is the exchange of heat from a hotter to a colder body, which is
generally an energy transfer. Three different thermal transport mechanisms are distin-
guished: Conduction, convection and radiation. The following short description of these

phenomena follows the explanations in [53].

3.5.1. Conduction

The process called conduction describes the flow of heat within a body or between two
connected bodies that goes from a hotter part to a colder part of the system without the
transport of material.

Molecular lattice vibration and temperature are tightly linked. The higher the tempera-
ture the more energy is stored in the molecular vibrations. Interactions between particles
can transfer this energy within a body and thereby even out temperature differences until
an equilibrium is reached. This process is called conduction. The easiest case is an ideal
gas, where the temperature is a measure for the average kinetic energy. The conduction
happens through collisions between the gas particles, where particles with a higher kinetic
energy than average loose energy while particles with lower energy gain it. In solid bodies
the nature of the energy transfer depends on the material and involves molecular lattice
vibrations and, in electrically conducting materials, mainly the motion of free electrons.

As a macroscopic phenomenon, conduction in a body is described by Fouriers law [53]:

q=—Knerm VT . (3.16)

where q is the heat flux density vector (given in Wm™2), ky,.rm. the bodies thermal con-
ductivity in Wm™K, V the nabla operator and T the scalar temperature field in K. The

minus indicates that heat flows from the higher to the lower temperature.

3.5.2. Convection

Convection describes the transport of heat when a moving medium like air or water is
involved. The microscopic interactions are similar to conduction but in this case a material
transport plays a role. For example a stream of air that is blown against a relatively warmer
body will cool this body more efficiently than resting air of the same temperature. Here
the heat is not only transported by interactions between particles but also by movements

of the material carrying the heat energy. The movement of the material itself can be a
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consequence of its temperature (like the rise of hot air within a larger body of cold air in a
gravitational field). In this case it is called free or natural convection. If the movement is
caused by a mechanism that is not connected to the temperature (like the previous example

of a stream of air that is blown against another body) it is called forced convection.

3.5.3. Thermal radiation

Conduction as well as convection can transport heat between bodies that are somehow
connected, either touching directly or via a medium. Thermal radiation allows heat trans-
port between bodies even if they are separated and in a perfect vacuum.

It is electromagnetic radiation, usually of wavelengths between 0.1 pm and 100 pm,
caused by the thermal movement of charges in a liquid or solid body whose temperature
is greater than absolute zero. The radiation emitted by a body cools the emitting body
and heats up bodies exposed to it, while it can of course also receive heat radiation of
other bodies. This way the thermal radiation is another mechanism that transports heat
between bodies.

The Stefan Boltzmann law describes the power P that is emitted by a black body of
(absolute) temperature T [54]. In an expanded form for realistic materials it reads:

P=A, 05T, (3.17)

where Ay, is the surface of the body, € its emissivity, and oy the Stefan-Boltzmann
constant. When two bodies of temperature T; and 7, are exposed to each others thermal
radiation, a heat Q (in W) is transported from the hotter body to the colder one. Assuming

body one is hotter, the heat evaluates to:

Q = Asurf,lgl—ZO.B (Tl4 - Tz4) . (3 18)

Here §,_, is a viewfactor that depends on the geometry of the two body system as well

as their emissivities.

For complex bodies the thermal transport and the resulting temperature profile can
be arbitrarily complicated or even impossible to solve analytically. Therefore thermal
simulations based on the FEM method are being used. In the following section thermal

simulations of the micro oven are being presented.
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3.6. 2D model of the micro oven in ANSYS

As the setup of the Linac3 micro oven is too compact to record a detailed temperature
profile, especially inside of the oven, thermal simulations can be used to extend the knowl-
edge of the oven. The following sections including this one will present simulations of
the oven in the commercial multiphysics software ANSYS. A description of the principle
of the simulational method is given in appendix B. ANSYS is a commercial multiphysics
simulation software that allows a broad range of simulations, like mechanical stress, defor-
mation, temperatures and also fluid dynamics [51]. A thermal two dimensional model of
the Linac3 micro oven created by C. Fichera and V. Toivanen, that was not part of this work,
was already presented in [55]. As part of this work is based on the existent two dimensional
model it is briefly described in the following part.

The first step of a finite element simulation is creating the appropriate geometry. A two
dimensional model can only resemble a 3D geometry that has certain symmetries. As the
micro oven and its cane is almost axisymmetric, except certain parts, like the filament, the
filament holder and several connector pieces within the oven cane, the 2D model is built
under the assumption of axis symmetry where the symmetry axis is the middle of the cane.
Figure 3.13 shows how the 2D surfaces for the simulation are derived from the 3D drawing

of the oven.

2D surface for Simulation

Figure 3.13.: Derivation of the two dimensional geometry for the thermal 2D model of the oven.

As an outer boundary the oven geometry is surrounded by an outer enclosure that

completely encloses the oven and its cane.

3.6.1. Materials and connections

In case of the 2D model an individual body is represented by a plane of certain shape.

Each body needs an assigned material, that defines its thermal conductivity. In case of
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a temperature dependency the conductivity values are given in tabular form for several
temperatures and the program will do a linear interpolation between the inserted values
(see figure 3.19). As heat conduction might also occur between bodies the connection
between bodies needs to be defined. In the case of the oven between most bodies it is
assumed that no heat conduction occurs as the touching pressure between the bodies is
low due to the construction of the oven. Only where the cane is connected to the oven a
conducting boundary is assumed. After the definition of the geometry, the assignment of
the materials and the definition of connections, the mesh is created.

3.6.2. Boundary conditions

The next step is to define the boundary conditions of the model, the loads. Several loads

are possible:

e Temperature: An edge (1D), a plane / surface (2D), or a body (3D) can have a prede-

fined temperature.

Convection: A surface or an edge might be exposed to a heat transport due to con-

vection.

Radiation: Edges or surfaces can emit thermal radiation that will transport heat
between the body and other bodies that have a defined radiation boundary.

Heat flow and heat flux: A defined heat flow or heat flux through an edge or a surface.

Internal heat generation: A plane or a body generates a defined amount of heat that
will be evenly distributed over the body.

Temperature Two regions in the 2D model have a fixed temperature, the end of the cane
on the opposing side to the oven and the outside of the outer enclosure. In both cases
the temperature here is 22 °C. For the end of the cane this simulates the cooling at the
feedthrough, where the cane is inserted into the plasma chamber. The outside of the outer
enclosure is the outer boundary of the simulation and in case of the test stand it resembles

the test stand walls that are at room temperature and are cooled by the surrounding air.

Convection It is assumed that convection does not play a role for the thermal profile of
the oven, as the plasma chamber as well as the test stand are evacuated during its operation.
It is however possible that the lead gas jet introduces heat transport by convection that is

not modeled in the simulations.
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Radiation Radiation is the dominating heat transport mechanism between bodies in
the oven assembly, as the setup of the oven insulation is designed to prevent conduction.
In the 2D model the radiation happens between the planes representing a body and the
radiating parts are the edges of these planes. In ANSYS this means that radiation heat loads
are defined on the edges of the planes. Each radiation heat load requires a given emissivity.
When the emissivity of the material depends on the temperature it can be given in tabular
form, with pairs of an emissivity and a temperature value. The used values are presented
in [55]. As they where also used in the 3D model, figure 3.19 in section 3.7.1 shows the

emissivity values for the different oven materials.

Internal heat generation The oven is operated at fixed power levels, that are realized by
aloop controlling the power supply providing the heating current. A certain power level
equals a certain amount of heat being transported into the oven setup by the current. This
can be realized as an internal heat generation within the planes or bodies that represent
the filament. For the internal heat generation the input value is a heat density in Wm™
in 2D or Wm™ in 3D. In the 2D model, the resistances of the different conductors that
transport the heating current was taken into account, to calculate the fractions of the total
power that are lost in each individual conductor. For a given power level the result of this
calculation is a total amount of heat that needs to be generated in the planes that represent
these conductors. With the area of the plane this can then be evaluated to an internal heat

generation value.

3.6.3. Solution and adaption to measurements

The result of a the simulation is a temperature field for every part of the model. Additionally
itis possible to derive a field of the total heat that leaves or enters a body at its boundaries.
As the dominating heat transfer is radiation, the models behaviour is depending on the
input of the emissivity values. It was shown by C. Fichera et al. that the emissivity of
tantalum affects the model the most, and the emissivity values of copper, stainless steel
and tantalum where adapted to resemble temperature measurements at the test stand [55].

Figure 3.14 shows the resulting temperature for two parts of the oven, a copper pin
inside of the crucible and the oven cover, for heating powers between 1 W and 20 W. The
copper pin was used to fixate a thermocouple inside of the crucible. As each body in the
simulation has a distribution of temperatures, the plot shows the temperature range that

is present in the respective distribution at a certain heating power.
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Figure 3.14.: Temperature of the oven cover and a copper pin within the crucible, against heating
power. The simulation and the measurement were done before this work and are
presented in [55].

The resulting 2D model was used during this work to simulate different aspects of the

oven. The following section presents results that where obtained using the 2D model.

3.6.4. Oven tuning needed due to the temperature profile

During the operation of the GTS-LHC ion source the heating power of the oven is one of
the frequently adapted tuning parameters. It needs to be raised throughout the run to
maintain stable ion beam production. Normally the oven power was raised starting from
around 7 W to a final value of 20 W within two weeks of operation at the source.

However when the emitting lead surface within the crucible does not change in size or
position, a constant temperature of this surface would lead to a constant evaporation rate
(see section 3.4.2). Thus one would not expect that it is necessary to adapt the heating
power.

It was studied whether the simulated temperature profile can partly explain the need for
the raise in heating power. For this purpose two distributions of lead within the crucible

where simulated using the 2D model.

The geometry

In the first case the complete crucible is filled with liquid lead, while in the second case

the lead is only occupying a small fraction of the crucibles volume. In both cases it was
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3.6. 2D model of the micro oven in ANSYS

assumed that the lead sample, when molten, stays in a cylindrical shape due to surface

tension.

Crucible full Crucible empty

Surface representing the lead sample

Figure 3.15.: Geometry of the surface representing the cylindrical lead sample in the 2D simulation.
On the left: The crucible is newly filled. On the right: The crucible is almost empty
with the remaining lead gathered at the tip of the crucible.

The real distribution is not known. At the oven test stand the remaining lead within the
crucible, after a run where not all lead was consumed, was always in a cylindrical shape

and in most cases in the front of the crucible.

Parameters of the molten lead

For the liquid lead the thermal conductivity and the emissivity needed to be defined. The
conductivity was defined with the two values given in table 3.2 [56] [57].

Temperature [°C] | Conductivity[Wm™ K]
327.5 15.5
1200 23

Table 3.2.: Conductivity values used in the 2D simulation for the molten lead from [56] and [57].

ANSYS interpolates and extrapolates the conductivity from these values, which is appro-
priate as the temperature dependence of the conductivity of lead is close to linear.

No published data on the thermal emissivity of molten lead could be found but the
simulation showed a low sensitivity on the emission coefficient. Two cases where tested, a
constant emissivity value of 0.43 which is published for solid rough or oxidized lead and a
value of 0.057 which is published for solid polished lead [58] (Similar in [59]).

Results

Figure 3.16 shows the resulting temperature span of the surface, that represents the lead
in the two simulations.
It can be seen that there is a temperature difference between the lead that fully fills the

crucible and the lead that is only taking up the tip of the crucible. So, while the oven is
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Figure 3.16.: Lead temperature from the thermal 2D simulation for two bodies that resemble a full
and an empty crucible. Two different emissivities, €, of the lead where assumed, 0.43
on the left and 0.057 on the right.

operated and the lead sample is consumed it is possible that the overall temperature of
the lead changes at a stable power due to redistribution within the crucible.

However it is also evident that the difference in temperature would only need a correction
of some watt and does not explain the necessity of raising the oven power e.g. from 8 W to
20 W. This hints that also other mechanisms are involved in reducing the lead gas flow
from the crucible like another lead surface position. Other mechanisms that can affect the
total evaporation, like blockages and temperature instabilities where found experimentally

as presented in chapter 5.

3.7. 3D model in ANSYS

To asses weather the predictions of a 3D model resemble those of the 2D simulation and
to be able to simulate non symmetrical structures, in this work, a 3D model of the oven in
ANSYS was developed, based on the existing 2D model. It replicates the boundary condi-
tions of the 2D model but with a geometry that resembles the oven in three dimensions.
Several versions of the model where created as the level of detail heavily affects the needed

computing time.
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3.7.1. Detailed model: 3Df

A detailed 3D model, for referral called '3Df’, was created including all of the oven parts
that also are included in the 2D model and using the same boundary conditions. The basis
for the geometry is the CAD model that was used to produce the oven and can be found in
the CERN database EDMS [60].

Several adaptions had to be made to allow a proper simulation of the thermal radiation.
This mainly consisted of avoiding overlapping geometries, as some bodies in the original
CAD model share geometry at the same place in space. The tip of the filament was reshaped
to not stick into the surrounding alumina cylinder. Also at the connection of the outer
oven cover and the end of the cane some parts of the geometry needed to be cut away to
allow heat exchange by radiation.

The mesh which is then created from the geometry is a compromise to the computing
time. It was adjusted to be fine enough at certain places to represent the complex geom-
etry from e.g. the filament and the filament holder and is coarser at places with simple
geometries like the oven cane. Figure 3.17 depicts the mesh for some of the oven parts.

The ANSYS mesh metric can be used to asses the quality. It is a number between 0
(lowest quality) and 1 (highest quality) that calculates the ratio of the volume of an element
and the sum of its edge lengths. Here on average the mesh quality is 0.73. Even with this
rather coarse mesh the model is computational heavy and the iterative process can take
a long time (For 10 W approximately 13 d of CPU-time on the CERN High Performance
Computing (HPC) cluster Ixplus and using 48 cores [61]).

The loads

The loads used in the model are the same as in the 2D model. This mainly means that
all surfaces are radiating the heat with the respective temperature dependent emission
coefficient, for their material. Figure 3.18 shows the material assignments of the 3D model
which also determines the assignment of the thermal emissivity that is being used.

Figure 3.19 shows the temperature dependent emissivity values that are assigned to
each material and that are also used in the 2D model [55].

Figure 3.20 shows the other loads of the 3D model besides the radiation loads, which are
assigned to every surface of the model. In the 2D model the connection between the oven
cane and the piece connecting the oven to the cane was evaluated have a thermal conduc-
tance coefficient of 14500 Wm=2K™! ([55]). In the 3D model two additional connections

with conduction are introduced which are also shown in the figure 3.20. As here the oven
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Figure 3.17.: Appearance of the mesh for the three dimensional oven model in ANSYS. The mesh is

a compromise between representing the geometry correctly and not introducing too
many nodes.
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Figure 3.18.: The material assignments at the 3D model of the oven.

is welded the connections are assumed to be perfectly conducting, i.e. the temperature of
both bodies at the connection needs to be the same.

While the radiation boundaries can be directly transferred from the 2D model, the
internal heat generation has to be adapted. For a scheme of the current carrying parts of
the oven see figure 2.8.

In the 2D model the bodies are represented by planes. But if these planes are revolved
around the symmetry axis the resulting shape is not the same as in the 3D model. For
example the 3D model features the real shape of the filament, which is a single long
body and the volume of this body can be a different one than the theoretical ring shaped
filaments from the symmetrical 2D model.

When the heat generation is given as a density, e.g. in [Wm™3] the total heat generated
depends on the volume of the body. Therefore the heat density input in the 3D model needs
to be adapted. To convert the internal heat generation from the 2D model (h,p,/[W m™3])
to a corresponding heat generation for the 3D body (/;p/[W m™3]), the volume V4 »p of
the theoretical symmetrical conductors from the 2D simulation is needed. This can be

calculated from the respective surface area a.,,qp 0of the conductors in 2D:

Vcond.zD = 2ﬁrrot. Acond.2D > (319)

where 1, is the distance of the surface centre to the symmetry axis. Using this volume

the internal heat generation can be adapted:
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Figure 3.19.: Thermal emissivities of the materials that are used in the 3D model. The values at
temperatures below 20 °C are used for ANSYS to make the correct interpolation.

Internal heat gen. SS
Internal heat gen. Copper ‘

Internal heat gen. Ta

Fixed T at cane end

Connection with conduction

Figure 3.20.: Loads and contacts of the 3D oven model, apart from the radiation. The heat gen-
eration happens in all parts that transport the heating current, weighted with their
respective resistances.

Vi
hsp = hyp VfLZD . (3.20)
fil.3D

Table 3.3 shows the heat generation values of the 2D conductors and the derived heat
generation for the 3D model.

The difference in volume for the copper conductor in 2D and 3D stems from the different
representation of this body in 3D. In the 2D model the cane is simplified and does not
feature the vacuum feedthrough of the inner conductors. As described in appendix B,
simulations containing temperature dependent values like conduction or emissivity (and
generally radiation) are not linear and need to be solved by using an iterative process. It
helps to apply the loads like heat generation stepwise. For the heating power of only 10 W

the simulation of the detailed 3D model was run with 100 sub steps.
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3.7. 3D model in ANSYS

Material Power fraction | hyp [Wmm™] | V., 420/ Veondsp | Psp [Wmm™]
Tantalum 0.95 8.471073 1.04 8.81107°
Stainless steel 0.027 2.0010°° 0.9957 1.9910°°
Copper 0.021 99107 1.621 1.6107*

Table 3.3.: Heat generation values of the 2D conductors (h,p), the conversion factor % and the
derived heat generation for the 3D model h3p for the different conductors.

3.7.2. Comparison of the results to the 2D model

One purpose of the 3D model was to study whether the differences of the body geometries
between 2D and 3D change the predicted thermal profile. In this section the thermal
profile derived from the 2D model and the 3D model are presented.

Due to the long computation times the 3D model was only simulated up to a maximum
heating power of 10 W. Figure 3.21 compares the temperatures of two different oven
parts for a range of heating powers up to 10 W. As each oven part has a distribution of
temperatures, the plot again shows all temperatures that are present in the respective

distribution at a certain heating power.

Crucible Oven cover
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Figure 3.21.: Temperature span of the crucible and the oven cover in the 3D model compared to
the 2D model for the same heating power in the filament.

It can be seen that the temperature in the 3D simulation displays a similar power de-
pendency as the one of the 2D simulation. However the simulations show a systematic
difference in the predicted temperature for the individual bodies.

While for the crucible the difference in temperature lies within the temperature span

of the body itself, the difference in the predicted temperature grows with distance to the
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oven center. The right plot of figure 3.21 shows that the temperatures of the oven cover
differ significantly between the 2D and the 3D simulation.
Figure 3.22 shows the temperature at a heating power of 10 W along a path within the

crucibles wall, that has the same coordinates in the 2D and the 3D simulation.
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Figure 3.22.: Temperature on a path within the crucible derived from the 3D and the 2D simulation
both at a heating power of 10 W.

Both simulations predict a decrease of the temperature towards the tip of the crucible
and the decrease shows the same dependency of the position. The only difference seems
to be the total temperature. Figure 3.23 shows the general temperature distribution of the
micro oven at 10 W as it is predicted by the two models.

2D Model 3D Model
1096 Max 1123.2 Max
780 I 800
765 791
750 - 778
735 | 765
720 753
o 705 740
[ C] 690 ] 727 [ C]
675 714
660 £ 701
645 | 688
630 675
615 662
600 650

22 Min 22 Min

Figure 3.23.: Comparison of the thermal distribution of the micro oven at 10 W predicted by the
two models in ANSYS.
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Generally the resulting temperature distribution for individual oven parts is similar in
the 3D and the 2D simulation, however the total value differs, with the oven cover showing
the biggest difference. To asses whether this difference is due to the difference in the
geometry or has another reason a second 3D model was developed, that has the same
geometry as the 2D model.

3.7.3. Symmetrical 3D model: 3Dy

To analyse the influence of the geometry on the difference of the temperature between the
models, simulations of a 3D geometry where performed that resemble the one of the two
dimensional oven model, here called 3Dy’

In a first step the 2D model was simplified by removing parts that do not have a bigimpact
on the thermal distribution of the oven itself. This was done to reduce the computational
effort especially for the three dimensional simulation. The simplified 2D geometry was then
recreated in 3D by revolving the 2D plane around its symmetry axis. This way the difference
in the results of the simulation in 2D and 3D are not caused by different geometries. The
connections between the different bodies of the 2D and the 3D model are the same, as
well as the boundary conditions like thermal radiation coefficients, fixed temperatures
and heat generation.

A difference that can not be overcome easily is again the mesh density. As a 3D model
leads to much greater numbers of nodes and also the interaction between different nodes,
especially when it comes to radiation, the computation of the 3D model is more complex.
While the mesh of the 2D model can be chosen to be as dense as necessary, the finest
possible mesh of the 3D model is limited by computational resources. Figure 3.24 shows a
comparison of the 2D and the 3D simulation for a heating power of 1 W.

Even for supposedly identical geometries there are differences in the resulting thermal
distribution. This shows that also in the more detailed 3D models the differences to the
2D model do not necessarily come from a difference in geometry but e.g. from the way the

heat is transported through the model.

Basic geometries

To further assess the different results in 2D and 3D, a series of equal 2D and axisymmetric
3D simulations with simple shapes was performed. Starting from a slice of the 3Dy model
that only contains one "filament ring" the shape was simplified until 2D and 3D showed

equal results.
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Figure 3.24.: Comparison of a reduced 2D model of the oven with a 3D model that was derived
by rotating the 2D model around its symmetry axis, 3Dy. In both cases the heating
poweris 1 W.
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Simulational models All geometries are encapsulated by a stainless steel container whose
outside has a fixed temperature of 22 °C. Inside of this container three different geometries

were simulated, as shown in figure 3.25.

Outer enclosure

Figure 3.25.: Geometry used for a 3D and 2D comparison of simpler structures. The upper picture
shows the outer enclosure that was present in all cases. A: A slice from the 3Dy model
that contains one filament ring. B: only the filament holder and the filament. C:
Filament holder and filament but simplified.

The case A is a slice from the 3Dy model, that contains one filament ring. The used
materials are the same as in the complete model. This time the filament was set on a fixed
temperature of 1200 °C instead of a fixed heating power.

In case 'B’ only the filament holder and the filament are inside of the container.

In the case 'C’ the same bodies are present, but the filament was scaled up with a factor

of 1.2 and the groove of the filament holder was evened out.

Results The results for the filament holder that was present in all six simulations is shown
in figure 3.26.

For case A the 3D model shows a temperature of around 390 °C while in the 2D model the
filament holder has 380 °C. In the case B the temperature in the 3D model is 337 °C while
in 2D it is 325 °C. In the case C the 3D model shows 310 °C while in 2D the temperature
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Figure 3.26.: Thermal distribution of the filament holder in all six simulations.

is 313 °C. The oven cover that is only present in case A has a temperature of 221 °C in 3D
while the 2D simulation resulted in 208 °C.

Discussion Also for a reduced geometry like case A, the thermal simulations show a
difference between 3D and 2D. Case B shows a similar temperature difference as case A
and only in case C this difference is significantly reduced. The filament in case C is not
embedded in a groove within the filament holder.

This is a hint that the heat transport between filament and filament holder is a problem-
atic part in the simulation. However a modification of the filament or the groove in the

filament holder would be a strong deviation from the real geometry of the oven.

3.7.4. Simplified model: 3Ds

As the detailed 3D model in ANSYS is too computational heavy to actively use it to e.g. test
modifications of the setup, the geometry was further simplified to reduce its complexity.
For this model in a first step some structures, like the conductors inside of the oven cane
where removed, as it is assumed that they do not have a big impact on the temperature
profile of the crucible. Additionally to that the shape of several parts of the oven was

modified. Here a list of the modifications:

e The shape of the filament holder was simplified. At the tip the unused grooves where

evened out and the end has less detail.
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The crucible and its plug are united into one object.

¢ No inner conductor within the cane is included.

Additionally the conductor connections within the cane are removed.

The details of the cane are heavily reduced, rendering the cane a simple pipe.

Another change in this model is to abandon the outer structure that was resembling the
oven test stand walls, to get rid of the necessity of meshing this structure. As the enclosures
wall temperature in the 2D model is set to 22 °C the radiation from the oven was absorbed
here while almost no thermal radiation from these walls is emitted back to the oven.

In the simplified 3D model the surrounding is open with no additional structure around
the oven. This requires a setting within the program that allows thermal radiation to leave

the model. Figure 3.27 depicts the simplified geometry.

Crucible and plug now one object

, e
Original Simplified Original Simplified

Modifications of the filament holder

Figure 3.27.: Geometry of the simplified oven model in 3D. The modifications of the filament holder
are shown in more detail.

A consequence of the simplifications is that also the loads of the model change. The
internal heat generation within the copper conductors inside the cane is not present any
more leaving the crucible and the cane as the only bodies that produce heat.

Comparison of the simplified model to the full 3D model

While the number of mesh nodes was only reduced by 17 % (from 368000 to 304000 nodes)

the necessary computing time changed an order of magnitude. For the power of 10 W the
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CPU-time reduced from 13 d to 22 h. This reduced computing time also made it possible
to simulate the model up to 20 W.

Figure 3.28 shows similar plots like 3.21, this time comparing the detailed "full" 3D
model with the simplified model.

Crucible Oven cover
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Figure 3.28.: Temperature span of the crucible and the oven cover from the simplified 3D model
compared to the full 3D model. Only the simplified model could be simulated with a
power of 20 W.

The resulting temperatures in the crucible and in the oven cover do not differ significantly,
making the simplified model a feasible tool for further studies of the 3D geometry in ANSYS.

Realistic tantalum reflector foil: 3Ds2

In the 2D model as well as the so far presented 3D models the heat reflective tantalum foil
within the oven is represented by a hollow tantalum cylinder. In 3D here a body can be
used that models the tantalum foil more realistic. This was done using the simplified 3D
model.

A body, depicted in figure 3.29, was created that spirals outwards like the wound foil
does. However, while roughly reproducing the real foils volume, the modelled foil is thicker
and shorter: In reality the foils dimensions are 40 mm x 200 mm with a thickness of 25 pm.
The simulated body has the dimensions of 40 mm x 108 mm and a thickness of 50 um.

This is a concession to the mesh size (a thinner and longer foil needs more mesh ele-
ments) and to keep a sufficient distance between the windings to allow the simulation of

thermal radiation.

56



3.7. 3D model in ANSYS

Tantalum foil as cylinder Tantalum foil with windings

Crucible

Figure 3.29.: The body representing the reflective tantalum foil as a cylinder and the new body
where the foil is thin and has windings

Figure 3.30 shows the temperature distribution of the tantalum foil for a heating power

of 5W in the two different 3D representations.
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Figure 3.30.: Temperature profile of the tantalum foil for a heating power of 5W. On the left the
foil is represented as a thick cylinder and on the right with several windings.

Itis noticeable that the realistic shape predicts a much higher temperature gradient from
inside to outside than the cylinder that shows no difference between the inner and outer
faces (like one would expect), indicating that the spiral indeed has a different insulation
behaviour. While the simple cylindrical representation of the foil shows more temperature
fluctuations along the cylinders symmetry axis and generally only has a span over 2K the
temperature of the spiral shaped foil shows a large gradient of 180 K from inside to outside.

This affects the temperature distribution of the complete oven, at the crucible as well as
on the outer oven cover. The plots in figure 3.31 show the temperature span, so all temper-
atures between the minimum and maximum within the distribution, for the crucible and

the oven cover from three different models including the model 3Ds2.
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Figure 3.31.: All temperature values within the thermal distribution of the crucible (left plot) and
the oven cover (right plot) at a certain heating power level. 3Ds is the simplified 3D
model with the hollow cylinder as tantalum foil while 3Ds2 is the same model but
with the wound foil shape. 2D indicates the 2D model.

It can be seen that the realistic foil shape changes both the crucibles temperature and
also the oven cover temperature. While the crucible becomes hotter compared to the
original simple 3D model, the outer oven cover is colder at the same heating power. This

demonstrates that a hollow cylinder is an oversimplification of the tantalum foil behaviour.

The plots also show that with the realistic foil shape the resulting temperature of the
outer oven cover is closer to the one of the 2D model, which itself is close to measurements

as presented in [55].

Crucible temperature profile Figure 3.32 shows the temperature profile of the crucible on
the same path as seen in figure 3.22 for three simulations, 3Ds, 2D and the model with the
spiral foil, 3Ds2 with a heating power of 5W.

The predicted temperature profile of the crucible in all simulations is similar disregarding
the total temperature. The spiral foil however creates a slightly steeper temperature drop
at the tip of the crucible. But also the more realistic shaped tantalum foil does not display
a temperature drop that could explain the need to raise the heating power of the oven in

the range that is experienced.
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Figure 3.32.: Temperature on a path along the crucible for three different simulation models at 5W.

3.7.5. Influence of the injection plug: 3DsT and 3Dsp

As the oven is part of the source setup efforts were made to understand the influence of the
direct environment of the oven on its thermal distribution, i.e. the injection plug. To be able
to simulate realistically high heating powers, a further simplification to the oven model,
presented in section 3.7.4 had to be made, called '3DsT". In the so far presented simulations
the oven power was a direct input parameter. For an easier converging simulation as a
new input parameter the filament was simulated with fixed temperature. The net power
irradiated by the filament in the simulation corresponds to the former input power. This
method does not allow to establish the power ratios shown in table 3.3 so it assumes that
all power is lost at the filament. However this simplification seems to be more stable as
the model only converged this way.

figure 3.33 shows a comparison of the model presented in section 3.7.4, 3Ds, with power
as direct input value and the same geometry with a fixed temperature, 3DsT, where the
power is only determined after the simulation.

The differences are low enough to assume that the additional simplification does not

heavily impact the accuracy of this 3D model.

The injection plug model

Here the simulational model including the injection plug is called ’3Dsp’. The body repre-
senting the injection plug is a simplification of the real setup. it is shown in figure 3.34.

The thermal profile of the plug or its temperature were not yet assessed and in the
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Figure 3.33.: Temperature span from two 3D simulations. In one the filament was set on a fixed
temperature while the other used the heat generation.

presented simulation it is simplified to a two body model. The plug geometry is represented
by a body shaped like the injection plug itself, however with only the hole for one oven,
and none of the other holes, like the second oven, the gas injection or the two wave guides.
Also the bias disc electrode that is placed at its front is not included. The plug is connected
to a stainless steel rod of the length of 210 mm, whose end is set to the fixed temperature
of 20 °C.

Also the real plug at the source is connected to such a rod, which is connected to a bigger
part of the ion source body at a length of 390 mm. In the simulation the cane was cut to

210 mm to reduce the computational effort.

The presented model is an extreme case, where thermal conduction is assumed to

happen only between the plug and the rod.

The thermal emissivity for cobalt that was used for the thermal radiation is shown in
table 3.4 [58].

Temperature [°C] | emissivity €[dim. less.]
0 0.13
500 0.13
1000 0.23

Table 3.4.: Thermal emissivity values of cobalt used for the simulation.
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Figure 3.34.: Simple model of the injection plug at the GTS-LHC ion source.
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Results of the simulation 3Dsp

Figure 3.35 shows the temperature of the crucible and the oven cover in comparison with

the simplified model presented in section 3.7.4.
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Figure 3.35.: Temperature span of the crucible and the oven cover with and without the injection
plug.

It can be seen that the presence of the injection plug did not affect the crucible tem-
perature, while the temperature of the oven cover changed slightly. Figure 3.36 shows the
temperature span of the injection plug.

The injection plug is significantly colder than the oven cover. At 24.5W (the highest
simulated heating power) the plug has a temperature of 200 °C, while the oven cover has
more than 600 °C. In the plot of figure 3.36 it can also be seen that the temperature span of
the plug is small compared to its total temperature, only showing differences of less then

4 K between different parts of the body.

Discussion Thissimulation is an extreme case, with a simplified geometry of the injection
plug and its connection to the source. It can be assumed that the real injection plug will
have more connections that transport heat away by thermal conduction. Its body might
be colder than the one in the simulation. When this is the case it will affect the oven
temperature even less, as the thermal heat radiated back onto the oven will be reduced.
Therefore this simulation hints that the oven temperature at the GTS-LHC ion source is
not affected by the presence of the injection plug, as long as the oven is the only source of
heat. The presence of the plasma in the plasma chamber however might have an influence.
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Figure 3.36.: The left plot shows the temperature span of the injection plug plotted against the
heating power of the oven. The right picture shows the temperature profile of the

plug.

3.8. Conclusion from the thermal simulations

Thermal simulations of the oven consistently showed that the crucible within the oven
has a temperature profile where the tip is colder than the body of the crucible. This can be
a cause of changing evaporation rates at a constant heating power. However simulations
presented in section 3.6.4 hint that this temperature loss towards the tip is not enough to
explain the need for the steep rise in heating power that is experienced during the oven
operation at the GTS-LHC ion source.

Also the 3D simulation revealed no explanation for this behaviour. In the 3D simulations
a difference in the resulting absolute temperatures especially at the outer oven cover was
observed that can not be explained by geometrical differences.

3D simulations in ANSYS are computational heavy, but with simplified models it was
possible to test different geometries with reasonable simulation times (less than one week).
This way a more realistic model of the thermal insulation within the oven could be created.
Additionally the influence of the GTS-LHC ion source injection plug was assessed.

These simulations show that changes of the geometry only slightly affect the predicted
temperature profile of the crucible compared to the existing 2D simulation. While a
realistically shaped tantalum reflector foil showed a slightly steeper temperature drop
at the tip, the injection plug geometry did not affect the crucible profile at all. The total
temperature however differed between the different models.
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4. Oven Characterization at the Test Stand

Experiments at the oven test stand were conducted to characterize the oven in different
operational conditions as the ion source itself provides only very limited possibilities for
diagnosing the oven behaviour in terms of temperature and evaporation rate.

This chapter presents the setup of the oven test stand and the principle of the different
measurements that where used to characterize the oven performance. It will start with
a description of the general setup and then give more detail on the two types of sensors
used: The thermocouples and the deposition sensor. The data analysis of the oven test

stand data was exclusively done with Wolfram Mathematica [62].

4.1. Setup of the oven test stand

The design and the assembly of the oven test stand (OTS) was not part of this work and
the setup was already presented in [55]. During this study several modifications of the test
stand where made to the setup to allow the presented measurements, most prominently
the gas injection system and the motorized movable feedthrough were added.

Also the automation of the deposition rate measurements with a periodically opening
and closing shutter was developed during the presented work. Purpose of the test stand is to
provide an environment for the oven that resembles the source, in terms of the water cooled
feedthrough, a vacuum with low enough rest gas pressures (down to 5.0 x 1078 mbar), the
power supply for the heating power and also the presence of an injected gas at a desired
pressure, which allows to diagnose the oven performance in realistic conditions.

Besides the operational parameters that come from the power supply of the oven, like
the heating current and following from the applied voltage and the current, the filament
resistance, the oven test stand allows to measure temperatures via thermocouples and
features a deposition sensor. Figure 4.1 shows a sketch of the oven test stand and the
position of the different sensors.

The basic setup is a vacuum chamber with different feedthroughs for the oven cane

and several sensors. The evacuation of the test stand is done with a row of pumps for the
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Figure 4.1.: Sketch of the inside of the oven test stand vacuum chamber as seen from the side and

from the top.
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4.1. Setup of the oven test stand

different pressure regimes with turbomolecular pump that is protected with a shutter valve
for the lowest pressures.

During the study presented in this work also a gas injection system was added to the
setup that allows to simulate the background pressure created by the buffer gas in the
GTS-LHC ion source. A vacuum gauge measures the pressure inside the enclosure of the
test stand.

4.1.1. Test stand control and power supply

Almost all parameters of the oven, the oven test stand and the sensors pass a SIMATIC
§7-300 programmable logic controller (PLC) from Siemens [63]. Figure 4.2 shows a sketch
of the OTS interfaces and connections.

The functions of the PLC can be controlled by a WinCC application on a PC next to the
oven test stand. In the application the input parameters for the oven can be chosen and
also some functionalities of the sensors and the motorized movable stage are controllable.

The heating current of the oven comes from a Delta Elektronika power supply. In the
WinCC application the usual input parameter for the oven heating is the desired power,
which is then realized by a feedback loop running on the PLC that defines the current
setpoint for the power supply.

Apart from controlling the test stand, the PLC also transfers a number of values to the
CERN Acelerator Logging Service (CALS) with its interface Timber and thereby makes them
accessible for the data analysis [64, 65].

4.1.2. Oven feedthrough

Like at the GTS-LHC ion source the oven is inserted and mounted via a approximately
1 m long cane that also transports the heating current into the vacuum chamber. The
feedthrough for the oven cane actively cools the cane end with water. During the course of
the study the feedthrough was extended with an additional bellow. This way, in combina-
tion with a motorized movable stage, the oven can be remotely moved back and forth on
the axis of the cane. Figure 4.3 shows a photo of this setup.

The cooling at the feedthrough, the motor and the bellow are identical to the setup at
the GTS-LHC ion source. A purpose of this extension that is outside of the scope of the
presented study was the development of a new control software of the motorized stage at
the GTS-LHC ion source.
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Figure 4.2.: Sketch of the connections outside of the oven test stand.
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Figure 4.3.: Photos of the oven feedthrough with the cooling, the bellow and the motorized stage
that allows to move the oven.

4.1.3. Gas injection

To feed a certain gas into the OTS a pressure reducer connected to the gas bottle stabilizes
the pressure in the injection system in front of the thermovalve at 1.5 bar. The thermovalve
then injects the gas into the vacuum chamber of the oven test stand. Figure 4.4 shows two
photos of this setup. The thermovalve can be controlled manually or via a feedback loop
which stabilizes the pressure measured by the vacuum gauge.

Gas bottle Oven test stand
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Pressure reducer Thermovalve Gas at approx. 1.5 bar

Figure 4.4.: Photos of the gas injection at the test stand. The left photo shows the gas bottle and the
pressure reducer, the right one the thermovalve that injects the gas into the vacuum
enclosure of the OTS.
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4.1.4. Thermocouples

Thermocouples allow temperature measurements at different positions as they are flexible
and can handle a wide range of temperatures. Their principle is the Seebeck effect [66]. If a
conductor of a certain material has a temperature difference between its two ends, a voltage
between these ends will arise. A thermocouple consists of two wires of different materials
that are only electrically connected at the tip of the thermocouple. A temperature difference
between the point of junction, the thermocouple tip, and the end of the thermocouple
will then create a measurable voltage. If the two wires would consist of the same material
the path to and back from the point of measurement would create opposing voltages in
each wire that equal each other out, creating no measurable voltage at the thermocouple
end. Figure 4.5 gives a sketch of this setup. As only temperature differences are measured
with the thermocouple itself, the temperature at the end of the thermocouple (T¢opmp, in

figure 4.5) needs to be known, i.e. measured with an additional device.

4
/ Material 2 i O
TMeas. : Vout
¢ e
Material 1 !
TComp

Figure 4.5.: Principle of a thermocouple. The tip measures Ty, as the voltage V,, arises from
the difference to the temperature Tgonp, at the end of the thermocouple.

Thermocouples at the test stand

For the measurements at the test stand the K-type was chosen as they offer a wide temper-

ature range. Table 4.1 shows some specifications of this type of thermocouple [67].

Type | Material | T range [°C] | Uncertainty o ¢ [% of °C reading]
K NiCr-Ni | -270 to 1300 0.75

Table 4.1.: Characteristics of the used thermocouples in the oven test stand.

A dedicated feedthrough connects two thermocouples to the outside of the test stand,
while insulating them from electrical contact to the test stand at the position of the
feedthrough. Figure 4.6 shows the two thermocouples inside the test stand.

As always one end of a thermocouple needs to be grounded, the end is chosen depend-

ing on the measurement: For measurements on the (conducting) outer oven cover the
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Figure 4.6.: Photo of the thermocouples inside the oven test stand. One end of each thermocouple
is connected to the feedthrough at the oven test stand and each tip is clamped to the
outside of the oven.

thermocouples are electrically floating on their end outside of the test stand, while the
tip, that touches the oven directly is grounded, as the oven cover is grounded. As end is
floating the thermocouples themselves are not conducting and the oven current should
not interfere with the measurement. When the thermocouple tip can not be brought in
contact with a grounded part, its outer end is adjusted to be grounded, while the tip is
floating. In this case however it has to be ensured that the part inside of the test stand is
electrically insulated from making contact to the ground potential. The outer parts of the
thermocouples are connected to the PLC unit, which handles the calibration, grounding,
and data acquisition. The PLC logs the thermocouple reading as values in degree Celsius
in the database CALS.

For temperature measurements on the outer oven cover, thermal contact is ensured
by clamping the thermocouple under a ring that embraces the oven. Figure 4.7 gives an
example of a measurement with two thermocouples attached to the oven.

To enhance the comparability of measurements, throughout the study a reference posi-
tion was introduced. At this position, which corresponds to the middle of the outer oven
cover, the front side of the clamping ring is 22 mm away from the front tip of the oven.

Temperature uncertainty

Different factors contribute to the uncertainty of the measured temperature. The uncer-
tainty for the K-type thermocouple is ¢ = 0.75 % of the measured temperature, unless the
error then yields a value lower than 2.2K [68]. In that case the uncertainty is capped down
at 2.2K. Also the PLC units accuracy in reading the thermocouple voltage adds to the un-

certainty with op;; =0.7 % [63]. Another contribution is the internal compensation of the
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Figure 4.7.: Example for the setup of a temperature measurement. One thermocouple (TC) is
placed in the middle of the oven cover and is used as a reference throughout the study.
In the presented case the probe-thermocouple is on the height of the oven tip.

PLC for the cold end of the thermocouple, which is estimated to be o p;, = 1% [63]. A third
contribution from the PLC is the resolution of the stored digital value with o p;c; =0.5K.
As independent values, these uncertainties can be combined to a total uncertainty of a

logged temperature value, o;:

O = \/U%C + 050+ 0510+ 0515 - 4.1)

As these values can be calculated directly for different readings, table 4.2 gives some

examples of the resulting uncertainty.

Signal of TC[°C] | o1¢ [K] | opic1 [K] | Opica [K] | Opics [K] | 0 [K]
100 2.2 0.7 1 0.5 2.6
500 3.75 3.5 5 0.5 7.2
1000 7.5 7 10 0.5 14.3

Table 4.2.: Calculated temperature uncertainty of the thermocouple reading for different tempera-
tures using equation (4.1).

Positional precision

The width of the clamping rings, used to fasten the thermocouples, is 5mm (along the
longitudinal oven axis). Ceramic beads on the thermocouple were used to prevent contact
with the oven on other parts than its tip. Therefore a positional precision of 5 mm is
assumed when using a combination of temperature and positional values (e.g. in figure
4.19).
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4.1. Setup of the oven test stand

Influence of the TC holder ring on the thermal distribution

As the thermocouples are fastened with a stainless steel holder ring, the ANSYS simulations
were used to assess the influence of this holder ring on the thermal distribution of the
oven. A geometry representing one holder ring on the center of the oven was added to the
simplified ANSYS model 3Ds (described in section 3.7.4 of chapter 3). Figure 4.8 shows the
oven together with the geometry representing the ring.

TC holder ring

Heat conduction possible

Figure 4.8.: Geometry of the holder ring for ANSYS thermal simulations.

The ring diameter is slightly bigger than that of the oven, therefore it touches the oven
only at the fastening screw and on the opposite side of the screw. Here also thermal
conduction is possible because of the touching pressure. This is also indicated in figure
4.8.

As the amount of conduction happening here, especially on the side of the ring opposite
to the fastening screw, is not known, two extremes were simulated. One simulation did not
include any conduction between the ring and the oven cover, while a second one assumed
a perfectly conducting bond at the screw and the opposing side. For both cases the oven

heating power in the simulation was 10 W.

results The two simulations showed differing results. Figure 4.9 depicts the thermal
distribution of the outer oven cover together with the holder ring for the two simulations.

Without conduction between ring and oven cover the holder ring has alower temperature
than the oven cover (around 270 °C while the cover is at 489 °C). With a perfect conducting
bond, evidently the ring and the oven cover share the same temperature at the touching
parts. Here the oven cover is cooler than in the first simulation, only ranging from around
450 to 462 °C.

Figure 4.10 shows the temperature along a path in the oven cover for three simulations,
the two described here, and one without any ring present.

The path leads from the front of the oven cover to its back (towards the cane) and in

case a ring is present, it is directly under the fastening screw of the holder ring.
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Figure 4.9.: Temperature distribution of the oven cover and the holder ring for two different simu-
lations at 10 W.
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Figure 4.10.: Temperature along a path in the oven cover, shown on the right, for ANSYS simulations

at 10 W of heating power, including a thermocouple holder ring. The grey area shows
the position of the holder ring.
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It shows that the two cases with ring have an opposing effect on the overall temperature
of the oven cover, without conduction it is elevated (by around 13 K), with conduction it is
reduced by approximately 24 K.

Additionally the conduction can influence the temperature profile locally, by creating a
local temperature minimum, where the ring and the oven cover are in contact. Here the
temperature difference between the model with ring and without is 30 K. Besides from
that, in both cases the overall temperature profile is not changed significantly and in all
three cases the temperature of the cover drops from the front to the back by 8.9 respective
9.6 K (no conduction, with conduction) and in the case of no present ring by 9.2 K.

The temperature of the crucible is slightly increased in both cases with a holder ring.

With conduction the increase is around 2 K, without conduction 11 K.

discussion As the two models show opposing directions in the resulting temperature
change of the oven cover, it is difficult to estimate the effect for the real oven. Most probably
the conduction is less than perfect and thereby the real effect on the temperature is lying
somewhere between the two extremes. However if the conduction dominates the influence
of the ring, the measurement of the thermocouple happens within the local temperature
minimum and will measure a temperature that is lower than without a ring.

The temperature change of the crucible is low enough to conclude that the evaporation

behaviour should not be different whether a holder ring is installed or not.

4.1.5. Deposition detector

To detect the evaporation rate coming from the oven a commercial thin film deposition
sensor from INFICON is installed at the test stand [69]. These sensors are routinely used to
monitor the thickness of a deposited film in processes like physical vapour deposition [70].

The short description of its principle follows the description given in the sensor manual
[71]. The functionality of the sensor is based on using the piezoelectricity of a quartz crystal.
If a voltage is applied to the crystal it deforms and in return deformation also creates a
voltage. The crystal can mechanically oscillate, when an alternating voltage is applied
and then acts as a frequency filter, favouring its resonance frequency. If integrated in an
oscillator circuit the crystal can define the circuits frequency: Starting from electrical noise
that is filtered by the crystal, the frequency coming from the crystal is amplified and then
fed back to the crystal. This way the circuit will start to oscillate in the resonance frequency
of the crystal if the gain of the amplifier compensates for the power losses at the crystal.

Figure 4.11 shows the principle of this circuit.
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Figure 4.11.: Sketch of the oscillator circuit that lets the crystal oscillate at its resonance frequency.
The frequency F,; is fed to the crystal. The crystal attenuates frequencies outside of
its resonance frequency. What passes the crystal, F;ysa, is amplified and fed back to
the crystal as well as coupled out and used for the analysis. The power P, is providing
the energy for the process.

The oscillation modes of the crystal depend on its shape and mass. If the crystal changes
its mass by deposition of a material, the resonance frequency shifts, which affects the
oscillator circuit. The frequency is then analyzed in the detector control unit, whose output

is a thickness growth rate derived from the frequency shift and an internal calibration.

Setup of the sensor at the oven test stand

The setup at the test stand has several components: The detector containing the quartz
crystal sensor, a shutter that protects the crystal, a feedthrough and a control unit, called
SQM-160 [71]. Additionally, the control unit is connected to the test stand PLC via its
analogue output cable. More detail on the connections is given in the next section. Like
the thermocouples, the deposition detector has a dedicated feedthrough, which connects
several of the detector parts to the outside: The frequency reading coming from the sensor
is passed to the control unit. Cooling tubes are bringing a coolant to the detector, which
at the oven test stand is air. Additionally to the signals and the cooling air, the sensor
feedthrough also features additional air tubes for a shutter in front of the sensor, that is
opened and closed by pressurized air.

Figure 4.12 shows several photos of the deposition sensor, its crystal and the feedthrough.

Additionally figure 4.13 shows a sketch of the sensor in front of the oven. The control of

the shutter is done via the winCC application for the oven test stand, which can also turn
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Figure 4.12.: Photos of the deposition sensor and its feedthrough.
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Figure 4.13.: Setup of the deposition sensor in front of the oven.
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the sensor on and off.

Signal processing

A sketch of the deposition sensor connections is given in figure 4.14.
INFICON-Software on local PC
o=a--. ==
W | 0000

0-5VL- 0-5V (digital)
Deposition sensor  SQM-160 PLC CALS

Figure 4.14.: Visualization of how the deposition data after the SQM-160 is distributed.

The sensor itself is controlled by the monitor unit SQM-160. It is turned on during the
complete measurement and the deposition sensor measures the deposition rate perma-
nently. The oscillation frequency of the sensor is read out by the SQM-160. The module
uses its own software to analyze the data and return a thickness growth rate in As™! for a
given material, which in this case is lead.

Alocal PC can be connected to the SQM-160 via USB and a software provided by INFICON
then allows recording of the deposition data. Additionally, the SQM-160 converts its
reading into an analogue output signal ranging from 0V to 5V corresponding to a chosen
deposition rate span. At the OTS the analogue reading is being digitalized by the test stand
PLC and fed into the CERN logging database CALS. In the CALS also the status of the
shutter is logged.

Operation with periodically opening and closing shutter

As the deposition sensor accumulates all material that is deposited onto it, its life time in
the test stand is limited. To protect the sensor from unnecessary exposure to heat and lead
vapour, the shutter in front of it only opens during selected moments.

In most measurements the shutter opens for 70 s every 30 min, which is a setting that
proved to sample the time structure of the evaporation rate changes of the oven well
enough in most cases. It is evident that in some cases a sudden change of the evaporation
rate can happen while the shutter is closed (as e.g. can be seen in figure 5.26 in chapter 5).

When the oven is evaporating lead at a sufficient rate and the shutter opens, the crystal is
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4.1. Setup of the oven test stand

deposited with lead vapour which changes the resonance frequency of the quartz crystal.
This frequency change is measured and processed by the SQM-160.

As also the heat exposure of the sensor changes, by thermal radiation and the hot vapour,
it thermally expands after the opening of the shutter. This causes the resonance-frequency
to rise, leading to a sudden negative deposition rate reading after opening the shutter.

Only after some seconds the sensor temperature is stable and the reading turns into a
positive stable value. After the shutter closes, the thermal exposure is decreased and the
cooling makes the sensor contract. This causes a drop in the resonance frequency and
thereby a positively peaking deposition rate (described in [72]).

The spiking deposition rates at the beginning and the end of an interval with an open
shutter can be seen in the upper plot of figure 4.15.

' Shutter open
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Figure 4.15.: Reading of the deposition sensor in a time window where the shutter opens for 70 s
and then closes again, while the oven is running. The upper plot shows the data
recorded with the INFICON-software on a local PC. The lower plot shows the reading
as it is stored in the CALS during the same time window. In the CALS the rate is
represented as a voltage and the initial peak is not visible as negative deposition rates
are cut off. The data that is used as the actual deposition rate is shown in red in the
lower plot.

For each time window with an open shutter only one deposition rate value, Syep win, 1S
derived by averaging the last 10 recorded values within the interval, as shown in the lower
plot of figure 4.15. The corresponding timestamp for that value is chosen to be the moment
when the shutter closes.

As the reading D that is saved in the CALS, is given in V it needs to be reconverted to a
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4. Oven Characterization at the Test Stand

deposition rate:

D[As™]= ”T_l [AsT'V7] Syep [VI+ 1 [As7'], (4.2)

where u is the rate that corresponds to 5V and / the rate corresponding to 0'V.

To get the best possible resolution of low deposition rates, the values are set to u = 1As™!
and [ =0As™!, which is the smallest rate span possible on the SQM-160. A consequence of
setting [ to zero is, that the negative deposition rate peak after the shutter opens is not

visible in the data which is saved in CALS (As it can be seen in figure 4.15).

Uncertainty of the measured deposition rate

The deposition rate resolution of the SQM-160 monitor is stated to be ogqu = 0.037As™!
[71]. As the analogue signal is treated by the analogue digital converter (ADC) of the PLC,
its conversion resolution can contribute to the uncertainty. The ADC has a resolution of ap-
proximately o"ypc; = 0.003V [63]. With equation (4.2) this converts to T apc; =6 x 1074 As™1.

Besides the resolution, an accuracy of o ypca 1. = 0.8 % for the analogue to digital con-
version is stated in the manual of the PLC [63]. Depending on the deposition rate this can
lead to a maximum value of 0 ypca max = 0.003As™! for a deposition rate of 0.4 As™. The
mentioned deposition rate is an upper limit for the usually measured values.

When the shutter is opened for a short time window as shown in figure 4.15, the deposi-
tion rate can show noise, which is taken into account by introducing the standard error of
the mean of each averaged value, o ;.. All contributions can be added to get the total
uncertainty of the deposition rate, op.

In the following section basic measurements at the OTS are presented that help to get
an understanding of the oven. In the first section the outer temperature profile of the oven

was derived and the result is compared to the thermal simulations presented in chapter 3.

4.2. Outer thermal profile at stable power levels

A first thermal analysis of the oven was already presented in [55]. Additional measurements
were conducted to measure the outer temperature profile of the oven and compare it to
the thermal simulation models.

This section presents the results of five consecutive scans, where two thermocouples
were attached to the outside of the oven and its cane, as shown in figure 4.7. One ther-

mocouple always remained at the reference position while the position of the second
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4.2. Outer thermal profile at stable power levels

thermocouple was changed between individual scans. During these scans a crucible was
inserted into the oven but it remained empty.

For each step the heating power was raised to a certain set-point and remained there
until the temperature had stabilized. The plot in figure 4.16 shows the thermocouple

reading in the beginning of such a stepwise power ramp up.

18
300 -
16
— — <+ —
o 200 =
~ 14 5
100
— T probe |,
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—— Oven power
0 . * 0
0 10 20 30 40 50 60

t [h]

Figure 4.16.: Example of a temperature scan with different oven powers over time. The reference is
in the middle of the oven cover while the probe is installed at its tip.

The resulting stable temperature can be retrieved by averaging the values from the end
of a power step. Due to the long time it takes for the oven to stabilize its temperature, a
scan took up to 14 days. For the analysis the temperature values corresponding to a time

window of 20 min in the stable plateau were averaged.

4.2.1. Results

The outer thermal profile of the oven was measured by changing the position of the probe
thermocouple for each scan, while the reference thermocouple remained at a fixed position.
Figure 4.17 shows the stable temperature on the reference position at the outer oven cover
for the different scans.

The individual measurements show differences exceeding the estimated uncertainty.
One possible influence is the second thermocouple ring, that affects the thermal distribu-
tion of the oven cover and has a different position for each scan. Possibly also different
clamping forces of the ring that attaches the thermocouple to the oven can influence the
temperature measurement. As an estimation of the temperature at the middle of the oven
cover the temperature of the different scans is averaged. Figure 4.18 shows the resulting

averaged reference reading. The plot also includes the measurement of the outer oven
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Figure 4.17.: Temperature at the reference position shown in figure 4.7 for the full power range
of the oven at several scans. The shown error bars are calculated according to the
uncertainties presented in section 4.1.4. A zoom shows the differences and the errors
in more detail for a small power range.
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4.2. Outer thermal profile at stable power levels

cover that was presented by Fichera et al. in [55] as a comparison. As there is no big
difference it can be deduced that the second attached thermocouple did not have a big
influence on the overall temperature of the oven.

The plot shows the general power to temperature relation of the oven. A fit model can
be deduced from the Stefan-Boltzmann law (already shown and described as equation
(3.17)):

P=AgcoT" . (4.3)

If the radiated power is equal to the power leaving the filament, the bodies temperature,

in this case the oven cover, should follow:

T [°C] = ag [KW ™3] (Pyyen [W])T —273.15 [K] . (4.4)

Here the temperature unit of Ty, is °C. Figure 4.18 shows the fit function (4.4) with a
derived value of a;, =360+ 20 [K Wi,

[ [ [ [
500 |- =
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T 300 |
= 200}
° TE
100 - Meas from Fichera et al. [55] ||
— Tt
0 L I I I I I I 1

I I I I
0 2 4 6 8 10 12 14 16 18 20
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Figure 4.18.: Averaged stable reading of the thermocouple positioned at the reference position
during all presented scans, T The red line shows the fit function (4.4) for a value of

g, =361.5 [KW~1].

The fit shows a good agreement with the power dependency of the outer oven tempera-
ture. This shows that the governing thermal transport mechanism at the oven tip is indeed
thermal radiation (Already discussed by Fichera et al. in [55]).

To make the individual scans comparable and compensate for possible total temperature
differences between individual scans, the probe thermocouples are only used to derive

the difference to the reference measurement (AT}t p,):
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4. Oven Characterization at the Test Stand

AZl-i)—ref,l'%n = TI')robe,P,n - ];ef,P,n . (4.5)

Where T,,ope 5, is the stable probe thermocouple reading from scan n at the power P.
The outer temperature profile of the oven can then be derived by adding the averaged

reference temperature to the individual difference between reference and probe:

];)robe,corr,P,n = ACl;)—ref,P,n + ’Eef,P . (46)

As for each scan the probe thermocouple was placed at a different position on the cover,
the scan number 7 in equation (4.6) can be replaced with the corresponding position s
along the oven. Figure 4.19 shows the resulting measured thermal distribution of the outer
oven cover for heating powers up to 20 W.

It can be seen that the hottest part of the oven cover is at the front tip of the oven. As
the cane is inserted into the test stand through a feedthrough featuring an active water
cooling it is logical that the temperature then falls towards the cane end. In the following

the result of the measurements is compared to thermal simulations.

Comparison to ANSYS simulations

Figure 4.20 displays the measured outer temperature profile together with the result of
thermal simulations. For the simulation result a path within the oven, starting at the oven
tip and leading down the cane for 100 mm was used.

The comparison shows that while both simulation models overestimate the temperature
of the oven cover, the 2D model is closer to the measurement. This behavior was expected
from the results presented in section 3.7.2 as the 3D model showed a higher temperature
on the oven cover compared to the 2D model (which was adapted to the measurements).
Both the simulations and the measurement show the highest temperature at the tip of the
oven cover, so the general trend is described correctly in the simulations. Additionally both
models are close to the measurement at the cane which demonstrates that the assumption
of a fixed temperature at the cane end is sufficiently describing its thermal behaviour.

A big difference however is the temperature gap between the oven cover and the cane.
The simulations predict a higher temperature difference than what was measured.

One possible explanation is the influence of the holder rings, as discussed in section 4.1.4.
Thermal conduction between ring and oven cover can lower the overall temperature of the
oven cover and possibly also create a local minimum at the position of the thermocouple.

Especially with two holder rings on the oven cover this effect could be even enhanced.
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Figure 4.19.: Thermal profile of the Linac3 oven resulting from equation (4.6). The black marks
indicate the reading at the reference position. The coordinate s is the position of the
thermal measurement as indicated in the drawing.
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Figure 4.20.: The measured outer thermal profile of the oven together with the result of the 2D and
the detailled 3D simulation for the heating power P of 1 W (left) and 10 W (right). The
black dashed line shows the border between the oven cover (s <49,5) and the oven
cane.

Another possibility is that the assumption of having no conduction between the oven
cover and the cane is not correct.

Figure 4.21 shows a similar plot with 2D simulations where the oven cover and the cane
have a perfectly conducting connection.

It can be seen that the temperature predicted by the model changes mainly by reducing
the difference in temperature between the cane and the oven cover. The resulting outer
temperature of the oven cover is now closer to the measurement, while the temperature of
the cane is being overestimated by the simulation.

The property of the connection between the two parts obviously influences the outer
thermal profile of the oven. Figure 4.22 shows the temperature along a path within the
crucible for two 2D simulations with a heating power of 10 W, one without the conducting
connection and one with the perfect connection.

Both simulations show a similar temperature profile for the crucible but with a constant
temperature offset of approximately 12 K. The difference in the crucible temperature
between the 2D model and the measurements (as presented in [55]) at 10 W is 23 K.

Hence the difference in the crucible temperature of the two 2D models is below the
general precision of the 2D simulation model and thereby also clearly below the one of the
3D model that shows larger differences to the measurements.

It can be concluded that the predicted temperature profile of the crucible in the ANSYS

simulations is rather robust to changes at the outer oven layers and to possible improve-
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Figure 4.21.: Outer thermal profile derived from the measurement and from 2D simulations, where
the oven cover and the cane share a conducting connection. The black dashed line
shows the border between the oven cover (s < 49,5) and the oven cane.
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Figure 4.22.: Temperature along a path within the crucible, for two thermal simulations: "2D" is
the already presented 2D model of the oven, "2Dc1" a modified version of the model,
where the oven cover and the cane are connected via conduction.
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4. Oven Characterization at the Test Stand

ments of the simulation regarding the outer thermal profile. This behaviour was also
observed in section 3.7.5.

The next section presents basic measurements with the deposition sensor and the
calibration method that was used to derive evaporation rates instead of deposition rates,

which are presented in the following chapter (chapter 5).

4.3. Divergence of the lead gas jet

As the motorized stage at the oven test stand allowed to change the distance between the
oven and the deposition detector without interrupting the oven operation, it was tested
how the change of the deposition reading is comparing to predictions.

Using the motor, the distance between the oven tip and the sensor can be changed during
a running experiment. Starting with 50 mm at a fully compressed bellow the distance can
be raised to 69 mm. This allows to measure the reduction of the deposition rate with
growing distance of the oven tip to the sensor as a consequence of the gas jet divergence.

A scan was performed where the oven was moved away from the deposition sensor
stepwise and a deposition rate measurement was taken at every step by opening the sensor
shutter for 70s. After the scan the motor was moved back to its initial position without
sub-steps and an additional measurement of the deposition rate was taken.

Figure 4.23 shows the resulting deposition rate against time during this scan. The rate
started with approx. 3.6 As™! and then linearly decreased to 2.3 As™! over the duration of
the scan (approximately 30 min). The last value is at around 4 As~'.

As the evaporation rate of the lead coming from the oven can drift over time, the sen-
sor reading at the beginning and the end of the scan was used to calculate a corrected
deposition rate that represents a stable evaporation rate:

AD scan
A tscan

Dcorr,i = Di - ti ’ (47)

where D,,,, ; is the corrected deposition rate D; at the time #;. AD,,, is the difference
between the deposition rate at the beginning and after the motor scan at the same motor
position and At,,, the time that passed between taking these two values. Here the drift of
the evaporation rate was assumed to be linear.

The corrected reading, using equation (4.7) can also be seen in figure 4.23. Its decrease
is a bit steeper than the originally measured values, with 2 As™! as the lowest value. The

decrease of the corrected reading should only depend on the growing distance between
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Figure 4.23.: Reading of the deposition sensor over time when the distance of the oven to the
detector is increased. The triangle demonstrates equation (4.7) and the orange values
show the outcome of applying the equation to the measured values.

the sensor and the oven.
To make the deposition decrease comparable to predictions, without taking the actual
evaporation rate into account, the measured values, D;, were normalized to the deposition

value at the starting point of the scan:

Dnorm,i = Di/Dl . (48)

Here D, ; is the normalized deposition rate, and D, the rate measured when the oven

was 50 mm away from the detector at the start of the scan.

A simple geometrical prediction

A simple geometrical approach can be used to make a prediction for the reduction of the
gas flow on the detector by assuming the gas particles are being emitted by a pointlike
source in every direction. When this source is moved away from the detector the deposition
rate on the detector reduces by the same amount as the solid angle of the detector seen by
the pointlike source. The geometry for this assumption is shown in figure 4.24.

In this model the fraction of the gas jet that hits the detector, fyeom., is:

_l(l_i)_l(l_L) 4.9)
Jen=a 177 )2\ Vama) /

where a is the radius of the detector, d the distance of the source and the detector and r
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Figure 4.24.: Geometry of the solid angle taken up by the deposition detector. The red cross shows
the position of the pointlike source. The detector with radius a is positioned at a
distance d.

the radius of the sphere that has its origin at the pointlike source and is just completely
including the detector. When using the detector radius a =4.1 mm the fraction fyem, can
be calculated for different values of d. To derive only the reduction of the deposition values
the values can be normalized:

Jgeom (d)

. _ . 4.10
geom.,norm fgeom.(d =50 mm) ( )

The result of the calculation is shown together with Molflow+ simulations and the

measured values in the following section.

Result and comparison to the Molflow+ simulation

As in the molecular flow regime interactions between gas particles are negligible and only
interactions of particles with walls define the gas flow, the gas jet geometry prediction
is independent of the actual pressures in the crucible or in the volume around it. The
measured deposition rate is linear to the number of particles that hit the sensor area in
a certain amount of time. In the simulation this can be modeled as the rate of particles
that fall onto a surface whose position and diameter resemble the deposition detector.
The rate of particles per time is then again normalized to the one at a distance of 50 mm.
Figure 4.25 shows the measured normalized deposition rate together with the Molflow+
simulation for two different lead surfaces (case A and C as seen in figure 3.6) against the
distance of the oven tip and the detector. Additionally the prediction of equation (4.10) is
included.

Both the measured and the simulated curve start at D,,,, = 1.[a.u.] as they are normal-
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Figure 4.25.: The measured normalized deposition sensor reading (D,om,) at different distances (s)
between the oven tip and the detector together with theoretical values. Two simulation
geometries where used: A and C as shown in figure 3.6. The green line shows results
from equation (4.10).

ized. The rate then falls of to approximately 55 % of its original value at a distance above
69 mm. The Molflow+ model predicts the reduction of the deposition rate due to growing
detector distance correctly, especially when the drift of the evaporation rate over time is
taken into account.

However the reduction is also correctly described by the simple assumptions of equation
(4.10), showing that the method is limited in making predictions about the real shape of
the gas jet coming from the oven. For this purpose the detector is too far away from the
oven. Measurements with the oven closer to the detector have not yet been attempted to
prevent heat damage to the detector crystal.

In section 4.4.4 it can be seen that the Molflow+ simulation makes a clearly more precise

prediction of the calibration factor than one that is derived with the help of equation (4.9).

4.4. Calibration: From the deposition to an evaporation rate

The deposition monitor is used to get a measure for how much lead the oven is evaporating
in a certain amount of time. To get a transformation from the deposition to an evaporation
rate, a calibration is needed. As shown, the dominant flow regime is the molecular flow
(see e.g. subsection 4.3). Hence the geometry of the lead gas jet outside of the oven is
independent of the actual pressures and temperatures in the setup. From this follows that

there is a linear relation between the amount of lead deposited onto the deposition sensor
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and the one evaporated from the oven crucible, for all relevant temperatures, as long as
the structure or the lead surface does not change:

R(t)=AD(t) , (4.11)

where ¢ is a moment in time, R(¢) the oven evaporation rate and D(t) the deposition
rate on the sensor. A is the relation between the two rates. The term evaporation rate has a
certain ambiguity, as lead can be evaporated from the crucible but then re-condensate on
other parts of the oven tip. When in this section the evaporation rate is used, it is meant
synonymous to the consumption rate of lead in the crucible, when evaporation is the only
way that lead exits the crucible. This section presents the method and results of the sensor

calibration and compares the results with Molflow+ simulations.

4.4.1. Integration of the measured deposition rates

At the oven test stand it is not possible to measure the mass loss of the crucible during an
evaporation measurement. But the weight difference of the crucible before and after a
certain time of evaporation at the oven test stand can be measured.

If the shape of the gas jet did not change during the measurement, e.g. due to movement
of the oven or changes of the lead surface, the complete amount of deposited material
onto the deposition sensor and the amount of lead evaporated from the crucible should

have the same relation as in equation (4.11):

tp 2]
f R(t)dtzAM:AJ D(t)dr . (4.12)
t 51

Here ¢, and f, are the start and the end point of the measurement in time and AM the
weight change of the crucible over the measurement. From the equation follows a way to
measure the calibration factor A:

AM  AM
ffD(t)dt I

(4.13)

The integral, I, in equation (4.13) can be calculated by using an interpolating fit function
through the individual deposition rate measurements over the time in which the oven was
operated inside the oven test stand. This is done under the assumption that the sampling
rate, i.e. the time between two separated deposition rate measurements as shown in figure
4.15 is resolving all relevant changes of the evaporation rate.
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The crucible weight change AM is measured using a laboratory-scale for the crucibles
weight before and after the run at the oven test stand.

As several changes on the oven test stand were made throughout the study and also
other factors like changes in the sensitivity of the crystal might affect the calibration, the
described procedure is repeated for each measurement. For each run of the oven at the
oven test stand the calibration factor from that run is then used to calibrate the deposition

reading.

4.4.2. Uncertainty of the measured calibration factor

The presented method to derive an absolute value for the evaporation rates via integrating
the signal and measuring the weight change of the crucible relies on several assumptions.
The gas jet geometry needs to be constant over the measurement. For different pressures
this is true but simulations show that different positions of the emitting lead surface within
the crucible can lead to changing jet profiles. The effect of these geometry changes on the
calibration is analyzed in the following section.

Additionally to this the geometry seen by the lead gas atoms can change by condensation
droplets or lead oxide formations (presented in section 5.2.3). Another possible flaw
of the procedure is the possibility of droplets of lead flowing out of the crucible and
thereby changing its weight by another process than evaporation. The effect of this is not
easily estimated but the test stand and the oven is checked for visible droplets after each
measurement to evaluate whether lead was ejected from the crucible.

Besides the discussed issues with the procedure itself, the uncertainty of the measured
values contributes to the uncertainty of the calibration factor. This contribution can be
analysed by propagating the uncertainty to the value calculated with equation (4.13).

The uncertainty of the integral, I, in equation (4.13) comes from the uncertainty of the
measured deposition values.

I corresponds to a total thickness of deposited material over the time of the integration.
However the uncertainty of the measured total thickness is larger than the contribution of
I to the uncertainty of the calibration: If the detector systematically over or underestimates
the actual deposition rate by a fixed value, the calibration factor A will not be less precise
as it only needs the deposition reading of the sensor to be linear to the actual evaporation
rate and an offset to the actual amount would be included in the calibration factor.

However independent uncertainties as discussed in subsection 4.1.5 contribute to the
total uncertainty of the derived calibration factor as they lower the precision of the integral

reading. To estimate their effect on the integral, the functional approach of uncertainty
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propagation is used [73]. Here the numerical calculated integral is seen as a function
I(Dy, D,, D;,..) where the D; are the deposition measurement values used to calculate the
integral. The contribution o ; of each independent uncertainty o, ; is then calculated

using:

UI,i = I(Dl,Dz,..,Dl' +0D,i’")_I(DI’DZ"UDI'!") . (414)

All uncertainties can be summed to a total value o ; with:

o=1 Za%i : (4.15)

The uncertainty of the measured weight loss of the crucible due to evaporation comes
from the used scale and from the fact that some lead droplets may have been ejected from
the crucible. The uncertainty given in the scales manual iS 0 A/ manua = 1 Mg [74].

In most measurements of the uncertainty of the crucible weight change was estimated to
be 0 Ay = 10mg as an upper limit but when larger droplets are found after a measurement
the value was adapted based on the weight of that droplet. The two uncertainties can then

be propagated to the uncertainty of A, o 4:

Al (AM o1 2
Op= (?01) +(fO'AM) . (4.16)

4.4.3. Calibration factor from Molflow+ simulations

The Molflow+ model can be used to derive a calibration factor. This allows to investigate

the influence of the lead surface position within the crucible on the calibration factor.
The deposition rate on the detector is proportional to the fraction f of the lead gas

jet that is incident on the detector. Therefore the calibration factor A will be inversely

proportional to the value of this fraction:

1
Aoc— . (4.17)
f

Molflow+ can be used to derive the fraction f for different lead surface positions in the
crucible. For these simulations the lead surface positions shown in figure 3.6 from section
3.4.2 were used. Case A is in the back of the crucible, case B in the front but within the
crucible and case C is a lead surface that coincides with the inner opening hole of the

crucible. The results are shown in the table 4.3.
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The simulations predict that a different position of the emitting lead surface in the
crucible can cause a difference in the calibration factor of up to up to 35 %.

Additionally the simulated gas jet fraction can also be used to derive a theoretical cali-
bration factor A, based on the correct internal calibration of the deposition sensor. As
the output of the SQM-160 is already a thickness growth rate, these values need to be
converted back to a mass deposition rate. This is done with the density of lead pp},, and the

detector surface area c. The resulting calibration factor Ag;,, can then be calculated, using:

Cppp
f

As discussed, the different gas jet fractions f lead to different expected calibration factors,

Asim =

(4.18)

which are also shown in table 4.3.

Derived from | f [%] | Agm [mgA™'] x1073
Sim case A 1.76 3.4
Sim case B 1.17 5.2
Sim case C 1.27 4.8
Equation (4.9) | 0.17 35.56

Table 4.3.: Fraction f hitting the detector together with the calibration factor A, based on the
simulated gas jet profile for the three different lead surface positions shown in figure 3.6.
As a comparison also the simple approach with equation (4.9) is shown.

The simulations show that a changing lead surface position can influence the deposition
rate measurements significantly. During a measurement it can not be seen if this is the
reason of an observed change in the rate. However the connection between the evaporation
rate and other parameters still allowed to identify fluctuations of the measured deposition

rate that are most likely not caused by simple redistribution of the lead in the crucible.

4.4.4. Comparison of the measured and the predicted calibration factors.

As the calibration of the deposition sensor depends on the geometry of the lead gas jet and
the setup was varied over time, for each longterm measurement presented in chapter 5 a
new calibration factor was calculated after the measurement. Table 4.4 gives an overview
of the measured calibration factors, A,,.,s and the gas jet fraction hitting the detector, fcas,
for selected measurements with comparable setups. The measurements have designated
names that assign them to the presented measurements in chapter 5.

The measured gas jet fractions are in the same order of magnitude as the ones derived
with the Molflow+ model that are presented in table 4.3. On the other hand simply assum-
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Measurement name | A eas [mgA_l] X107 | fineas [%]
S1 3.1 £0.05 1.95 £0.03
S2 6.8 £0.18 0.89 £0.02
S3 5.7 £0.2 1.06 £0.04
N1 6.87 £0.97 0.88 +0.04
N2 5.02 £0.05 1.2 £0.01
I1 5.7 £0.1 1.06 £0.02
12 5.63 £0.06 1.07 £0.01
T1 6.75 £0.1 0.9 £0.01
T2 5.66 £0.1 1.07 £0.02
Ul 4.78 £0.62 1.26 £0.16
U2 5.04 £0.1 1.2 £0.02

Table 4.4.: Calibration factor A;,.,s and gas jet fraction fi,.,s that hits the detector for selected
measurements. The measurement names refer to measurements presented in chapter
5.

ing a point like source that emits into all directions as it is done with equation (4.9) would
lead to a significant overestimation of the calibration factor. This demonstrates that the
basic understanding of the lead gas profile and the measurements agree. However from
table 4.4 it can also be seen that the measured calibration factor varies from run to run,
while the setup was not changed. These fluctuations, which are larger than the estimated

uncertainties, are not understood.
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5. Temporal Evaporation Behaviour

The previous chapter presented the principle of measurements at the oven test stand. The
main focus of the study is the temporal behaviour of the evaporation rate. It is mandatory
for the GTS-LHC ion source to run for comparably long times, i.e. 2 weeks, to continuously
provide the heavy ion beam for the CERN accelerator chain. During the heavy ion program
at the LHC, the refill of the oven is the main reason for scheduled downtime of the GTS-LHC
ion source. Understanding the influences affecting its stability and endurance is crucial to
find methods to improve the oven usage at the GTS-LHC ion source. Two characteristics
need to be investigated, the stability of the evaporation and the failure modes, i.e. reasons

why the evaporation stops.

This chapter presents a series of measurements that where conducted to understand
the temporal evolution of the evaporation rate during continuous oven operation. In the
final part of the chapter also alternations to the oven setup are presented that showed

promising results to enhance the oven stability and lifetime.

To conveniently identify individual measurements they are referred to with simple names
like 'S1’ or 'N1".

5.1. Operation simulation at the test stand

The evaporation rate at the ion source can not be measured with the current setup of
the GTS-LHC. But as the applied power is recorded at the source, the oven test stand can
be used to replicate the oven operation while using the deposition sensor to measure its
evaporation rate and also monitor the outer temperature of the oven with thermocouples.
For this goal the oven power data of all runs of 2016 were collected to derive a simple model
that resembles a typical tuning of the oven at the source, which can then be applied at the

test stand.
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5.1.1. Typical power time curve at the GTS-LHC ion source

Figure 5.1 shows the oven power plotted against time for all oven runs at the GTS-LHC ion

source in 2016.
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Figure 5.1.: Power values of different oven runs at the GTS-LHC ion source in 2016, set to a common
starting time.

It can be seen that at the beginning of an individual run the power was ramped up to
start the evaporation. From then on it was adapted by the operator as part of the source
tuning to maintain a sufficient source current. From figure 5.1 it is evident that the tuning

decisions varied from run to run.

Creating a model for the oven operation

A subset from these curves, shown in figure 5.2, was chosen and manipulated with the
goal to derive a model for a typical run. Some of the curves that looked too atypical where
excluded, only leaving similar shaped power-time curves.

To not include singular events that happened at the source, the power of the individual
oven runs was then manually "cleaned" of sudden drops. Here the oven power dropped to
zero for a short time and was then restored after some kind of event cut the oven power.
An example of this procedure is given in the left plot of figure 5.3.

Also any long pauses of the ramp up at powers below 6 W were reduced, as this occurred
when the oven ramp up was stopped at the evening to be continued on the next morning.

To remove these pauses the respective data was dropped and the time values of the power-
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Figure 5.2.: Subset of the power-time curves that was used to derive the model for the typical oven
operation at the source.
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Figure 5.3.: Two examples for manipulation of the power-time curves. Left: Removal of sudden
power drops. Right: Reduction of resting time during the power ramp up.

time value pairs after the pause were corrected by subtracting the duration of the pause.
The right hand plot of figure 5.3 gives an example for this. The selected curves where cut

off at a duration of 360 h into the run.

A simple fit model was then applied to the resulting oven power curves, shown in Figure
5.4 together with the selected and adapted power time curves from the GTS-LHC ion

source.

The model consists of a piecewise linear function with 3 different slopes.

alt t<tl
Pmodel(t): a2t+b2=(a1—%)t+b2 LSt (5.1)

ast+by=(a,— 2 +22)t+by ,<t.
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Figure 5.4.: Selected power-time curves where the longer interruptions at below 6 W where cut out.
The red line shows a fit model that was applied with the goal to get a representative
power-time curve that can be used at the oven test stand.

By fitting the parameters a,, b,, bs, t; and f,, the resulting function reads:

1.19[Wh™] ¢ £ <6.7[h]
Prodel(DW]=103[Wd']t+8[W]  6.7[h]<t<7.4[d] (5.2)
0.89[Wd']r+3.6][W] 7.4[d]<¢t.
Following from this fit model a plan for the oven power tuning is derived: A first quick
ramp up brings the power to 8 W within a day, then the oven power is only increased

approximately 0.3 W a day for 5 consecutive days. In the last part the ramp up is steeper

with 1 W per day. This ramp up is kept for another 10 days until the final power is 20 W.

5.1.2. Measurements S1-S3: Applying the power time curve at the test
stand

The derived time dependency of the power was applied to the oven at the test stand for
several measurements with the goal of recording a characteristic time dependency of the
evaporation rate at the oven during operation at the GTS-LHC ion source.

During these measurements the test stand was under vacuum with a pressure of around
5.0 x 1078 mbar. The deposition sensor shutter opened for 70 s every 30 min and the signal

was processed as discussed is section 4.1.5.
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As the evaporation behavior of isotopically pure lead should not be different from natural
lead, in this study no isotopically purified lead was used. The first measurements were done
with unspecified natural lead and the lead samples in the presented tests also displayed
visible passivation on their surfaces. In the measurements 03-04, 11-12, T1-T2 and U1
samples of chemically pure lead were used to exclude any effects due to lead impurities.
Possible influences of the lead quality were studied in measurement U2 in section 5.5.

Table 5.1 gives details about the three measurements like the evaporated amount of lead

and the calibration factor.

Measurement S1 | S2 | S3
Purpose Measure typical evaporation rate for GTS-LHC Ion Source
Setup 2 thermocouples attached to outer oven

Oven tip 50 mm from Detector
Use derived P —t relation as power input

Atmosphere vacuum
AM [g] 0.96+0.01 | 0.51+0.01 0.37+0.01
AlmgA'1x103 | 3.1£0.05 | 6.88+0.18 5.7+0.2

Table 5.1.: Measurements at the OTS where the derived power-time curve was applied to the oven.

Result of run S1

Figure 5.5 shows the resulting evaporation rate of the first measurement together with the
applied power.

After the initial ramp up an evaporation rate of approximately 1.2 mgh~! was measured.
During the second part of the ramp, the rate then unsteadily grew to 7 mgh™! after 150 h
and at a power of 10W. At t = 150h the rate suddenly dropped to around 2 mgh™! and
then rose again with the increasing power.

After 200 h the rate was fluctuating around 7 mgh™! and then suddenly dropped to less
then 1 mgh™! at t = 230h. After the drop the evaporation rate again rose to a value of
almost 6 mgh~! and then dropped to almost zero after 300 h.

The oven showed heavy fluctuations of the evaporation rate throughout the run. Besides
the fluctuations, also the evaporation rate grew much higher than what was expected as
average evaporation rate at the GTS-LHC ion source.

As the usual consumption at the source is around 0.75 g of lead in two weeks the average
evaporation rate is about 2mgh™'.

To test the reproducibility of this behaviour, the measurement, where the oven power is

following the curve shown in figure 5.4, was repeated two additional times.
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Figure 5.5.: Evaporation rate during the oven operation replication S1 at the oven test stand.

Results of run S2 and S3

Figure 5.6 shows the resulting deposition and evaporation rates for all three consecutive
measurements.

The resulting evaporation rate over time is different for every individual measurement.
The second run (S2) showed a steep rise of the evaporation rate to a value of 6mgh~" in
the beginning of the measurement. The rate then dropped and after 30 h it was below
1 mgh™L. It then slowly rose to a rate slightly below 6 mgh~! over a duration of 120 h with
increasing power. After 160 h it suddenly dropped and did not rise above 0.5 mgh™!. The
run was then stopped after 210 h.

The third measurement showed a very slow rise of the evaporation rate. It reached
2mgh™! after more than 250 h. After 320 h The evaporation rate started to fluctuate and
also reached values above 7 mgh~! before the rate dropped after 350 h.

Calibration

The evaporation rate was measured using the calibration method described in subsection
4.4. The uncertainty of the derived evaporation rate oy comes from the uncertainty of the
individual measurements o, described in section 4.1.5 together with the uncertainty of
the calibration o 4 described in subsection 4.4.2. The calibration factor A measured for the

individual runs shows differences of more than a factor of two as shown in table 5.1.
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Figure 5.6.: Resulting evaporation rate R and the uncalibrated deposition rate D of the operation
replications S1-S3 at the test stand. The two values are shown as the calibration factor
A derived from the different runs varies strongly as shown in table 5.1. Run S2 was
stopped before reaching the maximum power (after 212 h at 11.5 W) as the evaporation
rate did not seem to recover.

Evaporation rate per power

The measurements S1-S3 can also be used to get a basic understanding of the power to
evaporation relation of the oven. For this purpose the recorded evaporation rate of each
measurement was sorted by the respective heating power that was applied.

Figure 5.7 gives an example for this, where the first 120 h of the evaporation rate mea-
surement of the run S1 are shown in different colors.

Each color in this plot represents all evaporation rate values that where recorded during
a fixed power level. To get a single evaporation rate per power it was decided to use the last
evaporation rate that was measured during a time step of fixed power. The fluctuations
during these steps where too high to make averaging over them reasonable.

Figure 5.8 shows the resulting power to evaporation rate relation for the measurements
S1-S3.

103



5. Temporal Evaporation Behaviour

5F o
N
4 (3 " ' 7
m’”\
T 3| o~ |
z £ i
= Mﬁ |
1 - -
[
o
0 - -
| | | | | | |
0 20 40 60 80 100 120

Figure 5.7.: First 120 h of the evaporation rate measurement S1. The different colors represent fixed

heating power levels.

10 [ T T T T T T T ]
1E .
T i ]
oo - i
E ool
= |
0.01 | REAE
I —e—S3 | |
L | | | | | | | ]

6 8 10 12 14 16 18

P[W]

Figure 5.8.: Power to evaporation rate relation for the measurements S1-S3.
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It can be seen that measurement S1 shows two distinctive phases. Between the powers
of 6 W to 11.5 W the evaporation rate grew almost exponentially with the rising power level.
At powers above 12 W the power to evaporation rate relation seems to be another one,
corresponding to the steep drop also seen in the time resolved plot in figure 5.5.

At powers above 14.3 W the evaporation rate did not rise with power probably due to
an empty crucible in run S1. Run S2 seems to have followed three different relations. At
powers between 6 W to 8 W the evaporation rate is higher than during run S1. Then the
evaporation rate follows the same relation as S1. At 9.5 W it drops to follow what appears
to be a third power evaporation rate relationship.

The run S3 shows a rather consistent rise of the evaporation rate with power without
sudden changes. It is noticeable that the final power to evaporation rate relations of the

runs S1 and S2 seem to roughly match with the one of the run S3.

Discussion

The setup of the oven test stand was not changed during the three presented measurements.
A possible reason for differences in the calibration factor might be a changing crucible
position inside the oven between the individual runs as a result of movement during the
insertion into the oven test stand. This can not easily be avoided and also happens at
the GTS-LHC ion source. Following the predefined power time curve at the oven test
stand leads to a measured evaporation rate that is fluctuating and also different for each
individual run.

A strong hint that the fluctuations and drops of the deposition rate are indeed not a
default of the deposition sensor is, that the evaporation rate could be stabilized by oven
modifications (See e.g. figure 5.35). This is presented in the measurements T2 and U1-U2
in later sections of this chapter.

Looking at the power to evaporation rate relation shown in figure 5.8 the oven and the
crucible seem to have gone through changes during the run that affect the evaporation
rate of the rest of the complete run and possibly even of later runs. This can be seen as
hints of changes in the power to temperature relation of the crucible, which was seen and
further studied in additional measurements as presented in section 5.3.

The recorded evaporation rates emphasize one aspect of the oven behaviour: In terms
of evaporation rate it is not easily reproducible by just strictly following a predefined
power-time curve.

At the GTS-LHC ion source the oven power is raised by the operator, who often does

this as a reaction to a decrease of the ion current. As the current can undergo sudden
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drops in its intensity it is likely that the observed fluctuations partially also happen at the
GTS-LHC ion source. Figure 5.1 shows the power time curves at the source, demonstrating
that individual runs led to different tuning decisions of the operator.

On the other hand there are aspects of the temporal behaviour of the oven at the GTS-
LHC ion source that were not recreated in the presented measurements. Inside of the
GTS-LHC plasma chamber oxygen is used as a buffer gas, so the oven does not operate in
complete vacuum but is surrounded by gas at a higher pressure. The effects of the buffer
gas on the oven were studied in additional measurements at the oven test stand that are
presented in the following section.

Possible reasons for the observed fluctuations and the low reproducibility are discussed
in the section 5.3 with supplemental measurements but also with additional data from the

already presented ones.

5.2. Active gas injection

As the plasma chamber is usually filled with a buffer gas besides the gas jet coming from the
lead oven (described in section 2.4), it is important to also assess the effect of different gases
on the oven performance. Especially as a frequent observation after a run at the ion source
is a built-up of oxidized lead on the tip of the outer oven cover. After the measurements
presented so far the only visible formation at the oven cover tip, were small droplets of
condensed lead.

To allow experiments with different gases, a gas injection system with a thermovalve was
installed at the oven test stand (presented in section 4.1.3). The following measurements
were performed to asses the effect of two different gases at different pressures on the oven.

Table 5.2 presents the measurements with an active nitrogen injection.

Measurement N1 N2
Purpose Effect of nitrogen General oven stability in nitrogen
Setup Same as S1-3
P follows predefined P — t-curve P set according to evap. rate
Atmosphere Nitrogen with 1 x 10> mbar Nitrogen with 1 x 10~ mbar
AM [g] 1.4£0.2 1.51£0.01
AlmgA'x1073 6.87+£0.97 5.02+0.05

Table 5.2.: Measurements that were conducted with a nitrogen atmosphere.
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5.2. Active gas injection

5.2.1. Measurement N1: Operation simulation in nitrogen

Measurements using nitrogen were performed to test if a change of the oven evaporation
behaviour could be noticed in the presence of a non reactive gas in the test stand. A first
measurement repeated the method previously presented, following a preset power time
curve (measurements S1-3) for the heating power. With the gas injection a nitrogen a

pressure of 1 x 10~ mbar was set inside of the OTS.

Results

The evaporation rate and the applied power of measurement N1 is shown in figure 5.9.
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Figure 5.9.: Measured evaporation rate of the oven with a nitrogen atmosphere at a pressure of
1 x 10~° mbar during run N1. The calibration factor was calculated to be A =6.87 +
0.97[103 mgA~'] with AM = 1.42 0.2 [g]. The comparably large uncertainty for AM
comes from observing a droplet of lead under the oven in the test stand. This could be
a sign of lead flowing out of the crucible without evaporating.

The evaporation rate grew very slowly and only after 250 h it started to rise to a value of
1 mgh™'. It then grew with the increasing oven power until it reached a value of 15 mgh™!
after 400 h. After a drop to approximately 6 mgh™' the evaporation rate rose again to
13mgh™! and then dropped to almost zero after 450 h, which was before the power was
raised to its final value, 20 W.

The same procedure to derive a power to evaporation rate relation as presented for the
measureents S1-3 was applied to the data of this measurement. The results are presented
in figure 5.10 together with measurement S3 as a comparison.

It appears that during the measurement N1 the oven followed approximately the same
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Figure 5.10.: Power to evaporation rate relation for the measurements S3 and N1.

evaporation rate to power relation as during the measurement S3 but this time the rise

continued further to higher rates before the evaporation stopped.

Discussion

As discussed before, a difficulty is the anyway poor reproducibility of the evaporation
behaviour in this kind of measurement. The measurement this time showed a higher final
evaporation rate compared to what was observed before. However it is not unrealistic that
the evaporation rate can grow steeply when the oven temperature rises as the temperature
dependence of the the vapour pressure is exponential (see equation 3.2). The evaporation
rate to power relation seems not to have changed compared to the previous measurement

that had no nitrogen injection.

5.2.2. Measurement N2: Can the oven run stable when operated

accordingly within nitrogen ?

A second measurement was conducted where the oven power was adjusted to achieve a
sufficient deposition signal from the start of the run and was then only raised if the signal
dropped. It should test how stable the oven can be operated when the operator actively
reacts on the evaporation rate. Also it should asses if the evaporation stops before the
crucible is empty. Another purpose was to asses how the injected nitrogen would affect
the lead condensation at the tip of the oven. This requires a sufficient amount of lead

condensate at the oven tip.
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Results

The results are shown in figure 5.11.

—— Evaporation rate, R
120
—— Oven power, P
6 [
_ 115
T —
= 4+ ] =
o0 | o}
£ 0
&z
2+ ¥, 15
0 0
| | | | | | | |
0 100 200 300 400 500 600 700 800

t [h]

Figure 5.11.: Evaporation rate and power during run N2, in a nitrogen atmosphere where the
power was adjusted to keep the evaporation stable. The lead consumed in total was
AM =1.51+0.01g and the resulting calibration factor is A =5.02+0.05 [1073 mgA_l].

The power was ramped up to a value of 11 W in the beginning of the measurement and
then only raised slowly to a maximum value of 14 W after 690 h. During the measurement
the evaporation rate fluctuated around a mean value of around 2 mgh'. After 250 h the
evaporation rate displayed four peaks where it grew to a rate between 4 and 6 mgh~! and
then returned to a value similar to what it had before the rise. After 400 h no further peaks
occurred but the evaporation rate still fluctuated and drifted. The run was stopped after
755 h and the crucible was examined. It appeared empty and no remaining lead could be
seen or measured.

The power to evaporation rate relation derived for measurement N2, shown in figure

5.12 shows higher evaporation rates then the ones measured during run N1.

Also the curve shows no clear exponential rise of the evaporation rate with heating power.
This however is not surprising, as the power was only raised as a reaction to a dropping
evaporation rate during the run and the oven was resting at constant power for much
longer time than in the previously presented measurements. Hence the final evaporation

rate at each power step was similar.
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Figure 5.12.: Power to evaporation rate relation for the measurements N1 and N2.

Discussion

The measurement shows that it is possible to run the oven over a long time (more than
30d) with an evaporation rate that is fluctuating around a median of 2 mgh~! and prac-
tically consume all of the lead in the oven crucible. But the evaporation rate remained
unpredictable, making the oven tuning unplannable. Also the evaporation rate to power
relation differs from the one measured in measurement N1, again demonstrating the poor
reproducibility of the oven operation.

The reason for the sudden rises and following drops of the evaporation rate are not
understood. The oven tip after the run showed no significant material built-up exceeding
the condensate droplets that have been seen before, which was expected as nitrogen is

not oxidizing.

5.2.3. Oven operation in an oxygen atmosphere

The GTS-LHC ion source is using oxygen (see section 2.4) as a buffer gas and the oven tip
after a run at the source frequently shows formations of lead oxide that can be big enough
to block the complete oven. Two examples of the oven appearance after running at the
GTS-LHC ion source are shown in figure 5.13.

The test stand was used to asses whether an oxygen atmosphere without a present
plasma is enough to reproduce this behaviour.

A first test with oxygen in the test stand demonstrated that indeed the oven tip showed a

formation of lead oxide. As the following measurement demonstrates the same behaviour
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31.07.2015 23.10.2018

Material built-up

Figure 5.13.: Appearance of the oven tip at the given dates after two individual runs at the GTS-LHC
ion source. The oven tip shows a built-up of material that is composed of lead and
lead oxide.

in more detalil, the first test will not be presented.

The test stand was then modified to study the oxide formation in more detail: A window
was installed besides the deposition detector, that allows to observe the oven tip while
the oven is running. Additionally a feedback loop controlling the thermovalve was put in
place, which allows to more precisely stabilize lower pressures (down to 1 x 107® mbar) in
the test stand. Without the loop this was prevented by drifting. Table 5.3 presents some

details of the measurements, used to asses the effect of oxygen on the oven.

5.2.4. Measurement O1: Formation of a lead oxide blockage

At a pressure of 1 x 10~ mbar the oven was operated in a similar way as during measure-
ment N2, presented in figure 5.11. The power was ramped up until a sufficient deposition
rate was seen and then only increased when the rate seemed too low. Photos were taken
to document the changes in the oven tip appearance, i.e. the formation process of the
blockage.

Results

Figure 5.14 shows the resulting measurement of the evaporation rate together with selected
photos of the oven tip.

The evaporation rate rose steeply and then fluctuated around a value of around 3.5 mgh™!
until it dropped to nearly zero after 440 h. The photos show a material built up at the oven

tip that grows into a complete blockage. After around 14 days the oven was completely
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Measurement 01 02 03
Purpose Effect of oxygen Effect of oxygen at lower pressure | Influence of lead quality
Document lead oxide blockage formation
Setup No changes on oven Same as O1 Same as O1
Thermocouples attached Chemically pure lead
Power set according to evaporation rate
Atmosphere Oxygen with 1 x 10~° mbar Oxygen with 1 x 107® mbar Oxygen with 1 x 10~° mbar
AM [g] 1.62+0.01 1.49+0.2 0.71+0.01
AlmgA~']x 1073 7.4+0.18 4.66+0.6 6.07+0.6

Table 5.3.: Experiments at the OTS used to asses the formation process of a lead oxide blockage at the oven tip.
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Figure 5.14.: Effect of the oxygen atmosphere of 1 x 107> mbar on the oven. The plot shows the
evaporation rate and the oven power during the measurement O1. The dashed lines
within the plot depict the moments at which the photos on the right where taken.

blocked. It was tested if the blockage can be removed by heating the oven with 20 W but
that was not the case.

Calibration

The usual calibration from a deposition to an evaporation rate via the weight change of
the crucible would lead to a calibration factor of A=7.4[10 x 1073 mgA_l]. However after
the oven was blocked the evaporation continued depositing the lead onto the inner part
of the blockage. Hence the deposition sensor showed no signal, while the evaporation was
still ongoing, making the integral of the detector readout an underestimation.

To still get an estimation of the evaporation rate during the run, the calibration factor of
aformer run, N2, was used (shown in table 5.2). The scattering of the measured calibration
factors for different runs however shows, that this estimation has an uncertainty that
exceeds the calculated uncertainties of the individual calibration factors for the respective
run.

To take this into account, the standard deviation of all individual calibration factors
throughout the study, which were assessed to not be flawed by blockages or larger lead
spillage, was calculated and used as the uncertainty of the calibration in this case: 0 4 comp. =
1.4[10° mgA™'].
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Blockage formation process

The photos in figure 5.14 give insight into the formation process of the lead oxide blockage.
It is not growing from the crucible but, as it can be seen in photo ’A, the starting point
is a formation at the outer oven cover. This shows that the lead forming the blockage is
oxidizing, after a fraction of the gas jet re-condenses on the front of the cover. By oxidizing
the condensate becomes solid and the blockage can grow, as more lead is being deposited
onto the already existing formation. For this to happen several factors play a role:

A significant amount of lead coming from the crucible is deposited onto the oven cover.
Secondly the oven cover is cold compared to the crucible and lowers the local vapour
pressure of lead on the covers surface enough to form a condensate. As a third factor the
oxygen pressure needs to be high enough to have a sufficient amount of reactions to form
the blockage.

The fraction of gas being deposited onto the oven cover can be estimated using Molflow+
simulations (see section 3.4). For this purpose the properties of the facets that represent
the inner oven cover are adapted to count and absorb all particles impinging on them. The
simulation was performed for different positions of the lead surface within the crucible
(the same as presented in figure 3.6) and also for two crucible positions.

At the GTS-LHC the crucible is usually placed as far in front within the oven cover as
possible. To asses if this is already a countermeasure for the deposition onto the oven
cover, the Molflow+ simulations were performed for one case were the crucible is further
within the oven and another one, where it is almost touching the oven cover in its front.
The two crucible positions are depicted in figure 5.15.

In the photo A’ of figure 5.14 it can be seen that the initial area of growth for the lead
oxide blockage is the inner part of the oven cover opening. To distinguish, where the lead
is actually deposited, two fractions of the lead gas jet were calculated, f.,mp. is the one that
hits the inside of the oven cover anywhere (the red area in figure 5.15) and the fraction,
Jopening: that is hitting the cover exclusively at its opening (shown as cyan in figure 5.15).

Table 5.4 presents the results of the simulations. The position of the emitting lead surface
within the crucible is not changing the results significantly, so the presented table shows
only the outcome of the simulations for the lead surface at the front of the crucible (case C
in figure 3.6) and states an uncertainty that takes into account the result from the other
surface positions.

The simulated fractions show that if the crucible is placed deep inside the oven more
than half of the emitted lead is interacting with the oven cover. This does not imply that

also half of the lead is re-condensed, as the gas atoms may be reflected off the walls of the
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Crucible inside Crucible in front
I . Complete cover tip

I Only cover opening

Figure 5.15.: The two crucible positions that were simulated with Molflow+ to derive the fractions
of the gas jet that hit the inner walls of the oven cover. Fraction feompi. is impinging the
cover anywhere in the red region, f;pening i the fraction that impinges the opening of
the oven cover, depicted in cyan.

Crucible position | feompr. [%] | fopening [%]
Inside 54 +2 28 +1
In front 18 £1 18 £1

Table 5.4.: Simulated fractions of the lead gas jet that hit the oven cover. feompl. is the part that
impinges the cover anywhere, while f,pening i the fraction hitting the oven cover opening.

oven cover but it shows that the deposition is a significant fraction of the gas jet. When the
crucible is moved to the front this value drops to around 20 %.

But the simulations also show that while the total value drops significantly the impinge-
ment on the inside of the cover opening is only reduced from 28 % to 18 % by moving the
crucible to the front. So in both cases it can be expected that enough lead is deposited

onto the part of the cover that was identified as the starting point of the blockage.

5.2.5. Measurement O2: Does the blockage form at a lower oxygen
pressure ?
To asses the range of oxygen pressures in which the oxide blockage forms the oven was

operated within an oxygen pressure of 1 x 10~® mbar. The power was chosen to ensure a

comparably high evaporation rate.

Results

The evaporation rate during the measurement with an oxygen pressure of 1 x 10~ mbar is
shown in figure 5.16 together with a photo of the oven tip taken directly after the run.
The evaporation rate throughout the measurement was around 3 mgh™! with some

fluctuations leading to a rate as high as 15 mgh™. This ensured a sufficient deposition of
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Figure 5.16.: Oven run in 1 x 10~° mbar of oxygen during run O2. The evaporation rate was kept
comparably high throughout the run to observe the blockage formation. At this
pressure little to no visible lead oxide is forming apart from a brown colouring of the
oven cover and comparably much lead condensate as well as a bigger lead droplet
within the oven cover. The photo shows the oven tip after the measurement.

lead onto the outer oven cover and with engough oxygen this would have led to a blockage.
In contrast to the measurementin 1 x 10~° mbar of oxygen, a lower pressure of 1 x 10~® mbar
led to a picture more similar to the condensate that was also observed without gas injection

or with nitrogen and the oven was not fully blocked.

Calibration

A biglead droplet in the front of the oven that can be seen in the photo of figure 5.16 might
have been ejected from the crucible. Therefore the weight of this droplet is added to the
uncertainty of the measured crucible weight difference, which increases the uncertainty
of the calibration factor. The calibration then yields A=4.7+0.6 [1073 mgA_l].

Discussion

The local oxygen pressure at the oven within the plasma chamber of the GTS-LHC ion
source is not known. From the presented measurements it can be deduced that the lead
oxide formation is depending on the pressure and when no plasma is present, a stable
blockage only forms at oxygen pressures above 1 x 10~ mbar.

The difference in appearance of the photos in figure 5.13 and the blockage in figure 5.14
demonstrates that the blockage formation in the test stand is not fully identical to the one
in the plasma chamber. A possible factor is the presence of a plasma at the GTS-LHC ion

source and thereby also oxygen ions.

116



5.2. Active gas injection

5.2.6. Measurement O3: Blockage formation with chemically clean lead

The two photos in figure 5.13 demonstrate that the appearance of the material formation
at the oven tip can vary after different runs. The picture of 2015 shows a more extensive
formation than the left one from 2018. While it was usual routine in 2015 to recycle the lead
that was left in the crucible and reuse it for later runs, this procedure was not continued in
2018.

The lead samples at the GTS-LHC ion source of 2018 all consisted of lead that was not
used in the oven before. Generally the experience is that the blockage formation at the
GTS-LHC ion source is less severe with the new practice of not recycling.

Therefore it was tested if the influence of the lead quality also affects the blockage
formation at the oven test stand. The samples from the measurements presented so far
were produced out of unspecified lead that already showed clear signs of passivation from
oxidation in air. In a series of measurements, including the one in this section, the samples

were made from chemically clean (99.999 %) lead purchased from Nova Elements [75].

Result

Figure 5.17 presents the evaporation rate and photos of the oven tip at different times. The
oxygen pressure was 1 x 107> mbar (like in run O1). To calibrate the evaporation rate, again
the calibration factor from run N2 was used, together with an uncertainty representing
the scattering of the calibration factors, as discussed for measurement O1.

After ramping up the heating power to 8.2 W the power was not changed for almost
100 h as the evaporation rate did not drop. Contrary the evaporation rose, which led to the
decision to reduce the heating power to 8.0 W. A buildup of lead oxide appeared and after
approximately 150 h the oven appeared blocked. The evaporation rate could not be held
stable and also a rise in the heating power could only recover the rate for short times. After
273 h having reached a heating power of 19.5W it was decided to stop the run.

Discussion

The formation of the lead oxide blockage is the same as in measurement O1, showing
that the blockage can not be mitigated by using chemically pure lead. The pictures also
demonstrate what was discussed in a previous paragraph about the blockage formation
process: The crucible is placed as far in the front as possible within the oven cover, but
the blockage formation is not reduced compared to the one of measurement O1 shown in
figure 5.14.
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Figure 5.17.: Measurement O3 at the oven test stand, using chemically clean lead at an oxygen
pressure of 1 x 107> mbar. The photos show the oven tip at different times during the
measurement.

The experiment could not reproduce the experience of a reduced blockage formation
when only using not recycled and thereby cleaner lead at the GTS-LHC ion source.

5.2.7. Measurement O4: Crucible with a beak

Based on the discussion of the blockage formation one can develop strategies to prevent
the blockage and enhance the oven endurance. One possible way is to modify the crucible
tip in a way that no lead is being deposited onto the colder oven cover. Figure 5.18 shows a
crucible design where the crucible tip is extended out of the oven cover with a 'beak’.

From the molecular flow of the gas follows that no lead gas should get behind the beak,
as there are no straight trajectories from the crucibles opening to the oven cover. This
can be seen in the Molflow+ simulation of the gas jet coming from the modified crucible,
which is also shown in figure 5.18.

A crucible with the presented design, made of the same material (alumina) as the usually
used crucibles, was produced and tested at the test stand. Table 5.5 summarizes this
measurement.

An oxygen pressure of 1 x 10~ mbar was maintained throughout the run. Again the
heating power was raised until a sufficient reading on the deposition sensor was seen.

Then the power was only adapted when the evaporation rate would decrease significantly.
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Normal crucible
Molflow+ simulation

1)

. Deposition on oven cover

Crucible with beak

Figure 5.18.: Crucible modification with the goal to prevent lead deposition on the outer oven
cover. Right: A Molflow+ simulation showing a gas density plane in a logarithmic
color map using the modified crucible shape.

Measurement 04
Purpose Can a modified crucible prevent the oxide blockage
Setup Modified crucible with beak

Crucible completely in front
Unused tantalum reflector foil

Atmosphere Oxygen with 1 x 10~° mbar
AM [g] 0.61£0.01
AlmgA~']x 1073 2.924+0.5

Table 5.5.: Measurement O4 at the OTS.

Results

The measured evaporation rate together with the applied power is depicted in the plot of
figure 5.19. The photo on the right hand side of figure 5.19 shows the tip of the oven inside
the oven test stand after the measurement.

The oven power was raised until 9.3 W within the first 35 h of the measurement. As the
deposition signal then remained stable and did not decrease, the power was not increased
any more throughout the run. The evaporation rate fluctuated around a mean value of
1.7mgh!. After 390 h the measurement was stopped.

No traces of lead oxide could be seen on the oven tip during or after the run. Additionally

no lead was inside the crucible beak, all of the remaininglead was still in the usual reservoir’
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Figure 5.19.: Evaporation rate and power during measurement O4 at the oven test stand. The photo
shows the appearance of the oven tip after the run.

of the crucible.

Discussion

The run demonstrates that it is possible to use this type of crucible without damage to the
beak like falling of due to thermal stress. Additionally no lead or lead oxide blocked the
crucible beak, which shows that the lead did not flow into the beak and that the beak itself
was hot enough to not cause any condensation of the lead vapour. Throughout the run
the oven could be operated in an oxidizing atmosphere without any trace of lead oxide
forming at its tip.

However the evaporation rate that was achieved so far is below the average lead con-
sumption rate of the oven at the GTS-LHC ion source. This measurement was a first test
with an unknown calibration factor. It is believed that by choosing an appropriate heating
power, a higher evaporation rate should be possible.

5.2.8. Discussion of the blockage formation

Measurements at the test stand demonstrate that the presence of an oxygen atmosphere
with a pressure of 1 x 10~ mbar leads to the formation of a blockage that can not be
removed by higher heating powers.

Molflow+ simulations show that a significant fraction of the lead gas jet is incident on

the colder oven cover and that this can not be mitigated by adjusting the crucible position
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within the oven. The lead condensates at the oven cover and then oxidizes, which allows
the growth of a lead oxide cone. While a chemically purer lead sample showed no effect
on the formation process, a lower oxygen pressure of 1 x 10~° mbar caused no blockage
formation.

The formation of the blockage is a failure mechanism of the evaporation and also an
(at least partial) explanation of the need to raise the oven power throughout operation at
the GTS-LHC ion source: The shrinking aperture requires higher evaporation rates for the
same amount of lead gas exiting the oven into the plasma chamber.

The measurement O4 demonstrates one possible way to prevent the blockage buildup by
using a modified crucible tip that prevents the lead deposition on the oven cover. Another
way to operate the oven within 1 x 10~ mbar without clogging is demonstrated with the
measurements Ul and U2.

5.3. Unstable evaporation rates

From the presented measurements it can be seen that the evaporation rate over a longer
period of time is not always constant but can display sudden changes both growing or
dropping as well as drifting over periods of time.

The absolute evaporation rate of a sample of lead does not depend on the amount of
lead but on its temperature, the position and the size of the emitting surface (see section
3.4.2).

Different processes can be considered to affect the stability of the measured deposition
rate.

e Impurities of the used lead samples affect the evaporation rate.

e The lead surface changes its position inside of the crucible, which influences both

the evaporation rate and the measured deposition rate.

e The temperature in the crucible is not homogeneous and when the lead relocates

when being consumed it is exposed to different temperatures.
* The overall oven temperature is temporally not stable.

e The environmental conditions change, like the pressure around the oven or the outer

temperature.

¢ The oven or the test stand is exposed to vibrations.
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The environmental influences do not qualify as an explanation for the observed changes.
When the test stand is used without active gas injection the pressure is not changing
rapidly and is so low that one would expect no influence on the evaporation rate. During
measurements with active gas injection the thermovalve stabilized the pressure.

A series of measurements was conducted to find influences on the temporal stability
of the evaporation rate. Table 5.6 shows the measurements presented in this section and
which focused on the oven stability.

Measurement I1 12
Purpose Understand unstable evaporation test r-leveling
Setup No thermocouples Thermocouples installed
Power controlled Resistance controlled
Pure lead
New filament
Ta-foil had to be reduced
Atmosphere Vacuum
AM [g] 0.94+0.01 1.59+0.01
AlmgA~']x 1073 5.7+0.1 5.63+0.06

Table 5.6.: Measurements at the OTS that focused on the evaporation rate stability of the oven.

5.3.1. Measurement I1: Minimizing interfering influences

To rule out as many interfering influences as possible, a measurement was performed with
an unused filament and a new crucible filled with chemically clean lead. Additionally no
thermocouples were attached.

While assembling the oven, the heat reflective tantalum foil that is part of its setup had
to be shortened by cutting off a piece of approximately 1 cm as it was damaged and would
not fit into the assembly otherwise. The power was adjusted manually to keep a stable
evaporation rate. When the rate dropped notably it was raised until the evaporation rate
recovered.

Results

The measured evaporation rate together with the power is presented in figure 5.20.
At a power of 9W the evaporation rate rose to a value of around 5 mgh™! and stayed

stable for more than 60 h at a constant power value. Then it dropped suddenly, which led
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Figure 5.20.: Evaporation rate and power during measurement I1, with chemically clean lead, a
reduced tantalum foil and without external thermocouples. Two time windows, D1
and D2 are further discussed, see figure 5.21.

to the decision to raise the oven power. A second drop of the evaporation rate followed
and made an additional raise of the power necessary.

In the second half the evaporation rate decreased over time when the power stayed
constant. By raising the oven power several times the evaporation rate could be stopped
from dropping below 3 mgh™! for around 80 h. Then it dropped further and it was decided
to stop the measurement. During this measurement the evaporation rate was stable over

longer times than what was observed before.

Evaporation and resistance changes

Two distinctive drops of the evaporation rate can be seen and only an increase of the oven
power could restore a comparable rate as before. The time frames of the drops are marked
in grey in figure 5.20, calling them 'D1’ and 'D2".

It was observed that during the evaporation decrease the oven filament resistance, r,
displayed a similar decrease over time as the evaporation rate. Figure 5.21 shows the
evaporation rate during these time frames, together with the filament resistance.

In both time frames the evaporation is not changing more than 1 mgh™! over a time
of approximately 10 h and then suddenly drops, in the frame D1 1.5mgh™! in 4h and in
frame D2 2.5mgh™" in less than 4 h. In the two time frames the resistance of the oven
filament showed a similar temporal profile as the evaporation rate.

The visible fluctuation of the filament resistance is due to the numerical precision of the
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Figure 5.21.: Evaporation rate and filament resistance r plotted for the two time windows D1 and
D2 as shown in figure 5.20. Both drops of the evaporation rate happened while the
oven power was constant.
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5.3. Unstable evaporation rates

PLC that calculates the resistance from the current and voltage values of the power supply.

The change of the resistance especially in the first case (D1) is more easily visible by
smoothing the data, as the change is within the range of the noise fluctuation. For this

purpose the resistance data was smoothed using a Gaussian filter.

In both graphs of figure 5.21 the measured resistance is convoluted with a Gaussian
function in the time domain, whose width is 0 = 20 min. The smoothed values are shown

as a solid line while the raw resistance data is included as unconnected marks.

Resistance derivation

Plotting the resistance together with the evaporation rate for the complete run in a similar
way as done with the oven power in figure 5.20 makes it difficult to see any drops in the
resistance, as e.g. the change during the time window D1 is smaller than the resistance

increase during a typical power increase.

To still get an overview of the local resistance behaviour in comparison to the evaporation
rate, a time derivation of the resistance values can be used. In the two presented cases the
resistance is decreasing together with the evaporation. To focus on such events one can

look at a value representing the negative derivation:

or
ot

e

—H( 6’r)
neg! ot

|7 , (5.3)

where H is the Heaviside step function in this case setting positive results to zero and
% the derivative of the resistance r with respect to time . Equation 5.3 gives a value that

is positive if the resistance drops and zero if it does not change or if it grows.

Figure 5.22 shows the value of | rriegl calculated from the smoothed resistance data to-
|. Addi-

tionally the resistance data were cut off before the power was set to zero, as the resulting

. . : . p
gether with the evaporation rate. The values were normalized, becoming |rneg’norm
peak of |rr’leg| would otherwise overshadow all other resistance drops. As a last step all

values of |r’

negn orm| Saller than 0.05 were set to zero simply to make the resulting plot

clearer.

The result shows that several times the resistance drops over the duration of the measure-
ment and in the time of the three largest decreases of the resistance also the evaporation

rate dropped, which is visible as peaks of the |r; | value.

eg,norm
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Figure 5.22.: The evaporation rate together with |7,/
the filaments resistance.

og norm| Which indicates a negative derivation of

5.3.2. Similar events in other measurements

With the presented method the evaporation rate in other measurements was compared
to the filament resistance behaviour. Figure 5.23 shows the resistance decreases for the
measurement S1, first presented in figure 5.5.

Again the largest resistance decrease (without turning off the power) fell into a time
window where the evaporation rate dropped significantly, although the sampling rate of
the evaporation measurement was too low to resolve if the correlation is as direct as in the
cases in figure 5.21.

At this time also the two thermocouples (TC1 is placed 22 mm and TC2 98 mm from the
oven tip) attached to the outside of the oven displayed a change in their reading, which is
shown in the lower plots of figure 5.23.

The plot also shows that not all encountered sudden evaporation rate changes are

accompanied by resistance changes.

5.3.3. Discussion of the resistance changes

To explain the correlation between the evaporation rate and the filament resistance one
can look at the possible influences on the evaporation rate. From the ones listed in the in-
troduction to this section only the crucible temperature qualifies as a possible connection.

This means that the observed behaviour is a strong hint that the inner temperature of

the oven can be unstable at constant power levels. So at least in the presented cases parts
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Figure 5.23.: The upper plot shows the evaporation rate together with peaks indicating negative
resistance changes during measurement S1. The grey area, also marked by arrows,
in the upper plot shows the time window of the three lower plots. In this time frame
the evaporation and the resistance dropped while the thermocouples showed a slight
increase.
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of the evaporation rate instabilities can be explained by a changing temperature of the
oven itself. Also the change in the thermocouple reading at the same time as the resistance
changes during measurement S1, shown in figure 5.23, is a hint that the complete oven is
affected by some kind of process changing its thermal distribution at a constant power.

The behaviour of the evaporation rate and the resistance can both be explained as a
reaction to a changed thermal distribution within the oven. When the temperature drops,
the evaporation rate drops. As the resistance of the tantalum filament is almost linear to
the filament temperature the resistance also drops when the filament temperature drops.

A possible cause for the change of the thermal distribution are changes in the insulation
properties of one or several of the layers around the filament, possibly due to thermal
stress.

Besides being desirable for the operation in the source, stabilizing the oven temperature
would allow to asses further influences on the evaporation rate. The following section
presents a "non invasive" test at the test stand to cushion the instabilities by automatically
leveling the filament resistance with a feedback loop that controls the current. A bigger
impact on the stability was however seen by changing the oven insulation, which will be

presented in a later section.

5.3.4. Measurement I12: Can instabilities be reduced with a stabilized

filament resistance ?

In measurement 12 it was tested if a feedback loop acting on resistance changes can
stabilize the evaporation rate. In an ideal case a feedback loop would stabilize the crucible
temperature. But as no direct reading of the crucible temperature exists during the oven
operation, the filament resistance serves as an alternative way to measure the temperature
inside of the oven.

If during a change of temperature inside of the oven the crucible and the filament change
their temperature at the same time, the resistance also changes. So when the feedback
loop acts on a resistance change, it indirectly reacts on a temperature change inside of the
oven.

During the previously presented measurements the heating power was leveled by a
feedback loop that changes the current in the filament with the aim to achieve a certain
heating power, as presented in section 4.1.1. This control loop was modified to instead
level the filament resistance. After the change, the loop changed the current of the oven

power supply until a desired resistance value, within a tolerance of 30 m(2, was reached.
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5.3. Unstable evaporation rates

During measurement I2 the oven was operated by manually changing the resistance
setpoint, until a desired evaporation rate was measured. When the evaporation rate
dropped during the measurement, the setpoint was manually raised, which increased the
heating current until the evaporation rate recovered. The measurement was done in a
similar setup to the measurement I1, with chemically clean lead and the reduced heat

reflective tantalum foil inside the oven.

Results

Figure 5.24 shows the resulting evaporation rate during measurement I2.
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Figure 5.24.: Evaporation rate and power of measurement 12, where the filament current is auto-
matically adjusted to keep the filament resistance at a desired value. The oven was
operated by manually changing the resistance setpoint.

At the beginning of the measurement the evaporation rate stayed almost constant at
a value of 3mgh™! for more then 100 h. Then it dropped below 2 mgh™! in less than 1 h.
As the evaporation rate stayed at that value it was decided to raise the resistance setpoint
which led to a higher filament current and a higher power in the oven. This happened
several times and in the second half the evaporation rate underwent more fluctuations
than in the beginning.

Figure 5.25 shows the evaporation rate over the time of the complete measurement
together with the value given by equation 5.3. Even though the resistance was controlled
by the feedback loop it underwent sudden drops, that the feedback loop reacted on by
raising the heating current.

It is evident that the first significant evaporation rate drops correlate with negative
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Figure 5.25.: Evaporation rate of the oven together with drops of the resistance during measurement
12.

changes of the oven resistance. As the feedback loop acted on these changes the filament
resistance was brought back to an allowed value by raising the current in the filament and
thereby the power. Figure 5.26 shows this reaction for the first drop of the evaporation rate.

The resistance suddenly decreased and when its value dropped below the allowed dif-
ference of 30 mf2 to the setpoint, the feedback loop reacted and raised the current in the
filament. With the higher current the power increased by approximately 0.2 W. This higher
power also needed to be maintained to keep the filament resistance close to the setpoint
value after the drop. The evaporation rate however stayed below 2 mgh™! after the drop,
even when the resistance was brought back into the allowed range by the feedback loop.
Figure 5.27 depicts the resistance setpoint with its tolerance as a colored region, together
with the measured resistance and the evaporation rate during a selected time window.

Only a manual increase of the resistance setpoint for the feedback loop, resulting in a
significantly higher heating power, could restore an evaporation rate similar to the one
before the drop.

Discussion

This behaviour again demonstrates that parts of the evaporation rate instabilities come
from temperature instabilities of the oven itself. A feedback loop reacted in a desired way,
changing the oven power at the right time and into the right direction when the evaporation
rate dropped.

But while the loop reacted on the evaporation rate instabilities, only stabilizing the
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Figure 5.26.: Filament resistance, oven current and oven power together with the evaporation rate
in the time frame of the first evaporation rate drop.
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Figure 5.27.: Resistance setpoint together with the measured resistance and the evaporation rate
during a time window where the evaporation rate dropped. Only by manually choos-
ing a new setpoint the evaporation rate could be restored.
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resistance was not sufficient to keep the evaporation rate stable. This can be interpreted as
such that the process in the oven, that changes the thermal distribution within it, affects
the crucible stronger than the filament temperature and thereby its resistance.

It is not understood why this measurement showed more resistance changes than the
measurement before (5.22 compared to 5.25). It is possible that structural changes of
the oven, like aging of the heat reflective foil, or difference in the tightness of the screws

holding the oven cover caused this behaviour.

5.4. Oven insulation modifications

The previously presented results show that some of the evaporation rate instabilities seen
at the oven test stand come from processes changing the ovens thermal distribution and
thereby the temperature of the crucible. To understand the role of the oven insulation in
these processes the heat reflection foil was modified in several measurements. Additional
front insulation as well as removing the reflective foil was tested. Table 5.7 shows the

measurements whose results are being presented in the following section.

Measurement T1 T2
Purpose Is stability affected ? Is stability affected ?
Setup 3 Ta insulation rings in front Ta foil removed

inner diameter: d,, =3.6mm | Crucible completely in front
Feedback loop on resistance | Feedback loop on resistance

Atmosphere vacuum vacuum
AM [g] 0.99+0.01 0.85+0.01
AlmgA'1x1073 6.75+0.12 5.66+0.10

Table 5.7.: Measurements where the effect of insulation changes on the stability was tested.

5.4.1. Measurement T1: Additional insulation at the front

In another laboratory with comparable ovens, the GSI in Darmstadt [76], the used ovens
feature additional heat reflective foil pieces in their front as it was measured that they have
a positive effect on the homogeneity of the oven temperature [77].

The setup of the Linac3 micro oven does not include any foil pieces that reflect heat
radiation going towards its front opening.

Measurements at the oven test stand should test whether the insertion of tantalum

foil pieces in the shape of rings in the front of the oven have a positive influence on the
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stability of the lead evaporation by making the temperature profile of the crucible more
homogeneous.

Following the results presented in section 5.2 it has to be considered that additional
parts exposed to the lead gas jet can create more condensate and thereby also lead oxide
formations.

The presented measurement was conducted with rings of the inner opening radius

rta = 3.6 mm which are shown in figure 5.28.

Tantalum foil rings as additional heat reflection

Figure 5.28.: Tantalum insulation rings at the front of the oven to enhance the heat reflection at
the oven tip. The rings outer diameter is adapted to the oven covers inner size so that
their central opening hole is in the middle of the ovens front face without the need of
any attachment. In measurement T1 three of these rings were inserted into the oven.

During this measurement the oven was again controlled via a setpoint for the filament
resistance which was then realized by a feedback loop that changes the filament current.
This decision was made as the feedback loop showed no negative effect on the stability
of the oven in the previous tests. Like in the measurement 12 the setpoint was manually
controlled with the aim of reaching a sufficiently high evaporation rate and keeping it over

a time comparable to the oven operation at the GTS-LHC ion source.

Results

The evaporation rate over the complete run together with the applied power are shown in
figure 5.29.

At the beginning of the run the setpoint of the filament resistance was corrected down-
wards as the evaporation rate grew larger than intended. The evaporation rate could then
be held around a median of approximately 3 mgh™! over the duration of the complete run,

which lasted 350 h. Initially the evaporation rate stayed comparably stable for around 24 h
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Figure 5.29.: Evaporation rate and oven power over the time of the measurement T1. The power is
not actively controlled but a result of the feedback loop changing the current in the
filament to achieve a preset filament resistance. The photo shows the oven tip after
the measurement.

and then started to show fluctuations.

In its first change the evaporation rate dropped around 0.5 mgh~ and then recovered
to its previous value again several times. This happened without any outer changes, and
might be due to redistribution of lead within the crucible. After around 90 h of evaporation
also drops occurred that would not recover. Like in the measurement 12 the feedback
loop here reacted and raised the filament current as a reaction of a decreasing filament
resistance.

Again the evaporation rate only recovered after the resistance setpoint was raised manu-
ally. In comparison to e.g. measurement I2 the evaporation rate underwent smaller drops
but fluctuations happened more frequent. It is notably how the oven power throughout
the run only had to be raised in a rather small range from 8 W to 10 W. The photo in figure
5.29 shows the oven tip after the run. A big droplet of lead has gathered in the opening of
the oven cover. Smaller droplets can be seen on the tantalum foil rings.

Figure 5.30 shows several parameters during a selected drop of the evaporation rate. In
the upper plot the evaporation rate and the filament resistance are depicted. To emphasize
the resistances behaviour a line, showing the resistance where a Gaussian filter was applied,
is included. In the presented time window the evaporation rate started stable at around
2.6 mgh™! and then dropped to 2.1 mgh™ in less than an hour. At the same time the
resistance dropped too from initially 2.119 Q2 to 2.116 Q2. After dropping the resistance rose
again as the control loop reacted on the drop and raised the current. The current and the

power are shown in the second plot from above. The two lower plots show the signals
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Figure 5.30.: Several parameters during an evaporation rate drop that where recorded in measure-
ment T1.
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of the two thermocouples, TC1 and TC2, that where attached to the outside of the oven
during the measurement. Both thermocouples showed a slight increase in temperature at

the time of the evaporation rate drop.

Discussion

Without oxygen injection the oven could be operated for two weeks, without raising the
oven power over 10.5W. But the evaporation rate showed unpredictable fluctuations and
even in combination with the feedback loop reacting on the filaments resistance, the oven
needed active tuning to maintain its output. From the formation of condensate at the
tantalum foil rings it can be deduced that they would be a new starting point for a lead
oxide blockage in an oxygen atmosphere. From this behaviour it can not be deduced that
the additional shielding increases the oven stability. Even if the rings might even out the
crucible temperature distribution this is overshadowed by the instabilities that where seen
before and seem to affect the overall crucible temperature.

5.4.2. Measurement T2: Heat reflective tantalum foil removed

The standard setup of the oven features a heat reflective tantalum foil of approximately
20 cm, equating to approximately 6 layers of foil, that is wound around the alumina cylinder
containing the filament holder and the crucible.

As it has a big effect on the ovens thermal behaviour but is not fixed other than being
clamped between the outer oven cover and the alumina cylinder it is a candidate for creat-
ing changes of the thermal distribution by moving within the oven. A test was conducted
where the oven was run without including the foil in the setup.

Assembling the oven in this way required to insert several alumina beads behind the
crucible to let the crucibles front end slightly touch the outer oven cover to fixate the
crucible. In principle this is already in practice at the GTS-LHC ion source to define
the position of the crucible, but it is not needed for the same reason: In this case it was
necessary, as otherwise the missing foil left enough space for the inner oven parts to sink
down instead of staying centered within the cover. Figure 5.31 sketches the alignment via
ceramic beads.

Another change to the operation of the oven was the allowed oven power. To get a suffi-
cient deposition signal on the detector 20 W were not sufficient as the missing insulation
leads to a colder crucible for the same power. Therefore the oven power interlock was

raised to allow oven powers above 20 W. Again the feedback loop reacting on the filament

136



5.4. Oven insulation modifications
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Figure 5.31.: Removing the tantalum foil can cause a misalignment of the inner oven parts. This
can be countered by pressing the tip of the crucible against the oven cover.

resistance was active instead of choosing the oven power.

Results

The evaporation rate and the oven power during this measurement are shown in figure
5.32

I T T I
6 —— Evaporation rate, R | | 40
—— Oven power, P
| ] B 30
— 47
T —
" 120 =
g | a,
a2 :
| 110
0 | 10
| | | | | | i L |
0 50 100 150 200 250 300 350
t [h]

Figure 5.32.: Evaporation rate and oven power during the measurement T2. The grey area indicates
a time window in which the shutter of the deposition sensor malfunctioned. Here no
deposition data was recorded.

The oven power had to be increased to 23 W to get an evaporation rate that was stable
at approximately 2.5 mgh™'. Over the course of the measurement the power was then
increased several times to a final value of 28.5W.

The evaporation rate stabilized after around 50 h and was then slowly decreasing. When
the power was raised the evaporation rate increased and then slowly decreased again.
Over the duration of the measurement no sudden drops or unexpected fluctuations of the
evaporation rate occurred. 300 h into the run a malfunction of the shutter protecting the

deposition sensor stopped the evaporation rate measurements. The defect was repaired
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after 30 h and the measurement recorded a stable evaporation rate again. As in this time
the oven power was manually increased reacting on a misinterpretation of the missing
evaporation rate measurement the evaporation rate most likely rose shortly after the defect
occured. The raising of the oven power (by adjusting the resistance setpoint) allowed to
prevent the evaporation rate from dropping below 2 mgh™! over the time of 300 h without

any unexpected changes.

Discussion

Measurement T2 showed an evaporation rate that was stable and predictable. This demon-
strates that the previously observed fluctuations where to a great extend caused by the
oven setup and its general temperature stability and not any processes within the crucible.
It also reinforces the assumption that what was measured before where indeed fluctuations

of the evaporation rate and not a faulty behaviour of the deposition sensor.

5.4.3. Discussion of the insulation modifications

The measurements T1 and T2 demonstrate the great impact of the heat reflective foils on
the overall temperature of the crucible as well as the stability of the evaporation rate.

To achieve a comparable evaporation rate without the tantalum foil (setup T2) the oven
power had to be increased by a factor of two compared to the one where the oven was
additionally insulated (T1). But while the evaporation rate fluctuated during measurement
T1 it showed an increased stability during measurement T2. A possible explanation for
this behaviour are changes of the insulation properties of these foils during operation.

It was observed several times that while the resistance of the filament and the evaporation
rate dropped, the thermocouples showed a slight increase in temperature on the oven
cover. This hints that a redistribution of the heat being transported into the oven took place.
It is possible that by decreasing its heat insulating property e.g. by creating new contact
points for thermal conduction, the foil allows more heat to radiate out of the oven without
reaching the crucible. This way the outer cover temperature increases while the crucible
temperature decreases at the same power. And the comparison of the measurements
T1 and T2 also shows that the insulation affects the crucible temperature significantly.
The change of the insulation property might be caused by thermal stress that leads to
deformation and thereby a repositioning of the heat reflective foil.

Measurement T2 also shows a way to operate the oven with a stable temperature, which

allows to study further impacts on the ovens stability and endurance. The next section
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presents two additional measurements taken without the heat reflective foil.

5.5. Stable oven operation

The previous section showed a measurement that presents a way to operate the oven with
a stable evaporation rate in vacuum (T2). The measurement U1 tested if this also opens the
way to operate the oven in oxygen without forming a lead oxide blockage. Measurement U2
was conducted to test if the lead quality can visibly affect the stability when no temperature
instabilities are present. Table 5.8 shows some characteristics of the two measurements
presented in this section.

Measurement Ul U2
Purpose Mitigate oxide blockage Test effect of lead quality
Setup Ta foil removed Ta foil removed

Crucible completely in front | Crucible completely in front
Controlled by power setpoint | Controlled by power setpoint

Lead: Chemically clean Lead: Visibly passivated
Atmosphere Oxygen 1 x 107> mbar Oxygen 1 x 107° mbar
AM [g] 1.51£0.01 0.75+0.01
A[mgA]x 1073 4.78+0.62 5.04+0.10

Table 5.8.: Measurements that where done without the tantalum foil. U1 should test the effect of a
hotter oven cover and U2 the influence of the lead quality.

5.5.1. Measurement U1: Can a hot oven cover prevent the oxide blockage
?

When the oven has a reduced insulation for the same crucible temperature the oven
needs to be run with a higher power, which leads to a different temperature distribution
at a certain evaporation rate. Without the foil the oven cover is generally hotter while
evaporating sufficient amounts of lead.

Therefore it was tested whether the hotter oven cover has an effect on the formation of the
previously observed lead oxide blockage in an oxygen atmosphere. In this measurement the
oven again was run without the foil and this time in an oxygen atmosphere of 1 x 10~ mbar.
At this pressure of oxygen the formation of a lead oxide blockage occurred reproducibly
(As in the measurements O1 and O3).
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Results

A photo of the oven tip after the measurement as well as the measured evaporation rate

and the applied power during the run are shown in figure 5.33.

‘ ‘ ‘ ‘
6 —— Evaporation rate, R ||
Uncertainty
—— Oven power, P
o 4
=
) |
)
x 2
0 "
| | | | | | | | |

0 100 200 300 400 500 600 700
£ [h]

Figure 5.33.: Evaporation rate and applied oven oven power during measurement Ul. The photo
shows the tip of the oven after the run.

The evaporation rate could again only be ramped up sufficiently by applying a power
above 20 W. To keep the evaporation rate at a stable level the oven power was increased
several times until a maximum value of 25.5W. For a time of 500 h the evaporation rate
stayed stable and showed no sudden fluctuations. In the last third of the run the evapora-
tion rate then started to increase and it was decided to decrease the oven power several
times. After 750 h the evaporation rate finally dropped to zero and could not be recovered.

The photo in figure 5.33 shows the oven tip after the run. No traces of lead oxide could
be observed neither at the oven tip nor in the crucible, which was completely empty after
the measurement. The test stand window allowed observation of the oven tip during the
measurement and no lead condensate or lead oxide was present on the oven tip at any
time. The final drop of the evaporation rate is most likely due to a complete consumption
of the lead sample as the crucible was empty after the run.

Fluctuations at the end of the run  Around 500 h after the measurement started the evap-
oration rate began to fluctuate and showed sudden changes, which it had not done before.
Figure 5.34 shows 3 plots in which the evaporation rate is shown together with the filament

resistance for the time where the oven power was kept constant.
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Figure 5.34.: Evaporation rate and the filament resistance for time windows of stable power at the
end of measurement U1.
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It was previously observed that the evaporation rate changes sometimes correlated
with changes of the filament resistance. The plots show events where the evaporation
rate decreased (the upper and the lower plot) and events where it suddenly increased (all
three plots). To plot the filaments resistance again a Gaussian filter was applied to the
resistance data to even out the noise. During the evaporation rate changes the filaments
resistance did not show any changes that have the same temporal profile as the evaporation
rate. However the filament resistance still displays a drift over time. This data hints that
the fluctuations of the evaporation rate might have another cause than a temperature
change of the crucible. A possible explanation for this behaviour is the redistribution
of the shrunken lead sample. The temperature in the crucible is most likely not entirely
homogenous. If a lead droplet moves within the crucible it can be exposed to a different

temperature and thereby evaporate at a different rate.

Discussion

This measurement allows to draw several conclusions about the oven behaviour. First it
demonstrates a way to avoid the blockage of the oven in an oxidizing atmosphere without
changing the geometry of the oven tip: By increasing the temperature of the outer oven
cover. As no lead condensate gathered at the oven cover there was no formation of lead
oxide and no blockage.

Additionally the measurements shows that the oxygen does not stop the lead within
the crucible from being used up completely. The oxidation of the lead sample within the
crucible did not form a further blockage or notable amounts of lead oxide that stayed
within the crucible.

Itis a demonstration of the possibility to run the oven with around 4 weeks of continuous
evaporation within an oxidizing atmosphere, until the crucible runs completely empty. As
the run stopped with using up all of the lead sample the lifetime in this case can potentially
be increased by increasing the amount of lead (e.g. with a larger crucible capacity).

Additionally the measurement is a new demonstration of the ovens stability without
the reflective tantalum foil. The fluctuations of the evaporation rate at the end of the run

could be caused by redistribution of the remaining lead within the crucible.

5.5.2. Measurement U2: Is the oven stable with old lead ?

The ability to operate the oven more stable also allows to asses the influence of the lead

quality on the stability. The previous measurements without the tantalum foil all used
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chemically clean lead to exclude any possible influences from the lead quality. Measure-
ment U2 repeated the operation of the oven without the tantalum foil and in oxygen
atmosphere, but this time the crucible was filled with a lead sample made out of lead that
was already visibly oxidized in air (The same used in the measurements S1-S3, N1-N2 and
01-02).

Results

In this measurement the oven power had to be ramped up to 29.3 W to achieve a sufficient
deposition signal. Throughout the measurement the power was then increased several
times reaching 30.8 W after 360 h. The measurement was stopped after 380 h. Figure 5.35

shows the oven power and the measured evaporation rate.
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Figure 5.35.: Evaporation rate and power during measurement U2.

No fluctuations of the evaporation rate were observed, after each increase of the power
itincreased and then slowly started to decrease again. Like in the measurement U1 the
oven tip showed no formation of lead oxide despite an oxygen pressure of 1 x 10~ mbar in
the test stand. It is notable that the oven power in this run had to be higher than in the

measurements T2 and U1.

Discussion

This measurement hints that most of the fluctuations that have been seen before are not
caused by processes linked to the lead quality. Even with a sample of unspecified and

passivized lead the evaporation rate stayed stable when the tantalum foil was not present.
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However the measurement hints that the absolute evaporation rate of the oven is also
linked to the chemical composition of the lead sample. As the vapour pressure of a liquid
can be reduced if other solvents are present. This is also stated in the Raoults law [78]

(Translation in [79]):

Pu,sol. = Xsol. Py - (54)

Here p, ,, so1. is the vapour pressure of the solvent in the solution, x,, the molar fraction
of the respective solvent and p, the vapour pressure of the pure substance. Thereby the
presence of impurities can reduce the partial vapour pressure of the lead in the sample.

This effect was however not further studied in this work.

5.5.3. Measurements Y1 and Y2: Thermal assessment of the oven

operation without the heat reflective foil

To assess the possibility of operating the oven without the heat reflective tantalum foil
the temperature inside of the crucible was measured, with and without the heat reflective
tantalum foil. For this purpose one of the two thermocouples of the test stand was clamped
into a small copper pin that fits into the crucible. To increase the accessibility of the crucible
it was decided to turn the crucible around with its open end facing the front of the oven.
This way the copper pin could be easily inserted into the front of the oven, while the oven
was already installed in the test stand. Figure 5.36 shows the setup of the measurements
Y1 and Y2.

Crucible turned around TC in crucible

TC with copper pin

Figure 5.36.: Photos of the oven with an empty and turned crucible, the thermocouple with a
copper pin and the oven with the thermocouple inserted into the crucible.
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This decision was made as the extended oven feedthrough, with the bellow, made it
too difficult to insert the oven with the thermocouple already installed (the method used
in [55]).

Table 5.9 gives an overview of the two measurements.

Measurement Yl | Y2
Purpose Measure crucible temperature
Setup Notafoil |  With Ta foil

TC1 in crucible
TC2 on middle of oven cover
Atmosphere Vacuum

Table 5.9.: The measurements Y1 and Y2.

The oven power was then ramped up similar to the already presented temperature scans

in section 4.2.

Crucible temperature

Figure 5.37 shows the resulting temperatures from the measurement Y1 (without the foil)
and Y2 (with the foil) and the temperature measurement of the crucible published in [55].
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Figure 5.37.: Temperature reading of the thermocouple that was inserted into the crucible in the
measurements Y1 and Y2.

It can be seen that also with the foil installed the measurement Y2 does not reproduce
the previous temperature measurement. The difference per power in the range from 1 W
to 7W is up to 75K at a fixed power level. The temperature reading during measurement

Y2 then underwent a drop. The temperatures above 8 W show a difference of up to 155 K.
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Both measurements with the usual oven setup still show a clear difference in temperature
compared to measurement Y1 without the heat reflective foil.

The maximum temperature during Y1 was measured to be 714 °C at 30 W while during
the measurement of Fichera et al. this temperature was already surpassed at 10 W. In

measurement Y2 the thermocouple showed a reading of 726 °C at 14 W.

Discussion The differences between the values from Fichera et al. and measurement Y2
can have several reasons. For example the oven filament and the heat reflective tantalum
foil were exchanged between the two measurements hence the oven might have shown
differences in its thermal profile.

Then the method to record the temperature was different, as the measurements Y1 and
Y2 were done with a turned around crucible.

The drop of temperature reading in measurement Y2 is propably due to a change in
contact pressure between the thermocouple and the copper pin inside the crucible.

Nevertheless the measurements show the reduced temperature in the crucible when
the heat reflective tantalum foil is removed. To achieve a sufficient lead vapour pressure in
the crucible the heating power needs to be higher than the usual limit of 20 W.

Temperature of the oven cover

Figure 5.38 shows the stable temperature reading of the thermocouple that was clamped
on the outside of the oven cover in the measurements Y1 and Y2. As a comparison also the

measurement from Fichera et al. is included.
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Figure 5.38.: Temperature measured at the oven cover during the measurements Y1 and Y2 plotted
against the oven heating power.
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It can be seen that the temperatures measured during Y1, without the heat reflective foil,
are higher at all power levels compared to measurement Y2, where the foil was inserted. At
20 W the temperature reading of Y1 is 428 °C and at Y2 386 °C. The maximum temperature
measured at the oven cover in Y1 is 490 °C at 30 W.

The comparison to the measurement from Fichera et al. shows a reading of 490 °C at
20W.

Discussion It was already shown that the higher temperature of the oven cover during a
run with the reduced heat insulation can have a beneficial effect by preventing the blockage
formation in an oxygen atmosphere. However a hotter oven could have implications for
the GTS-LHC ion source, as the oven is radiating its heat directly onto the injection plug of
the source.

The comparison to the measurements from Fichera et al. which also are very similar
to thermal measurements presented in section 4.2 (see figure 4.18) shows that the oven
cover during both measurements Y1 and Y2 was colder at all power levels. This is not fully
understood and shows that the oven might have gone through some kind of permanent

structural change during the series of measurements at the oven test stand.

Temperature of the filament

The temperature of the filament can not be measured directly. However it is of interest
to compare the filament temperatures of Y1 and Y2 as it can give insight into whether
the filament takes damage during the higher powers that are needed when the oven is
operated without the reflective tantalum foil.

As the resistance of the tantalum filament is rising linear with the filament temperature,
figure 5.39 displays the filament resistance at stable temperatures for the individual heating
powers during the runs Y1 and Y2.

During both measurements the resistance rose with the heating power. Measurement
Y2 was stopped at 20 W and at this power the resistance of the filament was 2.7 2. The
resistance of the filament during measurement Y1 was lower at all power levels, reaching a
final resistance of 2.5Q at 30 W.

Discussion Comparing the filament resistance during the two measurements hints that,
while the foil is installed, the filament at 20 W is hotter than at 30 W, when the heat reflective
foil was removed. So in the runs without the foil the filament temperature does not exceed

the temperature it also encounters in the normal operation.
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Figure 5.39.: Filament resistance after the temperature stabilized at each power level during the
measurements Y1 and Y2.

It is however likely that the average temperature load on the filament during a run
without the tantalum foil is higher than during a similar measurement in the original setup
as the filament still needs to be hotter to achieve a sufficient crucible temperature.

From this one could expect a faster wear of the filament until it needs to be replaced

when the oven is operated without the foil.

5.5.4. Evaporation rate against crucible temperature

The evaporation rates that were recorded in the measurements U1 and U2 displayed a
relatively stable growth with growing heating power during the initial ramp up. Therefore
the evaporation rates from these measurements were used to derive evaporation rates
for a certain crucible temperature to compare them with the predictions of the Molflow+
simulations.

In both measurements only the evaporation rate that was recorded in the beginning of
the measurement was used. Figure 5.40 shows the heating power and the evaporation rate
in the concerned time window of each run.

These values were then sorted in a similar way as presented in section 5.1.2. For each
power step only the last recorded evaporation rate is then used.

The resulting evaporation rate values can then be combined with the stable crucible
temperature that was measured at the same heating power in measurement Y1 (see figure
5.37). The result is a relation of measured crucible temperature and measured evaporation

rate.
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Figure 5.40.: Evaporation rate (R) and heating power (P) during the ramp up of the oven evapora-
tion in the measurements U1 and U2.

Result

Figure 5.41 shows the resulting evaporation rate to temperature relation, together with the
predictions of the Molflow+ simulations and the Hertz Knudsen equation.

It can be seen that the curves resulting from measurement Ul and U2 show a rather big
difference in the temperature to evaporation rate relation. This result was expected as the
evaporation rate of approximately 2 mgh™! in measurement U2 could only be achieved
with a much higher heating power.

While the evaporation to temperature relation above 580 °C of measurement U1 is within
the predicted range of the simulations, measurement U2 leads to a significantly lower
evaporation rate than predicted. It can also be seen that both measurements show a
different temperature to evaporation rate behavior than the prediction at temperatures
below 600 °C.

Discussion

The difference between the two measurements might be explained by the type of lead
that was used in measurement U2. As the main purpose of the measurement was to test if
passivated lead can cause instable evaporation rates, the lead sample was not chemically
pure. This could cause a lower evaporation rate. It is however also possible that the

temperature of the oven in the two experiments was a different one at the same power.
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Figure 5.41.: Evaporation rate at different crucible temperatures derived by combining evaporation
and temperature measurements at fixed power levels.

The comparison of the measurement and the model show that the evaporation rate for
temperatures lower than around 580 °C can not be described by the Molflow+ model and
the underlying assumptions. Above 580 °C the measured evaporation rate of the combined
measurement Ul and Y1 match well with the simulated values. This is not the case for the
rates measured during U2. As discussed a possible reason could be the lower lead quality

of the lead sample in measurement U2.

5.6. Conclusion of the measurement series

The following lists gives an overview of the main results of the measurements series.

 Several occasions of unstable evaporation rates at stable heating power were recorded.

* The formation of a lead oxide blockage that was also observed at the GTS-LHC ion
source could be recreated in the test stand when an oxygen pressure of at least

1 x 10~° mbar was present.

It was found out that the main factor for evaporation rate instabilities of the oven

are thermal instabilities.

* When the oven is operated without a foil it shows a much more stable behaviour.
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e Additionally, when the foil is taken out, the oven can be operated in an oxygen
atmosphere that otherwise leads to the formation of an oxide blockage. This way
the oven could be operated at the test stand until its crucible was completely empty,

rendering the size of the lead sample the limiting factor for the oven lifetime.

* The thermal assessment shows that the crucible temperature is clearly reduced with-
out the heat reflective foil, which might become a problem when higher evaporation

rates or materials with a lower vapour pressure are requested.

* To enhance the oven lifetime and stabilize its evaporation during the lead evapo-
ration the following modifications to the setup can be recommended for tests at
the GTS-LHC ion source. Its heat reflected foil should be removed. To enhance the
stability of the rest of the setup the filament protection should then be modified in a
way that it touches the oven cover at some parts, to stabilize the oven crucible on

the symmetry axis of the oven.

e If the insulation of the oven is kept or a more stable setup is found, a crucible design
should be chosen that prevents the deposition of gas onto the oven cover. It could

be shown that this is possible by using an extension at the front of the crucible.
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6. Conclusion and Outlook

This work presents a study that was performed to characterize the micro oven of the GTS-
LHC ion source, to understand its evaporation behaviour and to find means of improving
the oven operation in terms of stability and endurance.

The study included gas flow as well as thermal simulations and a series of measurements
at a dedicated offline test stand.

A Molflow+ model was used to understand the geometry of the gas jet from the oven,
which could be used to benchmark the deposition to evaporation rate calibration at the
test stand.

Thermal simulations in ANSYS were performed to gain insight into the connection of
the thermal profile of the oven and its performance. Besides the use of an already existing
2D model, a 3D model was developed to further study the influence of the shape of the
individual oven parts and also the surrounding structure at the GTS-LHC ion source.

Both models predict a thermal profile in which the crucible temperature is falling to-
wards its tip. However the temperature differences within the crucible predicted by the
simulations are not high enough to explain the amount of power tuning that is necessary
to maintain a stable output current of the GTS-LHC ion source.

A series of experiments at the offline test stand could give further insight into the need
for increasing the heating power over time. It could be demonstrated that the presence
of oxygen at a pressure of 1 x 10~ mbar leads to the formation of a lead oxide blockage,
an occurrence that is also observed at the GTS-LHC ion source. The closing aperture of
the oven due to the blockage creates the need for a higher evaporation rate to maintain a
constant lead gas output. The blockage is also a limiting factor for the oven endurance.
By using a changed crucible design the blockage formation at the same oxygen pressure
could be prevented.

It was found out that the majority of fluctuations of the evaporation rate happen due to
an unstable crucible temperature at stable power levels. The correlation of changes of the
evaporation rate with outer parameters like the filament resistance show that the overall

thermal profile of the oven can change during operation. Possibly due to changes in the
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thermal insulation.

A feedback loop that stabilizes the filament resistance by adjusting the heating current
reacted at drops of the evaporation rate but did not increase the current enough to have
an effect on the evaporation rate.

The evaporation could be stabilized by removing the heat reflective tantalum foil from
the oven setup. However a sufficient evaporation rate then requires heating powers above
20 W. Removing the tantalum foil also demonstrates another possible way to operate the
oven in an oxidizing atmosphere: The higher heating powers cause a hotter outer oven
cover, which prevents the accumulation of lead condensate on the cover. And without
the condensate also no lead oxide is forming at the oven tip. This way the oven could be
operated within an oxygen atmosphere until its crucible was empty.

The results of the study show that is possible to improve the stability and the endurance
of the oven with a modified design. Therefore it can be recommended to test the following
modifications at the GTS-LHC ion source:

For the stability of the lead evaporation it would be beneficial to use an oven design
without the usually present heat reflective tantalum foil. The formation of the lead oxide
blockage can be prevented with two modifications, a changed crucible design or a hotter

oven cover, which again can be achieved with the reduced insulation.
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A. Nitrogen Test at the GTS-LHC lon
Source

It was mentioned previously that oxygen is the usual choice as buffer gas for the lead ion
production at the GTS-LHC ion source.

As the experiments at the oven test stand clearly show the connection between the
presence of oxygen and the formation of a lead oxide blockage at the oven tip, a test at
the GTS-LHC ion source should show whether oxygen could be replaced as a buffer gas.
For this test nitrogen was chosen. Its atoms have a similar atomic weight as oxygen so the
ion-cooling effect in the plasma (see 2.4) could be expected to be similar. Additionally it
was already shown at the OTS that nitrogen does not cause the formation of any blockage
at the oven tip or affects the oven operation negatively.

To be able to compare the stable operation of the source between oxygen and nitrogen
it was decided to ramp up the oven in the usual oxygen atmosphere and then switch the
buffer gas injection to nitrogen. Subsequently the ion source was operated and tuned to

maintain a stable ion beam current in a similar way as during the normal operation.

A.1. Low energy beam transfer line and instrumentation

Figure A.1 shows a sketch of the low energy beam transfer line behind the GTS-LHC ion
source (Similar in [80]).

Behind the source the extracted ion beam traverses two dipoles that bend the beam 135°
serving as a spectrometer for the different ion species that are extracted from the source.
In the usual operation the dipoles filter out the selected ion species that is supposed to be
accelerated further, which in this case is 2°®Pb?°*,

Downstream of the spectrometer the beam current transformer 'ITL.BCT05’, here for
simplicity 'BCT05’, can be used to measure the beam current non destructively. Addition-
ally the Faraday cup 'ITL.MFC02M’, here called 'FC2’, can be moved into the beam directly
behind the spectrometer [10]. When FC2 is moved into the beam, the spectrometer current
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Figure A.1.: Sketch of the low energy beam transport line at Linac3. The sketch only contains the
instrumentation that is used in the following section.

Ihag» Can be scanned, to measure a charge state distribution of the ions that are extracted
from the GTS-LHC ion source.

In the following section measurements from BCTO05 and charge state distributions
recorded with FC2 are presented.

A.2. Measurements

After switching to nitrogen as the buffer gas, the source could soon be brought back to
a state where it delivered a similar ion current as before the gas change. However it was
experienced that after the appropriate tuning the source current would only remain stable
for a duration of approximately 1-2 hour and then become more erratic and require a
retuning of the source parameters.

Figure A.2 shows the beam current that was measured in the beam transformer BCT05
in a selected time window of around 8 h after the start of the test. At the beginning of this
time window source was tuned to deliver a stable output.

It can be seen that the beam current remained stable at around 170 epA for 1 h and
then started to decrease. At the same time also the shot to shot stability decreased. This
behaviour occurred several times during the test and throughout the complete run the
beam current could not be held stable for longer periods than 3 h.

Additionally the extraction voltage of the source tripped several times and required a
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A.2. Measurements

08.06.2018 starting 16:15, Nitrogen as buffer gas
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Figure A.2.: Beam current measured by the beam current transformer BCT05 durig a selected time
window of the nitrogen test.

reset by the operator. This prevented over night recording of the beam transformer reading.

Several charge state distributions (CSDs) where recorded during the run to get some
insight into the processes within the ion source. The recorded beam current in FC2, I, rc,
corresponds to a certain mass to charge ratio. Hence some peaks overlap, e.g. those of
208pp26+ and '°0**, as both have a very similar mass to charge ratio.

The recorded CSDs show the occurrence of several negative peaks that hint towards some
kind of obstacle in the accelerator beamline that scattered electrons into the Faraday cup,
when it was scraped by the ion beam. In the presented ion currents (I, rc) the negative
values were set to zero.

Figure A.3 shows two CSDs that where recorded during the test run with nitrogen.

The upper plot shows the charge state distribution 5 h after the start of the nitrogen
injection. The majority of visible peaks are the different charge states of Lead. Next to
the 2*®Pb?* peak a '“N** peak was identified. Also a '*N** peak could be clearly identified.
Additionally the distribution shows that oxygen was still present in the source plasma, as
1603+ and '%0*" are visible in the spectrum. The 2°Pb3** peak is not visible as it overlaps
with a negative peak coming from electrons that where probably ejected by the *N** beam,
while scraping the aforementioned obstacle.

The lower plot shows a CSD that was recorded approximately 23 h after the start of the
nitrogen injection. While the "*N** peak has become more prominent the peak of 2*®Pb?%*
and '°0%" is reduced. It can also be seen that between the peaks of 1“N*" and '°0*" new
peaks appeared. These peaks grew, as seen in a CSD that was recorded 24 h later, which is
shown in the upper plot of figure A.4.

These peaks where identified as charge states of iron and cobalt. This is a strong hint
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Figure A.3.: Two charge state distributions recorded at Linac3 during the test with nitrogen. Upper
plot: 5h after the start of the nitrogen injection. Lower plot: 23 h after the start of the
test.
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[ [ [
200 |- 86Fell+ 5610+ 208ppy29+ i
5812+ 5811+ o\l
g 150 Co Co \ 208pp26+ 4 1602+
2 14ng3+
= 100 56N 121_ |
g Fe
~
50 |- .
0 - |
| | | | | | | | | | | |
56 58 60 62 64 66 68 70 72 74 76 78 80 82
Imag [A]
10.06.2018 10:05, Oxygen as buffer gas
[ [ [ [ [ [ [ [ [
208ppy26+
I 2081429 |
200 Pb™* 162+
LN2F 4
—. 150 208ppy30+ |
B
&i 100 | LANg3+ ,
g
= 16()3+
50 |- 0 :
0 - |
| | | | | | | | | | | |
56 58 60 62 64 66 68 70 72 74 76 78 80 82
Imag [A]

Figure A.4.: Charge state distributions two days after the start of the test. The upper plot shows
peaks of cobalt and iron ions. The lower plot shows the CSD after the injection was
switched back to oxygen.
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A. Nitrogen Test at the GTS-LHC Ion Source

that the plasma chamber was sputtered and taking damages. It was therefore decided
to abort the nitrogen injection and return to oxygen as a buffer gas. A new charge state
distribution recorded less than one hour later, already with oxygen injection, showed that
the iron and cobalt peaks had disappeared.

The CSD that is shown in figure A.5 was recorded on the following day, after around 24 h
of source operation with oxygen as buffer gas.

10.06.2018 09:12, Oxygen as buffer gas

I
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&
Q
I
2 100 :
5
50| .
ol U U LA_/\__/\J\_M i
| | | | | | | |
55 60 65 70 75 80 85 90
Imag (A]

Figure A.5.: Charge state distribution recorded one day after the test was terminated.

No traces of iron, cobalt or nitrogen ions can be seen.

A.3. Discussion

The test demonstrates that oxygen as a buffer gas can not easily be replaced at the GTS-
LHC ion source. Even though a plasma could be upheld with nitrogen injection, the
source required more tuning and a reliable longterm operation could not be achieved.
Additionally the recorded charge state distributions hint that during the nitrogen operation
material from the plasma chamber and the ion source injection plug was sputtered into
the source plasma.

The difference to the operation with oxygen might be explained by the chemical reactivity
of oxygen. When oxygen forms an oxide layer inside the plasma chamber this layer might

protect the chamber and possibly even have a positive effect on the plasma formation
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A.3. Discussion

itself.
These observations do not exclude the possibility of operating the GTS-LHC with nitro-
gen but to find the appropriate mode of operation (e.g. a gas mixture) would require a

dedicated study that also accepts possible damage to the source.
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B. Finite Elements Method

A typical task for a thermal analysis is to derive the temperature profile of several bodies
with certain shapes and certain materials that transfer heat within them and between
different bodies. The boundary conditions can dictate heat flux to these bodies through
their surfaces or even heat production inside of them. This type of problem is a field
problem, where the solution to a given differential equation is a scalar field. Here the field
value is the temperature which depends on the position in space. The method of finite
elements offers a way to find an approximate solution to the field problem by breaking
down the geometry into simpler elements. Within each of these elements a linear combi-
nation of known approach functions can be used to describe the field approximately. The
boundary conditions dictate the coefficients of the linear combination of these functions.
They depend on the nodes of the element which are connection points to the surrounding
elements or to the boundary of the system.

B.1. Example for the FEM

In the following a simple example shall sketch some aspects of the FEM method and its

different steps. It is oriented on examples given in [81].

The problem A simple heat flow problem is used to show the different steps of an FEM
analysis. The geometry shall be a long rod of length L and constant cross sectional area A
consisting of two parts of individual material (with individual thermal conductivities k; and
k), each part of length /. The contact between the two materials is assumed to be perfectly
conducting, i.e. no sudden temperature step exists between these two parts. The rod is
assumed to be perfectly thermally insulated on the walls, except at its two ends, which
allows heat flux only in the longitudinal direction. Also assuming that the temperature at
its ends is homogenous over the cross section, the equilibrium temperature 7(x) along
its longitudinal axis 0 < x < L shall be calculated, based on the boundary conditions, like

temperature at one end T,_, and heat flux at the other end ¢g,_;. The upper part of figure
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B.1 shows the geometry of the rod.

A k k>
L
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_____ , L x
X1 X2 X3
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Figure B.1.: Example for a heat conduction problem. The upper part shows the geometry while
the lower part demonstrates the discretization into two elements for the FEM-Method.

Only looking at heat conduction from one side (x = 0) to the other (x = L) and assuming
that no heat enters the rod by any internal process, the one dimensional heat equation

reads [81]: 4 47
— | Ak— |=0. B.1
dx( dx) (B.1)

Step 1: Weak formulation of the differential equation The first step of the FEM is to refor-
mulate the governing differential equation, here equation (B.1), into its weak form. The
solutions to the weak formulation can be approximations of the functions that solve the
strong formulation (B.1). To derive the weak formulation, test functions v are introduced

such that:
L
d dT
— | Ak— =0. B.2
JO V(dx( kdx))dx 0 (B.2)

This is a new differential equation and a solution T'(x) to this equation will not solve
equation (B.1) (the term in the brackets is not always 0) but approximate it. This step is
described in more detail in [81]. Integration by parts of equation (B.2) then yields the weak
formulation of equation (B.1):

L L
dv _dT dT
—Ak—dx=|vAk—| . B.3
fo dx dx o [v dx ]0 (B-3)

164



B.1. Example for the FEM

The square brackets around the right hand term here indicate that the term inside the
brackets is used to calculate the difference between inserting x = L and x =0.

The weak form (equation (B.3)) does not include the second derivative of T and ad-
ditionally the requirements for the solutions are less strict, which allows discontinuous

solutions. This makes the following discretization of the solution possible.

Step 2: Discretization In this step the geometry is broken down into several elements,
connected with nodes. Each element is a subsystem of the larger geometry and the nodes
are the connection points that define the boundary conditions for the field inside of the
element.

In the described case the elements are one dimensional in space and enclosed by a
node at each endpoint of the element. The elements in the example case are chosen to
span over the areas with constant thermal conductivity, so two elements are needed. On
the nodes the element has certain degrees of freedom, here temperature values T;. The
field within each element is then described by a superposition of shape functions (here N)
multiplied with its nodal values. In the described case a possible shape function is a linear
slope between the two nodes. For an element enclosed by the values x; and x; the two

shape functions then read:

xj'—x

X —X;
N(x)ij:x-—_x:- and N(X)ji:_x-—x- .
7 ! J l

(B.4)

The temperature field of the one dimensional element can be expressed as a superposi-
tion of these functions:
X —X; x]' —X

T(x)= T+ T . (B.5)
x]' — X;

In a more general form the temperature field is the product of the shape function vector
N and a vector containing the nodal values a, making it 7(x) = Na. Formulating the
temperature field as a vector product of the shape functions and the nodal values and
inserting it into the weak formulation of the governing differential equation (equation

(B.3)), it is possible to transform the problem into an algebraic form.

Ka=f, (B.6)

where Kis called the stiffness matrix, a a vector containing all nodal values, and f a vector

containing the boundary conditions and loads, like heat flow and inner heat generation. To
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find the matrix K that follows from the weak form of the differential equation like equation
(B.3) together with the chosen shape functions and the nodes and element geometries,
several methods exist, where the most frequently used ones are the Garlerkin method and
the variation method (Both described by G. Comini in [81]). In this description the step
will be skipped and only the result for the given shape functions is presented. The matrix

form can also be formulated for a single element, in the example case it is:

1 —1 .
] a ] ) (B.7)
-1 1

Here g; are the nodal heat fluxes, with g =—k ‘é—z at the position of the nodes. In the example

Ak,

Xj—X;

Ti

T

=—A

case the stiffness matrix reads the same for both elements, but this is not generally the case.
The stiffness matrix K of the complete problem can then be assembled from the single
element matrices. Here one needs to take into account that the elements share nodes and
hence the nodal values are the same. When assuming that both elements have the same
length x, — x; = x3— x, = [, the same section A but individual thermal conductivity, k; and
k, the resulting equation reads:

k, —k 0 L 0
7 _kl kl + k2 _kz Té = _A O . (B.8)
0 —k, k, T qs

Step 3: Solving the equation Now the boundary conditions can be inserted to make it a
solvable system of equations. In the example at least two additional boundary conditions
are needed, e.g. Iy = T,y and g; = k, ‘;—5 ;- Ifall T; are calculated they can be used in
equation (B.5) to calculate the temperature at every value of x and following from the

temperature also the heat flow.

B.2. Non linear systems

As described above the FEM relies on discretizing a field problem by introducing a stiffness
matrix that describes the reaction of the system to the boundary conditions. A simple and
linear example for such a matrix was given above. However in realistic thermal systems in
many cases the heat transport depends on the temperature of the bodies themselves. This
leads to a non linear stiffness matrix that depends on the temperature values, K(a). For

example heat conductivities may depend on the temperature and also the heat transport
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via radiation is heavily depending on the body temperature. A strategy to solve these kind

of problems is an iterative process based on the Newton Rhapson method [82]:

* (alculate the stiffness matrix, K;, with a given starting temperature field, ay,: K; =
K(ag(re)-

* Apply the loads, like defined temperatures, heat generation and heat flows, f;., and

derive the temperature field, a,: f;., = K;a,.

e Use the temperature field a, to create a new stiffness matrix, K(a, ), and calculate all

loads, f;, from it: f; =K(a,)a;.

e Iffy.,—f, > Limit, then use K(a,) with the desired loads f,. to derive a new tempera-

ture field, a,, for the next iteration.

The chance to achieve convergence enhances when the starting temperature field is
not too different from the one resulting from the applied loads. Therefore it helps the
convergence to apply loads like heat generation stepwise and use the results from the

previous analysis as a basis for a new iteration.
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List of Symbols and Abbreviations

Symbols
Chapter 1

n A density value

IR; ; The reaction rate of single electron impact ionization

RR; ; the reaction rate of radiative recombination

Tion, j Ion confinement time in a plasma
e Symbol for an electron

A" Atom or ion of charge n
Y Symbol for a photon
F, The Lorentz force
E An electric field
B A magnetic field
qe The charge of an electron
v, The velocity of an electron

e, e, and e; The Euclidean unit vectors

Y Velocity component parallel to a magnetic field
v, Velocity component perpendicular to a magnetic field
E, Energy of an electron
m, Mass of an electron
Ue Magnetic moment of the gyration in a magnetic field

Riag The magnetic mirror ratio
we The cyclotron frequency
Wys A microwave frequency
wp The plasma frequency

Chapter 2
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Pv
p
Ryas
AHy,
T
Apyp, and Bpy,

S Q8 9Q — >

=

aand b

Acond.2D

Tot.
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The vapour pressure

A pressure value

The gas constant

The enthalpy of vaporization

Temperature values

Measured coefficients for the vapour pressure of lead

A particle flux density

Mass of a particle

the Boltzmann constant

The fraction of particles, that condensate when they are hitting

the liquid phase
The evaporation coefficient

The Knudsen number

Mean free path of a gas particle
Characteristic length of a gas containing system
Cross sectional size of a particle
Molecule or atom diameter

An angle

An evaporation rate

Surface areas

A distance

A distance as shown in figure 3.10
The heat flux density vector

A bodies thermal conductivity
The nabla operator

Power values

A bodies emissivity

The Stefan-Boltzmann constant
The surface of a body

A heat value

A viewfactor

A volume

Surface area of the conductors in 2D

Distance of the surface centre to the symmetry axis



hsp and h,p Internal heat generation of the conductors in the ANSYS
simulation
Chapter 3
t A time value
A Calibration factor for the deposition to evaporation rate
conversion
AM Weight change of the crucible over a measurement
I Integral in equation (4.13)
Prb Density of lead
c Detector surface area
Chapter 4
a,, b,, bs, t; and t, | Fit parameters for the power-time model
r The oven resistance
H The Heaviside step function
., g| Negative time derivation of the resistance
Xool. The molar fraction of a solvent
Appendix A
I A current value
Appendix B
Alength
q A heat flux
A Cross sectional area of a body
v Test functions in the weak formulation of a differential equation
N Shape functions (vector)
K The stiffness matrix
f A vector containing the boundary conditions and loads
K, A stiffens Matrix
a A temperature field
f Aload vector
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List of Symbols and Abbreviations

Abbreviations
CERN | Conseil europeen pour la recherche nucleaire, now European Organization
for Nuclear Research
LHC Large Hadron Collider
AD Antiproton Decelerator

ELENA | Extra Low ENergy Antiproton ring
SPS Super Proton Synchrotron
PS Proton Synchrotron
GTS-LHC | A name referring to Grenoble Test Source and Large Hadron Collider
LEIR Low Energy lon Ring
ALICE | A Large Ion Collider Experiment
CEA Commissariat a I'Energie atomique
ECRIS | Electron Cyclotron Resonance Ion Source
MHD Magneto Hydro Dynamics
ECR4 Name derived from ECRIS
CAD Computer Aided Design
FEM Finite Element Method
OTS Oven Test Stand
TC Thermocouple
PLC Programable Logic Controller
PC Personal Computer
CALS CERN Accelerator Logging Service
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