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Abstract

Conventional collinear laser spectroscopy (CLS) is a powerful tool for the the inves-
tigation of nuclear properties of radioactive ion and or atom beams. The work in
this thesis contributed to the MIRACLS project, a novel approach to CLS, utilising
an electronic ion beam trap, with the potential to greatly enhance the experimental
sensitivity.

For demonstration of the feasibility and benchmarking of this new approach in a
proof-of-principle experiment, an offline electron impact Mg™' ion source with the
capability of delivering high ion yields over a long lifetime ist required. In this
thesis work several modifications in the ion source set-up are explored, aiming at
an increase in the number of electrons available for ionisation of Mg atoms whilst
allowing for a reduction in heating of the cathode filament. Optimising parameters
such as the cathode filament length, shape and position as well as the application
of an external electric field are shown to overall increase electron currents by more
than a factor of five whilst allowing for the filament heating power to be reduced
two 3/4 of its initial value. Additional changes in the treatment of the used tho-
riated tungsten filaments, so called activation, prior to ion source operation yield
electron currents boosted by a factor of more than three at heating powers reduced
by a factor of eight. Whilst the rise in electron currents is expected to increase the
number of ionisation events and thus Mg" ion yields from the source, the reduced
heating power of the filament cathode is anticipated to significantly extend the ion
source’s lifetime.
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1. Introduction

The existence of a positively-charged atomic nucleus that concentrates most of an
atom’s mass in only a small fraction of its volume, was first observed in the now
famous Rutherford experiment in 1911. Following this experiment, which has been
termed the "birth’ of nuclear physics, further major milestones in the field include the
discovery of the proton and the neutron that make up the atomic nucleus and the re-
alisation that atomic nuclei can be unstable and undergo radioactive decay. Despite
great achievements in nuclear physics that have been accomplished, a complete un-
derstanding of how nuclear properties arise from the underlying fundamental forces
is still beyond our reach. While the physics of the electrons of the atomic shell is de-
termined only by electromagnetic interactions, which are fully described in quantum
electrodynamics (QED), in the atomic nucleus, the strong force and the weak force
are of integral importance in addition to electromagnetic ones. The strong force
counteracts the Coulomb repulsion between the positively-charged protons within
the nucleus, thus holding the nucleus together and the weak force is responsible for
the radioactive decay of nuclei. A number of phenomenological models of the strong,
nuclear force have been developed in efforts to describe and predict nuclear proper-
ties. Two notable examples of such phenomenological approaches are the shell and
the liquid drop model [9)].

Investigation of the properties of short-lived exotic nuclei with ratios of protons and
neutrons far away from stability contributes to the examination of the nature of the
nuclear force. The radioactive ion beam (RIB) facility ISOLDE at CERN produces
a wide variety of exotic nuclei, which are used for the study of nuclear physics by
different experiments [17].

A powerful tool used for the determination of different ground-state properties of
these exotic radionuclides synthesised at ISOLDE is collinear laser spectroscopy
(CLS). Ever since the first successful CLS experiments were conducted as early as
1980, continuous improvements and innovations has reserved CLS a central role at

the forefront of nuclear physics research [30]. The method takes advantage of the



1. Introduction

fact, that the energies of electrons in the atomic shell are affected by properties of
the nucleus, giving rise to the hyperfine structure of the atomic spectrum. High res-
olution measurements of this hyperfine structure performed with CLS give insight
into nuclear ground-state properties. In experiments undertaken for example at
the COLLAPS beamline at ISOLDE, a radioactive atom or ion beam is collinearily
overlain by a laser beam of suitable wavelength. As shown in Figure 1.1, a pho-
ton of the appropriate wavelength resonantly excites the atoms or ions within the
beam, which subsequently decay into lower-lying states by emission of a fluorescence
photon. These fluorescence photons are then detected using photomultiplier tubes
(PMT) [30]. By recording the number of photons as a function of laser frequency the

hyperfine structure is mapped out. Observation times in current CLS experiments
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Figure 1.1.: Schematic representation of laser spectroscopy experiments at the
COLLAPS beamline at ISOLDE [30].

are limited to a few us, a limit imposed by the exotic ion’s time-of-flight through
the laser interaction and optical detection region. The novel MIRACLS approach
aims at extending this interaction time, exploiting the full potential of the theoret-
ical upper limit given by the lifetime of the radioactive isotopes. To this end, the
bunched radioactive ion beam is trapped in a so called Multi-Reflection Time-Of-
Flight (MR-ToF) apparatus [3, 5, 21, 33, 34, 39, 43, 45-47], in which the ions bounce
back and forth between a pair of electrostatic mirrors [26]. The laser-ion interaction
region, positioned in between the two mirrors, is hence passed many times by the
ions. This approach has the potential to enhance the sensitivity of conventional CLS
by a factor of 20-600 and allows for CLS measurements to be extended to a number

of nuclides which are currently out of reach due to their low production yields [26].



In order to demonstrate the feasibility of this novel experimental approach, a proof-
of-principle experiment is currently being set up using stable magnesium isotopes
as a first test case. For the tests foreseen with the experimental set-up, an offline
Mg™ electron impact ion source delivering stable beams, preferably at high ion cur-
rents, is essential. The goal of this Bachelor thesis is to achieve high, stable and
reproducible electron currents in this source facilitating the production of reliable
and high-yield beams of magnesium ions.

Chapter 2 of this thesis gives a more detailed introduction to CLS and MIRACLS,
followed by the physics of electron bombardment sources as well as the set-up of the
MIRACLS ion source. Chapter 3 provides a more detailed account of the physics of
thermionic electron emission in the light of its application as a source of electrons
in an electron bombardment source. In Chapters 4, 5 and 6 the modification of
the ion source currently used at the MIRACLS proof-of-principle experiment that
were undertaken as part of this thesis are discussed in detail. The reasoning behind
each modification is explained, supporting data from simulations and theoretical
calculations is provided and experimental results are presented. Finally Chapter 7
provides a summary of the achievements and discusses other possible modifications

for further improving the ion source.






2. Experimental Background

This chapter describes the experimental background of the MIRACLS project with
a focus on the MIRACLS ion source used in the proof-of-principle experiment.
Section 2.1 provides a short introduction to conventional CLS as a high precision
method for the study of basic nuclear properties [30], discussing the nuclear physics
of the observables studied as well as experimental aspects. In the final part of
the section, the MIRACLS approach to CLS is presented. In Section 2.2 a short
introduction to the physics of electron bombardment sources is given before the

MIRACLS ion source is discussed in more detail.

2.1. Collinear laser spectroscopy

Laser spectroscopy as introduced before is used to study the hyperfine structure
and the isotope shift of ion or atom beams, and opens up access to basic nuclear
properties of the rare nuclide under study. CLS is one of two main laser spectroscopy
techniques carried out at RIB facilities such as ISOLDE. The defining feature of
CLS is the collinearity of the most often continuous laser beam and the beam of
atoms or ions to be laser excited. In the second main type of experiment, resonant
ionisation spectroscopy (RIS), a resonantly excited atom is ionised by additional
lasers [30]. Traditionally, CLS is associated with high resolution and RIS with high
efficiency, hence high sensitivity [8]. Today, a significant amount of effort is invested
to combine both advantages in CLS and excel with respect to both resolution and

efficiency, such as for instance the MIRACLS concept.

2.1.1. Observables of collinear laser spectroscopy

CLS allows to probe a variety of different nuclear properties at RIB facilities in a
nuclear model-independent way [8]. These measurements yield access to the nuclear

spin, magnetic dipole moment, the spectroscopic electric quadropole moment, and
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the mean-square charge radius by studying how interactions with the nucleus af-
fect the electron energy levels and thus the atomic optical spectrum [8]. The most
straight-forward way in which properties of the atomic nucleus affect the energies
of shell electrons is its positive charge given by the atomic number Z. The atomic
number Z corresponds to the number of protons in the nucleus and is of central im-
portance to the Coloumb interaction between the nucleus and the electron shell [14].
The Coulomb interaction is only the strongest of a variety of interactions taking place
between an atom’s nucleus and its electrons. As early as 1924, spectroscopic data
indicated the presence of more subtle interactions [14]. The picture of the nucleus
as a point-like positive charge was deemed insufficient for the explanation of these
results. Three key ways in which properties of the nucleus affect the electron energy
levels have been identified. These are subdivided into the interactions giving rise to
the hyperfine structure and the isotope shift. While the isotope shift occurs due to
the changes in nuclear mass and volume along isotopic chains, the hyperfine struc-
ture is the result of the presence of a nuclear spin [14]. Analogous to the electrons
in the atomic shell, the atomic nucleus possesses a nuclear spin [ giving rise to a
nuclear magnetic moment. If the atomic spin J and the nuclear spin I are both
non-zero, their coupling displays as the hyperfine structure [8]. This coupling is
mostly dominated by the interaction between the magnetic dipole moment of the
nucleus and the magnetic field created by the electrons at the nucleus’ position [14].
As the nuclear magnetic moment is outweighed by the electron’s magnetic moment
by three orders of magnitude, the strength of the interactions with the nucleus’
magnetic moment is likewise reduced [14]. The subtle nature of this interaction,
which usually corresponds to effects in the order of 1 ppm to 1 ppb when compared
to the electronic transitions frequencies, coined the term hyperfine structure, the
study of which calls for high resolution spectroscopy [6]. A second contribution to
the hyperfine splitting of atomic energy levels is due to the interaction between the
spectroscopic nuclear quadropole moment and the inhomogeneities of the electrons’
electric field [14]. Following the monopole term in the nucleus multipole expansion
corresponding to the Coulomb-interaction mentioned above, the quadropole moment
is the second lowest possible contribution [6]. Deviations from a perfect spherical
shape of the nucleus give rise to this finite quadropole moment [14].

The isotope shift is the consequence of the change in nucleus’ volume and mass be-
tween different isotopes of a given element. As the nuclear density remains constant,

different neutron numbers within the nucleus introduce changes in the nuclear mean
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square radius along chains of isotopes [14, 30]. This change in mass alters the move-
ment of the electrons with respect to the nucleus, introducing an isotope-dependent
mass-shift in the optical spectrum [6, 14]. In addition to the mass-shift, the change
in volume due to different neutron numbers also affects the electron energies. While
based on Gauss’s law the potential outside of the nucleus is independent of its shape
or size, this does not hold for the inside of the nucleus. As some electron’s probabil-
ity density does not vanish within the atomic nucleus, its volume does affect their
energy levels. By comparing the corresponding electronic transition energies of two

different isotopes the change in the charge mean square radius can be determined [6].

2.1.2. Collinear laser spectroscopy experiments

In CLS an isotope-separated beam of fast ions or atoms is collinearily overlain with
a continuous wave laser beam [6, 30]. When the laser beam frequency matches the
atomic transitions of the ions or atoms within the beam, they are resonantly excited
into higher energy levels. The number of fluorescence photons emitted perpendic-
ular to the flight direction upon decay to the ground-state, or lower-lying excited
states, are detected by a PMT [6, 30]. The hyperfine splitting studied in CLS
corresponds to frequency differences of 10 — 1000 MHz. In many ion sources this hy-
perfine splitting will not be visible due to the Doppler and pressure broadening [8].
The observation of hyperfine splitting is even more demanding for light elements as
the hyperfine interactions scale approximately as Z? [30]. CLS takes advantage of
the reduced longitudinal velocity spread that is achieved through an acceleration of
the ion beam resulting in a significant reduction in the Doppler broadening of the
spectral lines [6, 30]. Doppler broadening reduced to the same magnitude as the
transitions’ natural line width can be achieved for acceleration voltages of typically
40kV at ISOLDE, also facilitating more efficient excitation for all ions within the
beam [30]. In contrast to other laser spectroscopy methods, CLS generally does
not rely on laser frequency tuning in order to scan different frequencies, but takes
advantage of the Doppler effect instead [8]. While the laser frequency is fixed in the
laboratory frame, a secondary acceleration or deceleration voltage is applied to the
ion beam prior to the detection region [30]. As the ions’ direction of movement is
collinear with that of the laser beam, the change in velocity of the ions corresponds
to a shift in the ions resonance frequencies by the relativistic Doppler effect [6].
Therefore, scanning through different voltages and thus ion velocities is equivalent

to a scanning of the laser frequencies in the laboratory frame [8]. The collinearity
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also increases the interaction time between the laser and ion beam in comparison to
other geometries, yields a further increase in resolution and has beneficial effects on
the tuning stability when compared to scanning of the laser itself [6, 8]. While this
results in the excellent resolution of CLS, the method is often inferior in respect to
its sensitivity when compared to RIS methods [6]. Over the past decades, multiple
novel approaches have contributed to a significant increase in the sensitivity of CLS
and the lower limit on the yield for conventional CLS at ISOLDE has reached values
as low as 10%ions s™! [30]. The most important of those recent developments is the
utilisation of ion cooling, accumulation and bunching inside a buffer gas filled linear
Paul trap [8, 30]. The sensitivity in CLS is not only limited by the ion yield and
the number of photons that can be detected, but also by continuous scattering of
laser light, which results in a number of background photons [8]. When operating
with a bunched beam, only photons recorded while the ion beam passes through
the detection region are regarded to be signal, and photons received at intermediate
times between two bunches are considered background [8]. This approach enables
background suppression of scattered light by several orders of magnitude [30]. Ton
cooling in the Paul trap also decreases the longitudinal energy spread and transverse
emittance of the ion beam allowing for a more focussed beam [8]. Due to this de-
crease in the effective interaction volume, the laser power can be reduced, limiting

the photon background and improving the resolution [8].

2.1.3. MIRACLS: A Multi lon Reflection Apparatus for Collinear

Laser Spectroscopy

Large regions of the nuclear chart remain inaccessible by the means of CLS due
to limitations in the ion species’ production that can be achieved at today’s RIB
facilities. MIRACLS is determined to overcome these limitations by using the al-
ready available ion yield in a more efficient way in order to shed light into these
dark stretches of the nuclear chart. MIRACLS’ novel approach envisions the use of
an electrostatic beam trap, also called MR-ToF device, for the purpose of CLS [30].
The interaction time between laser and ion beam, which is limited to several us
in conventional CLS, amounts to only a minute fraction of the lifetime of radioac-
tive ions available at low energy branches at RIB facilities [26]. It can be extended
significantly by trapping the ions such that they pass through the experiment’s in-

teraction region multiple times as illustrated in Figure 2.1. Revolution frequencies of
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a few kHz are enough in order to increase the sensitivity to the point where one or a
few ions suffice to perform CLS, while still taking advantage of the narrowing of the
Doppler broadening of the line width by utilising fast beams [30]. This corresponds
to an improvement in sensitivity by a factor of 20-600, making the lifetime of the
radioactive ion species under study the limiting factor [26]. The prime candidate for
investigation using the CLS technique advanced by MIRACLS are ions with closed
two-level systems such as Mg™, in which laser-excited ions decay directly back into
the initial state [30]. MIRACLS combines the MR-ToF device with the conventional
use of a Paul trap, which utilises a configuration of time-dependent electric fields
to trap ions that are subsequently cooled and bunched within the trap [8]. The
proof-of-principle experiment is based on a low-energy MR-ToF device operating at
a beam energy 1.3keV, while the MR-ToF for the final MIRACLS experiment has
a design energy of 30keV.

injection (30 keV) I | I I I I |
PMTs
— laser
*1 " " beam
rappe
I I | | PMTS ion bunch I I I I

electrostatic mirror

Figure 2.1.: Schematic representation of the principle of utilising an MR-ToF device
to increase interaction times in CLS. [26].

2.2. The MIRACLS ion source

In this section the offline Mg™ ion source in use at the MIRACLS proof-of-principle
experiment is described in more detail. First, the mechanism of electron impact ioni-
sation and the working principle of electron impact ion sources are briefly described
and the reasoning behind the choice of this source type for the proof-of-principle
experiment is presented. The ion source developed by collaboration partners at the
GSI Helmholtzzentrum fiir Schwerionenforschung and the TU Darmstadt is then
introduced, which was used as the starting point for the design and construction of
the MIRACLS ion source. The final subsection discusses the modifications made to
optimise the ion source for its purpose in the MIRACLS proof-of-principle experi-

ment.
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2.2.1. Electron impact ion sources

Ton sources can be classified based on a variety of parameters of the source. The
most widely used classification of ion sources is based on the ionisation process that
is utilised. In electron impact ionisation sources, as indicated by its name, ions
are produced via electron impact ionisation. In this ionisation process, an electron
strikes a neutral atom, leaving behind a positively-charged ion and an additional,
so called secondary, free electron. In order for this reaction to take place, the ki-
netic energy of the electron has to exceed the first ionisation potential of the atom
that is to be ionised [44]. A sketch of the ionisation cross section as a function of

the electron energy is shown in Figure 2.2. An initial sharp increase in the cross

CS(1017 cm?)
30 | H

CSmax

0 2 4 6 8
Particle energy/Eion

Figure 2.2.: Typical electron impact ionisation cross section (cs) plotted as a func-
tion of electron energy in multiples of the ionisation energy FE;,, [20].

section can be seen when the electron’s energy matches the ionisation energy and a
maximum is reached for electron energies 3-4 times that value [44]. Electron impact
ionisation can be used to create a wide variety of ion species [10]. However, due
to the width of the peak, shown in Figure 2.2, notable cross sections of different
elements tend to overlap causing contaminants to be ionised in these ion sources in
addition to the desired source material [42]. Electron impact ionisation is therefore
less selective than other ionisation mechanisms such as resonant laser ionisation or
surface ionisation [44].

In an electron impact ion source, primary electrons emitted by a cathode are ac-

celerated by an electric field in vacuum to gain kinetic energies sufficiently high for
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ionisation of neutral gas atoms. The exact potential difference between the cathode
and anode is chosen such as to optimise the ionisation efficiency discussed above
and reduce the contribution from contaminants. The ions created are extracted
through either the anode or cathode area, or in a direction perpendicular to the
electrons flight path [44]. The main advantage of electron impact ionisation over
other sources for singly charged ions is the possibility of very simple and low-cost
designs. An additional advantage is the inherently low energy spread of the ions
produced by these ion sources. Both advantages come at the cost of rather low ion
currents. Different approaches to increase the ion yields have been implemented
in electron impact ion sources. One approach utilises magnetic fields in order to
effectively trap the electrons in the anode region, thereby increasing the probability
of a collision with the gas atoms [44].

A variety of parameters is used to describe the capabilities and properties of ion
sources. Amongst them are quality of the produced beam in terms of emittance and
brightness, ionisation and material use efficiency, reliability and ease of operation of
the source [10]. Surface ionisation sources are severely limited by the relatively high
ionisation potential of Mg™ ions which amounts to 7.65eV [29], especially if larger
intensities are required [44]. The main concern with any type of plasma ion source
are the magnetic fields that are crucial for the plasma confinement [44]. Since CLS
requires low background fields to avoid Zeeman splitting, the reduction of stray elec-
tromagnetic fields that may extend from the ion source to the sensitive components
of the set-up is of high importance [29]. As all types of plasma discharge ion sources
require magnetic fields of different strengths [44], the utilisation of those sources
would have required appropriate shielding and an array of tests to ensure the stray
fields do not extend to any sensitive part of the set-up. Moreover, these sources’
complexity, costs, and potential beam constraints render their use at MIRACLS
unfeasible. This also applies to resonant ionisation laser ion sources, which require
a minimum of three high-power lasers of different wavelength to achieve photoioni-
sation of Mg atoms [37].

The top choice for an ion source is therefore an electron impact source abstaining
from any additional magnetic fields. Electron-impact sources offer simple, compact
and cost-effective construction and maintenance. Although the ion flux produced

may be lower than achievable with other sources, it suffices for highly sensitive CLS.
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2.2.2. A Compact Electron Impact lon Source for Mg" lons

The source presented in this section was developed at the GSI and the TU Darm-
stadt with the goal of building a compact and simple pulsed source of singly charged
ions which creates low electromagnetic noise. This is crucial to experimental set-
ups including traps such as the Paul trap and the MR-ToF device in the MIRACLS
proof-of-principle experiment. A sketch of the set-up of the source can be seen in
Figure 2.3. The gaseous magnesium vapour is created in an oven situated on a sepa-
rate flange and heated directly by a low voltage current. In order to have full control
over the oven temperature, which governs the Mg evaporation rate, water-cooling
is employed. The stream of neutral magnesium atoms is directed towards the ioni-
sation volume via an opening in its shielding tube facing the ionisation region [29].
The ionisation volume is defined by the anode grid volume. Electrons emitted by
a thoriated tungsten filament cathode are accelerated towards the positively biased
grid and collide with the neutral gas atoms within the ionisation volume, thus cre-

ating Mg™ ions. The ion extraction from the anode region is controlled by a 1 us
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Figure 2.3.: Overview of the electric configuration of the components in the ion
source developed by collaboration partners at the GSI and the TU
Darmstadt [29].

long high-voltage pulse sent to the grid, raising its potential to 400 V. The change in
the potentials causes the ions to be extracted via the extractor and forms a 400¢V,
bunched Mg™ ion beam. It has been demonstrated in [29] that up to 10° ions per

bunch can be extracted.
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2.2.3. Optimisation for the MIRACLS Proof-of-Principle

Experiment

The ion source described above was the starting point for the MIRACLS proof-
of-principle experiment. A mixture of the stable isotopes 24-, 25- and 26-Mg in
their natural abundance was chosen as the source material due to its closed two-
state structure, making it suitable for the MIRACLS approach as discussed in sec-
tion 2.1.3. In order to adapt the ion source to the requirements of the MIRACLS
proof-of-principle set-up, changes were made regarding the design and the operation
of the source. The most important design change was the inclusion of the oven on
the ion source flange as on the right side of Figure 2.4(a). This made the source even
more compact and greatly simplified moving the source between different set-ups.
However, it comes at the cost of an increased proximity of the oven to the filament
due to which the filament contributes to the oven heating in an intricate way. This
effect is further boosted by the removal of the water-cooling. This has been shown
to result in a fast depletion of the solid Mg supply from the oven over a period of
only one week [12]. Improving the electron emission rate of the cathode filament is
therefore crucial for reducing the filament heating and its radiative heat load on the
oven, such that filament and oven are effectively decoupled thermally. Moreover, a
higher electron rate will improve the ionisation efficiency which allows to also lower
the Mg emission rate from the oven by reducing its heating via a heating wire. Both
effects combined promise to substantially extend the lifetime of the ion source and
prevent Mg being deposited on the other components of the ion source.

The initial set-up of the MIRACLS ion source at the start of this Bachelor’s project
is shown in Figure 2.4(a). The Mg oven on the right side contains a cartridge filled
with solid Mg, which is vaporised during operation of the ion source. The oven
temperatures can be estimated by use of the indicated thermocouple. The electrons
emitted from the filament shown in blue are accelerated towards the grid volume
by the potential difference AU between the cathode filament and the anode grid.
Figure 2.4(b) shows a picture of the resistively heated, glowing filament.

When reaching the grid volume, the electrons have sufficient energy to ionise atoms
within the Mg vapour. The Mg ions are extracted from the grid volume by the
extractor. The copper beam dump plate seen on the left serves to collect stray Mg
atoms. In order to ensure that its temperature is sufficiently low to avoid Mg evap-

oration, it is connected to the copper rods at the bottom for efficient heat transport

13
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Filament ¢

mocoup

(a) Initial set-up of the MIRACLS ion source [42]. (b) Glowing filament during ion
source operation.

Figure 2.4.: An overview of the Initial set-up of the MIRACLS ion source is shown
in Figure (a), while a close-up of the glowing filament is seen in (b).

from the radiatively heated beam dump to the outside.

In addition to the changes in design, a major change has also been made to the
mode of operation by abandoning the pulsed mode and switching to a direct current
mode. As the MIRACLS set-up includes a buffer-gas filled Paul trap for cooling
and bunching of the ion beam, no inherently pulsed operation of the ion source
is required. This is expected to result in an increase in the overall ion yield from
the source, which is otherwise limited by the pulser frequency. In the case of the
MIRACLS ion source the ions are extracted in a continuous mode by a constant
potential difference between the extractor and the grid. To facilitate the formation
of a continuous beam, the grid is biased to 250V with respect to the MIRACLS
beamline ground. In the current set-up the ionisation efficiency of the magnesium
gas reaches its highest value for potential differences of about 20 — 30V between
the cathode filament and grid anode. This value is predominantly determined by
the ionisation cross section of the magnesium atoms, which is expected to peak at
electron energies corresponding to three times the Mg ionisation potential of 7.65 eV

and amounts to approximately 23 eV [20]. As the electrons emitted by the filament

14
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posses little kinetic energy, the electrons’ kinetic energies correspond to the poten-
tial difference between the emission point on the cathode and the anode. Due to
the presence of space charges, higher potential differences result in higher electron
currents at the anode grid, as will be discussed in Chapter 4. Therefore the optimal
value for the potential difference is slightly higher in this case.

As a constant bias voltage needs to be applied to the grid, the continuous mode
of operation requires floating of the filament heating power supply to maintain the
acceleration voltage of ~ 30V. It has been shown experimentally that the current
at the grid decreases significantly when floating the filament heating power supply,
ultimately resulting in a decrease of the ion current produced. The increasingly
positive bias voltage of the filament with respect to the surrounding grounded parts
of the set-up exhibits this detrimental effect due to its tendency to enhance present
space-charge effects. An additional decrease in electron emission is due to what
amounts to a reverse’ Schottky effect as the resulting electric field increases the po-
tential barrier which the electrons need to overcome at the filament surface instead
of lowering them. To overcome these limitations, several modifications were made
to the ion source set-up described in this section in order to increase the electron
emission rate and therefore the ion yield. The reasoning behind these modifications
as well as the results of experimental test are discussed in Chapters 4 and 5, while

findings regarding changes in the filament conditioning are presented in Chapter 6.
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3. Thermionic Electron Emission

Thermionic emission is just one of a variety of different mechanisms by which elec-
trons are emitted from a solid cathode. These mechanisms are characterised by
how the electrons overcome the finite potential barrier at the cathode’s surface. In
most metals this potential barrier, which is referred to as the work function of a
material, amounts to 1eV — 5eV above the Fermi energy [19, 20]. The different

types of electron emission are sketched in Figure 3.1. Electrons from within the

Thermionic Emission Photoemission

Jthermionic = Jphoto

Potential

Secondary Emission

condary

NN

Figure 3.1.: Illustration of the different mechanisms of electron emission. The grey
triangles correspond to the potential barrier between the cathode ma-
terial on the left and the vacuum on the right. The coloured rectangles
represent the electrons within the cathode. Created based on [19].

metal are emitted after either gaining enough energy to overcome the barrier or by
tunnelling through it. For tunnelling to occur with a probability that results in a
detectable number of emitted electrons the barrier needs to be sufficiently thin. In

field emission, electric fields of immense strength are applied between the cathode
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3. Thermionic Electron Emission

and an anode enabling an appreciable number of electrons to tunnel through the
barrier and leave the solid. All other emission mechanisms rely on the transfer of
sufficient energy to the electrons within the metal to facilitate emission over the
barrier. In photoemission this energy is transferred to the electrons from absorbed
photons, in secondary emission they gain energy in collisions with high-energy in-
cident primary electrons. The final mechanism of electron emission, which is to be
discussed in more detail in this chapter, is thermionic emission. In this emission
mechanism the increase in the kinetic energy of the electrons is brought about by
heating the cathode to high temperatures. Temperatures need to be sufficient such
that electrons in the high-energy tail of the Maxwell-Boltzmann distribution have
kinetic energies high enough to overcome the barrier at the surface.

The first section of this chapter will discuss the temperature-dependence of thermionic
emission in greater detail. The emission rate can be studied experimentally by mea-
suring the current density J received at an anode. However, the number of electrons
emitted by means of any of the mechanisms described above does not necessarily
match the current received at the anode. When large numbers of electrons are being
emitted from the cathode, the space charges in the region between the anode and
cathode can become the limiting factor of the current flowing to the anode [19].
The second section will discuss these space-charge limitations whilst focusing on the
case of thermionic emission and the transition from one regime to the other will
be explored. Thermionic cathodes are then briefly introduced in general before the
final section of this chapter discusses thermionic properties of thoriated tungsten

and its advantages over pure tungsten as a cathode material.

3.1. Temperature-limited regime

Thermionic emission in vacuum has been the object of a great deal of research
and controversy in the early 19*" century. The development of thermionic cathodes
was an important contribution to the beginning of the electronics industry [36].
In 1901, Richardson derived an equation describing the (surface) current density
in thermionic emission based on the theory of electrons in metals advanced by
Drude and Thomson. Richardson argued that the ’free’ metal electrons relevant
for thermionic emission follow a velocity distribution given by Maxwell-Boltzmann,
and at high temperatures a small fraction of electrons in the high energy tail have

sufficient energy to overcome the potential barrier at the surface [36]. His discoveries
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3.1. Temperature-limited regime

surrounding the field of thermionic emission were honoured with the Nobel prize in
physics in 1928 [36]. According to Richardson, the saturation current density Jr at

a temperature 71" is given by the equation

)
Jp = AgT?exp | ——— |, 3.1
R R p ( k:BT> (3.1)
where Apg is the material-dependent Richardson coefficient, ® is the work function
of the material and kp is the Boltzmann constant [19]. A lower value of ® is
desirable in a thermionic emitter as higher emission rates can be achieved at a given
temperature [20]. The Richardson coefficient Ag for any material can be obtained

from the theoretical value Ay, for free electrons

meeoky

pa =120 A/em’K?, (3.2)

Afree =47

where h is Planck’s constant and ¢, the vacuum permittivity, by replacing the free
electron mass m, by the effective electron mass m¢/7 in the solid. Thus the inter-
action between electrons and holes is taken into account [20]. In the temperature-
limited regime the work function as well as the Richardson coefficient of any material
can be obtained from the slope of so called Richardson-plots in which In (%) is plot-

ted as a function of 7 as shown in Figure 3.2 [28].

In(J/T?)

/T [K1

Figure 3.2.: Example of a Richardson plot. The current density J and the temper-
ature T are plotted as J/T? over 1/T. Figure created based on [28].

As early as 1914, Schottky realised that the main contribution to the potential

barrier at the surface is due to the image charge at the surface of a conductor as

indicated in Figure 3.3 [36]. Therefore if a cathode is negatively biased with respect
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Figure 3.3.: Schematic representation of thermionic emission from a metal. The
dashed line corresponds to the absence of external fields, the solid line
illustrates the lowering of the potential barrier due to an external electric
field, the so called Schottky effect [16].

to its surroundings the thermionic emission is enhanced, as the resulting electric
field lowers the potential barrier the electrons have to overcome at the surface to
‘escape’ from the filament. This so called Schottky effect is reflected in a modified
version of Equation 3.1 by an effective lowering of the work function due to the

presence of an electric field of strength F' at the cathode surface. The modified work

[e3F
b =) — 3.3
0 471'60’ ( )

where @ is the work function at zero applied field and e is the elementary charge.

function @ is given by [16]

Due to their cathode-anode configuration, the Schottky effect is present in all ion
sources. For realistic set-up configurations in an ion source the increase in electron
emission rates has been shown not to exceed 5% [20]. However, the saturation
current density described by Equation 3.1 may not be reached in cases where the
potential difference between anode and cathode is small and space-charge effects at

the cathode discussed in the next section come into play.
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3.2. Space-charge-limited regime

3.2. Space-charge-limited regime

At very high temperatures copious numbers of electrons given by Equation 3.1 are
emitted from a thermionic cathode. However, when increasing the cathode temper-
ature beyond a certain point, the electric field determined by the applied potential
difference between cathode and anode is not sufficient to draw away all of the elec-
trons from the cathode region. This results in the formation of an electron cloud
crowding the space surrounding the cathode. The effects of this electron cloud are
referred to as space-charge effects. The negatively charged cloud screens the elec-
tric field from the surface of the cathode and limits the number of electrons being
accelerated to the anode due to the electrons’ mutual repulsion [19]. The effect of
this electron cloud on the electron’s potential energy is illustrated in Figure 3.4.
A potential energy maximum emerges between the cathode and the anode at a
distance x,, from the cathode resulting in a retarding potential to the left of this

point. A significant fraction of the electrons emitted from the filament are reflected
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Figure 3.4.: Potential energy of an electron between two parallel plates as a function
of distance from the cathode. The two cases including (solid red line)
and excluding (dashed red line) the presence of space charges can be
compared. Created based on [19].

off this potential barrier and move back towards the filament [24]. Only electrons
with sufficient energy to overcome this additional barrier contribute to the current
flow to the anode [24].
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3. Thermionic Electron Emission

It is important to note that even in the space-charge-limited regime, the number of
electrons emitted is still given by the Richardson Equation 3.1. The current that can
be extracted from the electron cloud surrounding the cathode and is received by the
anode, however, is not given by the Richardson equation and depends more strongly
on the electric fields acting upon the electrons within the cloud. More intense accel-
erating electric fields between cathode and anode translate into more kinetic energy
being transferred to the electrons within this field and hence an increase in current
as more electrons have the ability to overcome the potential barrier. For the same
reason space-charge effects are intricately linked to the geometry of the set-up [19]
whilst in the temperature-limited regime only the surface area A of the cathode is
relevant for the emitted current I via I = J- A. For a parallel plate configuration of
cathode and anode the current density Jop that is received by the anode in the fully
space-charge-limited regime is given by the Schottky-Langmuir or Child-Langmuir

law
1
ﬁ )

where AU is the potential difference between cathode and anode, d the distance

Jop = KAU?? (3.4)

between the two and K = %60,/31—‘1 is a constant where m, corresponds to the

electron mass [41]. It has been shown that
Jor, o< AU/ (3.5)

is not limited to the case of parallel plates but holds for any cathode anode ge-
ometry [4]. E.g. [20] employs the distance dependence given by Equation 3.4 in a
configuration consisting of a cathode wire and an anode similar to the MIRACLS
ion source. Deviation from Child’s law are expected for small accelerating voltages
where the electrons’ initial kinetic energies are no longer negligible [22]. In the space-
charge-limited regime the current becomes independent of the cathode material [24].
However, the cathode material does affect the temperatures and applied potentials
at which the transition from the temperature-limited to the space-charge-limited
regime takes place. Such a transition is shown in Figure 3.5 in which the current
received at an anode is plotted as a function of filament temperature. When the
number of electrons received by the anode is equal to that emitted from the cathode
the current is deemed saturated and temperature-limited [24]. This corresponds
to the left hand side of Figure 3.5, where the current density increases according

to the Richardson Equation 3.1. In the transition region space-charge effects as

22



3.2. Space-charge-limited regime
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Figure 3.5.: Thermionic current density as a function of filament temperature. A
transition from temperature-limited to the space-charge-limited regime
for different potential differences between cathode and anode can be
observed. See text for details [22].

well as temperature limitations become relevant and parameters from both Equa-
tions 3.1 and 3.4 determine the current flowing to the anode. Finally, on the right
hand side of Figure 3.5, the current does no longer increase with increasing tempera-
ture and the current becomes fully space-charge-limited. Two important conclusions
can be drawn from Figure 3.5. Firstly, the current saturates at lower temperatures
for lower potential differences between anode and cathode. Secondly, the saturation
current that can be reached in the space-charge-limited right part of the plot is
independent of the filament temperature, but depends on the potential difference.
Therefore heating the cathode at temperatures that exceed those required to reach
space-charge currents for a given set-up is highly inefficient [19]. For a stable source
of electrons, operation close to the transition region is desirable, where full advan-
tage is taken of the maximally available electron current in the space-charge-limited

regime [19]. This minimises the inefficient heating and cathode life-time limitations
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3. Thermionic Electron Emission

due to high temperatures while still taking advantage of space-charge effects [19].
In fact, space-charge effects are not always undesirable for cathode operation. Their
presence results in a smoothing of the emitted beam in space and makes the emitted
current less sensitive to small changes in the emission rates [19]. The presence of
positive ions in the space-charge cloud can partially balance the repulsive effect of
the electron cloud and lead to an increase in the space-charge-limited current. It
needs to be pointed out however, that this neutralisation might come at the prize of
increased residual gas pressures which can in turn reduce the currents received [36].
In general the presence of positive ions is ascribed a positive effect on thermionic as
well as field currents [19]. The sputtering away of surface contaminants might be

one of the contributing factors of this effect [2].

3.3. Thermionic cathodes for electron impact ion

sources

The thermionic cathode is a component of crucial importance in electron impact ion
sources, often being the limiting factor in the source’s lifetime and overall perfor-
mance. A perfect cathode would optimise the electron emission rates by combining
a low work function and high melting point, allowing for efficient heating, with
chemical inertness and the ability to withstand ion bombardment. It should nei-
ther be affected by depositions of the source material or exposure to air nor should
the evaporation rates be too high. Finally it should be easy to manufacture and
handle. Typical cathode materials include tungsten, tantalum and since recently
LaBg, each with their own advantages and drawbacks regarding reactivity, operat-
ing temperatures and handling [48]. In the most simple case of a directly heated
cathode, a filament is resistively heated by passing a heating current through it [44].
In indirectly heated cathodes the energy required for the increase in temperature is
supplied by a current of impinging electrons, ions or radiation [48]. Only resistively
heated filament cathodes are considered in all subsequent discussions.

Despite its high work function of 4.56 eV, tungsten is used as a thermionic cathode
material in a wide variety of applications. This is mostly due to the metal’s mechan-
ical strength and high melting point which enables operation at high temperatures
and electric fields resulting in adequate emission levels for the use in electron impact
ion sources, albeit at low efficiency [15]. Despite its high melting point, tungsten

cathodes should be operated at the lowest possible temperatures in order to prevent
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3.4. Thoriated tungsten filaments

a shortening of its lifetime due to increased evaporation at high temperature [20].
The thermionic properties of tungsten filaments can be significantly improved by the
addition of thorium or alkali and alkaline earth layers to a tungsten filament [19].
The use of thoriated tungsten filaments as thermionic cathodes is discussed in the

next section.

3.4. Thoriated tungsten filaments

Thoriated tungsten filaments usually contain 1-2% weight of thoria ThO, [25]. Tho-
riated tungsten is superior to tungsten in its efficiency as a thermionic emitter,
allowing for the heating power required to achieve a given emission rate to be re-
duced by a factor of six [15]. Figure 3.6 compares the saturation current density
that can be obtained from tungsten and thoriated tungsten filaments according to
Equation 3.1 as a function of temperature. It can be seen that the increase in emis-
sion capabilities at a given temperature spans multiple orders of magnitude and the
same current densities are reached at much lower temperatures for thoriated tung-
sten. In order to take advantage of this, special treatment of the thoriated filaments
prior to their operation is required, as thorium only enhances emission if it is present

at the filament’s surface in metallic form [25].
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Figure 3.6.: Saturation current density J[A/m?] as a function of temperature for
tungsten and thoriated tungsten.
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If operated at the customary operating temperatures for tungsten filaments of
2250 — 2500 K [13], no difference in emission rates from thoriated tungsten and pure
tungsten filaments can be observed [25]. In 1913 Langmuir demonstrated that a
special heat treatment is necessary in order to obtain electron emission rates of up
to five orders of magnitude higher than that of pure tungsten [35]. This increase
in emission is a result of a decrease in the work function from 5.4 €V to 2.6 eV [27].
The exact change in work function is determined by the surface coverage of tho-
rium atoms on the tungsten surface. Surface coverage f = - Is defined as the
ratio between the number density of adsorbed thorium atoms ¢ at some given tem-
perature and og for which the work function is minimised. The work function is
minimal for a monolayer of thorium atoms [13] corresponding to a surface coverage
of 09 = 4.2 - 10" atoms/cm® [35]. The work function ® as well as the Richardson
coefficient Ag are plotted as a function of surface coverage f in Figure 3.7. From
Figure 3.7 it can be deduced that there is an optimal value of the surface coverage
minimising the work function and thereby maximising the emission capabilities of
the filament. If the thorium coverage is increased any further, the work function in-

creases again and approaches that of pure thorium of 3.4eV [19, 35]. The minimum
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Figure 3.7.: Work function ® and Richardson coefficient Agr of thoriated tungsten
as a function of the surface coverage f [35].

seen in Figure 3.7 is explained by the dipole nature of the bond formed between
tungsten and thorium which induces changes in the potential close to the surface
ultimately resulting in the observed change in the material’s work function [35].

The most recent account of the activation procedure for maximising the emission

capabilities of thoriated tungsten filaments is found in [35].
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3.4. Thoriated tungsten filaments

The process can be divided into two main steps. First, in the flashing process, the
filament is heated to high temperatures in order to reduce the thorium oxide inside
the filament to metallic thorium, which diffuses to the surface of the filament in
the second, so called activation step of the process. In the first step the filament
is flashed at high temperatures > 2600 K to reduce the thorium oxide ThO, and
produce metallic thorium [35]. Flashing times between 30s and 3 minutes are rec-
ommended [25]. Afterwards, most of the thorium is present in the wire in the form
of small granules about a micron in diameter [7]. At such high temperatures the
entire supply of thorium on the surface evaporates and activation of the filament
at lower temperatures is required to replenish this supply [1]. For activation the
filament is operated at 2000 — 2300 K for 15-30 minutes [15, 35]. At these temper-
atures the diffusion rate of thorium from the interior to the filament’s surface is
high compared to the evaporation rate of thorium from the surface [35]. Thorium
accumulates at the filament surface in a layer not more than one atom thick and
results in changes to the work function as seen in Figure 3.7 [36]. The increase in
electron emission rates over time in the activation process is shown in Figure 3.8.

The measurements presented in Figure 3.8 were taken at a fixed testing temperature
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Figure 3.8.: Emission currents over time showing activation at 2100 K and deactiva-
tion processes at 2250 K [25].

T, significantly below activation and deactivation temperatures. Deactivation of the
filament, explained later in this section, is also shown.

Once the filament is activated, the filament temperature needs to be reduced in or-
der to achieve stable operation whilst maintaining the low work function. Operating
temperatures between 1400 and 1800 K are recommended at which both evapora-

tion and diffusion rates are small [7, 35]. Even over prolonged periods of time of up
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to 1000 h the thorium diffusion rates from the interior are high enough to compensate
for the thorium desorption from the surface [7]. Following the activation process,
the filament temperatures should at no point exceed 2200 K, otherwise deactivation
of the filament, as seen in Figure 3.8, occurs and the thermionic properties of the
filament drop back to those of pure tungsten [25, 35]. In the deactivation temper-
ature regime evaporation from the surface exceeds the diffusion of fresh thorium
from the interior. If the filament is operated at such high temperatures for extended
periods of time, the thorium supply within the wire is gradually depleted [7]. While
activation of the filament at lower temperatures lowers the rate of activation, studies
in [7] show that it results in an increase in the maximum value of thorium cover-
age f. It was also demonstrated, that an oxygen depletion is associated with the
increase in thorium coverage. Even temperatures as low as 2000 K are shown to re-
sult in a significant decrease of the thorium surface coverage after some time, while
for 1800 and 1450 K "quasi-static" states are reached.

The surface layer of metallic thorium is very sensitive to oxidisation and thus to
contamination by gases. Therefore the filament’s thorium layer must be protected
during operation either by high vacuum or by the presence of substances that readily
oxidise, such as sodium, magnesium or calcium [25]. In general, residual gas results
in a decrease in the thermionic currents that can be obtained [22]. The effects of
poisoning by oxygen and other electronegative elements are especially detrimental
regarding the emission capabilities of both thoriated and pure tungsten cathodes.
Oxidation of the thorium brought to the surface effectively reverses the effect of
flashing and the work function increases. At high oxygen pressures and temper-
atures the oxidation of tungsten can more than double the work function of pure
tungsten [15]. For this reason degassing the filament by operation at higher than
nominal temperatures and subsequent flashing of the filament at high tempera-
tures around 3000K are also beneficial for pure tungsten cathodes due to a cleaning
effect [15].

In addition to the effects of oxygen, the presence of carbon has a manifold and impor-
tant impact on the emission capabilities of thoriated tungsten filaments. Emission
rates drop significantly in the presence of elemental carbon or tungsten carbide if
temperatures exceed 2200 K. In contrast, at temperatures below 2200 K so called
carburisation is beneficial for filament operation. It minimises evaporation rates
and thus improves the lifetime of the filament as well as boosting electron emis-
sion rates [27, 38].
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Additional methods for achieving activation of the filament whilst omitting the high
temperature treatment are described in the literature. The first method is reported
in [1], where activation of a thoriated tungsten filament caused by breakdowns at
high fields of 10°V/cm is observed, which is most likely caused by positive ion
bombardment of the cathode [1]. High energy positive ion sputtering as well as
electron bombardment of cathodes is also used as a way of achieving activation
in [27] and [7, 11]. One has to be careful when it comes to the nature of these
ions however, as deactivation of thoriated tungsten cathodes occurs when impinging
positive oxygen or carbon ions form compounds with the tungsten which cover the
filament surface [22]. Argon ions on the other hand have been shown to sputter

away in these compounds and are used for activation [11, 22].
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4. Effect of an external electric field

on electron rates

As motivated in Section 2.2, the direct current mode of the MIRACLS ion source
requires a positive bias voltage of the filament heating power supply and the anode
grid of 220V and 250V, respectively. This positive bias voltage has detrimental
effects on the electron current received at the anode grid which can be seen in
Figure 4.1. The electron current measured at the grid rapidly decays with the
increasing bias voltage, resulting in a substantial decrease in the number of elec-

tron available for ionisation during the operation fo the ion source. To overcome
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Figure 4.1.: Electron current Ig,;q received at the anode grid as a function of the
bias voltage Uiiament applied to the filament. The accelerating potential
difference AU = 30V between anode grid and filament is constant.

this limitation imposed by the floating of the filament heating power supply in the
MIRACLS ion source, an outer biasable mesh is included in the set-up which is
foreseen to reduce the positive relative bias voltage of the filament. Compared

to the results shown in Figure 4.1, this is expected to make the electron currents

31



4. Effect of an external electric field on electron rates

largely independent of the filament bias voltage and hence to significantly increase
the ion yield of the source. The position of the mesh within the set-up is sketched in
Figure 4.2.

Figure 4.2.: Top view sketch of MIRACLS’ ion source set-up. In addition to the two
leads (blue), the helical filament (yellow) and the anode grid (green),
the new outer mesh (red) is included.

4.1. Theoretical expectations

The idea behind integrating an additional outer mesh in the set-up is the reduction
of the positive bias voltage of the filament with respect to its surroundings. A
negative bias voltage of the cathode lowers the potential barrier the electrons have
to overcome in order to leave the filament via the Schottky effect, as described in
Section 3.3. More importantly, the outer mesh brings about changes in the electric
field that are expected to diffuse the space-charge cloud surrounding the filament.
This should lead to an increase in the number of electrons emitted from the filament
via thermionic emission and which is received at the anode, a higher number of
ionisation events and eventually Mg™ ions forming the ion beam. An increase in
the outer mesh potential is beneficial for the ion source performance, as long as the
outer mesh potential is not significantly higher than the anode grid potential i.e.
provided that not too many of the electrons are accelerated towards this additional
mesh instead of to the anode grid.

In the first part of this section, the effect of the external mesh on the electric fields
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in the set-up is studied neglecting space-charges. Based on these calculations, an
expectation for the effect of the outer mesh in the presence of space-charges is then

developed and later compared to experimental results.

4.1.1. Field calculation

In order to study the effect of an additional outer mesh on the electric fields at and
around the filament in the ion source, the anode grid, the filament and the outer
mesh were implemented with a cylindrical symmetry in Simlon [40]. The employed
distances approximately match those of the real set-up since the installation of the
filament can only be controlled to a certain level of precision. No major deviations
are expected from possible discrepancies as only the relative values and their orders
of magnitudes are of interest for the following qualitative discussions.

The electric potentials as well as the electric fields were calculated for the nominal
potentials of 250 V at the anode grid and 220V at the filament. The simulations
were carried out for potentials of U,,.sn = 0V, resembling the situation prior to the
modifications of the ion source in this work, as well as Upesh = Ufitgment = 220V
applied to the outer mesh. The latter value of U,,.s, was chosen to maximise elec-
tron currents whilst avoiding the onset of current to the outer mesh. These two
cases are compared in Figure 4.3 in which the calculated potential energy and radial
electric field are plotted as a function of the radial position. Taking advantage of
the cylindrical symmetry, the radial electric field is defined as the projection of the
electric field onto the radial direction in cylindrical coordinates at any given point.
The force F' acting on an electron in an electric field £ is given by F' = —e - E.
Due to the electrons negative charge, positive electric fields thus correspond to an
electron acceleration towards the centre of the grid and vice versa. In the case of
the grounded outer mesh shown in blue, the electrons face a steep and high poten-
tial energy well on the filament side facing the outer mesh. The effect of the mesh
grounding even extends to the other side of the filament facing the grid. When mov-
ing from the filament towards the anode grid, the electrons’ potential energy first
increases, passing a shallow and rather broad maximum, before the potential drops
steeply to the fixed value of the anode grid. Electrons emitted from the filament
thus find themselves in a potential well with a high wall to the right and a small
maximum towards the anode grid. This is also reflected in the corresponding plot
of electric field in the lower plot of Figure 4.3. The electric fields on both sides of

the filament correspond to a force pushing the electrons back towards the filament.
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Figure 4.3.: Electron potential energy V.- and radial electric field strength FE,..; as
a function of position between grid, filament and outer mesh obtained
from Simlon calculations. Voltages of 0V or 220V are applied to the
outer mesh. Filament and grid are held at 220 V and 250 V, respectively,
as typically used in the MIRACLS ion source. The vertical lines only
indicate the positions of the different components along the axis and
are not meant to indicate their extent along any additional axis.

Towards the grid, the electrons only feel a weak electric field pushing them back,
corresponding to the small potential barrier in Figure 4.3. Electrons that overcome
the potential barrier are accelerated towards the anode grid.

The potential for the case in which the outer mesh is on the same potential as the
filament is plotted in green in Figure 4.3. The potential energy distribution is very
different from that one for the grounded mesh. The filament constitutes a maxi-
mum of the potential energy rather than a minimum. On the side facing the outer
mesh, the potential passes through a very shallow minimum before increasing back

up to the value at the filament. The potential distribution in the region between
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the filament and the cathode grid is linear to a good approximation and thus re-
sembles the potential expected between two parallel plates. The contrast between
the 0 and 220V applied to the mesh is most striking in the distribution of the radial
electric field strength. While for a grounded mesh the electric fields at the filament
tend to trap emitted electrons near the filament, the electric fields in the case of 220 V
accelerate the electrons away from the filament on both sides of the filament. In the
case of the grounded mesh, the electric fields tend to increase the potential barrier
due to a reverse Schottky effect, while in the case of U,,.sn = 220V the potential
barrier is lowered. The electric fields on the outer mesh side of the filament decrease
as electrons move away from the filament towards the mesh. When the electrons
are in close proximity to the mesh, the electric field even changes sign and tends to
repel the electrons away from the outer mesh. ! As the electron are emitted in all
directions from the filament, only a very small fraction will have initial momenta
only in the plane spanned by the filament. Most electrons reflected by the mesh will
therefore pass below or above the filament and reach the anode grid instead of being
recollected by the filament. Hence, the electric fields in the case of Uest, = Uitament
facilitates the extraction of electrons away from the filament in both directions when
compared with the grounded mesh whilst avoiding the collection of electrons at the

outer mesh.

Focusing effect

The field calculations also indicate that the additional outer mesh has an influence
on the focussing of the emitted electron beam. Figures 4.4(b) and 4.4(a) show the
equipotential lines obtained in the calculations described above. Two examples il-
lustrating the effect of concave and convex configurations of equipotential lines on
the electron trajectories are found in Figure 4.4(c). The right part of the exam-
ple demonstrates the focussing the effect of a so called Wehnelt cylinder, shown
in grey, which has a small negative bias potential with respect to the blue fila-
ment. By comparing the equipotential lines obtained from field calculations seen in
Figures 4.4(b) and 4.4(a) to these examples, one can estimate how the electric fields
affect the width of the emitted electron beam. In the case of a grounded outer mesh

the equipotential lines are very similar to those observed for the Wehnelt cylinder

IThis property of the mesh is exploited in Penning ion sources, where an additional cathode at
the same potential as the hot cathode is used to reflect back electrons that have escaped the
interaction region [20]
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~ Outer mesh
Filament
Anode grid

(a) Simlon calculation for (b) Simlon calculation for
Umesh =220V Umesh =0V
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(c) Hlustration from [20]

Figure 4.4.: Equipotential lines in space obtained from field calculations in Simlon
of the MIRACLS ion source for different mesh voltages. The effect of
the distribution of equipotential lines on the electron trajectory is shown
in Figure 4.4(c), where A is the anode, the blue circle corresponds to
the cathode filament and the grey Wehnelt cylinder is negatively biased
with respect to the filament.

implying a focussing property of the electric field configuration. In the case of a
bias voltage of 220V to the outer mesh, no potential bias is present between the
mesh and filament and the equipotential lines in Figure 4.4 imply a defocussing of
the emitted electron beam.

It can thus be concluded, that even in the total absence of space charges the ap-
plication of a voltage equal to that of the filament is beneficial for the number of
electrons emitted and extracted from the filament and received at the grid.

A potential drawback are the defocussing properties of this potential configuration.
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4.1.2. Space-charge considerations

The results of the field calculations presented in the previous Section 4.1.1 were used
as the starting point for the formulation of hypotheses regarding the effect of the
outer mesh on space-charges. Figure 4.5 illustrates the expected consequences in the
presence of space charges in the simplified geometry of a set of parallel plates similar
to Figure 3.4. This qualitative representation shows the potential distribution in
space as one would expect in the presence of an electron cloud near the cathode. If
the outer mesh is grounded, which is similar to the initial configuration of the set-
up, calculations indicate, that the filament corresponds to a minimum in potential
energy even in the absence of space-charges as shown by the calculations discussed
above. The presence of an electron cloud is expected to deepen the potential well

at the filament with respect to both sides as shown in Figure 4.5. This increases

Mesh Filament Grid

Strongly
Retarding

-Vcathode

Accelerating Retarding

....................... » 4‘
-Vanode 0

Figure 4.5.: Sketch of the reasoning behind the integration of an additional outer
mesh (green), to which a voltage can be applied, into the set-up. The
right hand side corresponds to Figure 3.4. The left hand side shows
the potential energy distribution for the outer mesh potential set to
Upesh = 0V (top red curve) and Upesn = Uritament (bottom red curve).
Annotations highlight the expected effect on electron trajectories within
the region. Created and modified based on [19].

the strength of the electric fields forcing the electrons back towards the filament.
Hence, a further decrease in the electrons received by the anode grid is anticipated.
The bottom curve on the left hand side of the filament in Figure 4.5 illustrates the

effect of biasing the plate to the same voltage as the filament. One may still expect
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4. Effect of an external electric field on electron rates

a retarding region within the space-charge cloud close to the filament. Therefore the
formation of a potential maximum at the densest point of the space-charge cloud
close to the cathode is anticipated. On the left hand side of this maximum close
the outer mesh, the potential would decrease resulting in an accelerating electric
field for those electrons that can overcome the potential barrier. The presence of an
additional component biased at 220V would therefore result in a more diffuse and
less dense electron cloud surrounding the filament reducing the detrimental effects

of space-charges.

In summary, based on the calculations presented in this section, the decrease in
current observed in Figure 4.1 can be explained by the formation and deepening of
a potential well at the filament due to its positive potential bias voltage.

The addition of an outer mesh biased to a voltage close to, but below that of the
filament is expected to significantly increase the electron yield at the grid due to
changes in the electric fields at the filaments and the implications of those electric
fields on space-charge clouds. The better the grid and filament are shielded from
the outer grounded components by means of this mesh, the more independent the
electron current becomes from the filament bias voltage. Hence, a large electron
current can be maintained, even when Ufjigment = 220 V. However, this might be
accompanied by a defocussing of the electron beam when the bias voltage of the

additional component is close to that of the filament.

4.2. Experimental set-up

For an initial first proof-of-concept experiment, only a plate instead of a full mesh
was added to the set-up. For simplicity the copper plate used as a Mg dump and
for heat transport away from the set-up, was replaced with an aluminium one. The
plate was electrically isolated from the rest of the set-up such that an independent
electric potential could be applied to it. A side view of the set-up including the
aluminium plate is shown in Figure 4.6. The outer mesh later installed in the set-up
was built based on a stainless steel grid bent into a cylindrical shape and fixed at
point-welded spots. The dimensions were chosen such as to cover as much of the
surface surrounding the filament as possible without making electric contact with
other source components apart from the previously introduced aluminium plate.

Prior to the installation in the ion source set-up, the outer mesh was fixed to the
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(a) Side view photograph (b) Top view sketch

Figure 4.6.: Side view photograph and top view sketch of MIRACLS’ ion source set-
up including the newly added aluminium plate (red). The sketch shows
the two leads (blue), the helical filament (yellow) and the anode grid

(green).

aluminium plate as shown in Figure 4.7(a) using metallic screws such that an elec-
tric potential applied to the aluminium plate would also be applied to the entire
outer mesh. The complete set-up including the mesh can be seen in Figure 4.7(b).
During the tests discussed in the following section, the effect of the bias voltage
Uptate/mesh applied to the plate or outer mesh as well as the accelerating voltage AU,
i.e. potential difference between filament and grid, and filament heating power P on
the electron currents I were studied. The electron currents of interest in the mea-
surements are those received at the anode grid /,,;4 and the aluminium plate gz,
(or mesh I,,,.¢,) as indicated in Figure 4.8, as well as the current emitted from the
filament I;;.2 The total current I,y is given by the sum of the currents I grid and
I

P
times. Values of Ugyiq = 250V and Ugjigment = 220V amounting to an accelerating

late/mesh, and was found to be equal to the current emitted from the filament at all

potential difference of AU = 30V were applied unless indicated otherwise. One or
two helical filaments of ~ 19cm length were used. During all tests presented, the

Mg oven was removed from the set-up.

2 At the end of all test presented in this section, selected points of the measurement were repeated
in order to identify systematic drifts of the system. These measurement points are plotted
alongside the other data points in the respective plots. Errorbars for the currents and voltages
applied as well as the measured heating powers are too small to be visible in the plots.
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4"71 .‘, : - \
(a) Mesh before installation (b) Mesh installed in the set-up

Figure 4.7.: The additional outer mesh before and after installation in the ion source
set-up. Figure 4.7(a) shows the mesh attached to the aluminium plate,
in Figure 4.7(b) the full ion source set-up including the mesh can be
seen.

Ufilament

Upl ate

Figure 4.8.: Close up of Figure 4.6(b) including the potentials and currents of
interest.
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4.3. Experimental results

4.3.1. Aluminium plate

Figure 4.9 shows a first demonstration of the beneficial effect of a positive bias

voltage at the aluminium plate on the number of electrons received at the grid.
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Figure 4.9.: Electron currents received at the grid I,,;4, the plate I and emitted
from the filament I;, for a filament heating power P = 35W as a
function of the bias voltage Upqte applied to the Al plate.

The current /,,,4 received at the anode grid, /.. received by the plate and the total
current ;.44 emitted by the filament are plotted as a function of the aluminium plate
bias voltage Upiqre. The conditions in the initial set-up including the copper plate
corresponds to Upiaee = 0V. The increasingly positive bias voltage of the aluminium
plate results in a strong increase of Iy;q and I;oq, While no electrons are collected
at the Al plate. Only when the plate voltage exceeds the filament voltage, part of
the electrons emitted from the filament are accelerated towards the plate resulting
in a significant increase in Ip. The collection of electrons at the Al plate is not
desirable and in most cases, the onset of I caused I4.4 to plateau and decrease.
Therefore the maximum current is obtained for a plate bias voltage close to, but not
exceeding Upiate = Utfitament- The increase in electron current observed in Figure 4.9

amounts to a factor of 120 when changing U4 from 0V to 220 V. This exceeds the
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4. Effect of an external electric field on electron rates

effect that can be achieved via the Schottky effect by several orders of magnitude
and is thus associated with space-charge effects discussed in Section 4.1.2.

In Figure 4.10 the current I,,;4 as a function of the filament heating power supply
floating voltage U'fiigment is shown. The acceleration voltage AU = Ugpia — U fitament
is kept constant at 30V throughout the measurement as required for efficient Mg
ionisation. The case of a grounded plate Upe = 0V corresponding to the initial
condition in Figure 4.1 is shown in comparison to the case in which the aluminium
plate is held at a constant potential difference below the filament voltage. The grid
current recorded for the case, in which the aluminium plate bias voltage is var-
ied, exhibits a more gradual decrease and follows an approximately linear trend in
Utitament- The data plotted in Figure 4.10 reveals that for Uy = 0V, raising the
filament bias voltage from 60V to the nominal value of 220V, I, falls to as little
as 1% of its initial value, confirming the expectation regarding the effect of the bias
voltage. When the potential difference between plate and filament is kept constant
and Upiate = Utitament — 30V, L4 is reduced to 60% of its initial value for the same

increase in Uiament-
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Figure 4.10.: Electron currents /,,;4 received at the grid for a filament heating power
P = 35W as a function of the bias voltage Utijament applied to the
filament for different plate voltages Upiqe. The solid line corresponds
to a linear fit to the data for Upae = Ufitament — 30 V.
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The aluminium plate therefore has the capability to greatly reduce the undesired
effect of a reduced electron current when floating Utijgment to positive relative po-

tentials.

4.3.2. Addition of an outer mesh

Further improvements are expected with the addition of the outer mesh to the set-

up. Figure 4.11 compares the electron currents obtained with the set-up including
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Figure 4.11.: Electron currents received at the grid I,,;4 (dots) and emitted from the
filament ;. (triangles) for a heating power P = 35 W as a function
of the bias voltage applied to the plate Upqe or mesh Upyeqn. The set-
up contained one long helical filament and either only the aluminium
plate or both the plate and the outer mesh.

the mesh with the data shown in Figure 4.9 achieved with the Al plate alone. As
expected, the total values of the currents observed with the biased mesh exceed

those obtained with the aluminium plate. * Figure 4.12 shows data taken in the

31t is important to note, that several other factors potentially contributed to some extent to
the observed difference between the set-up with and without the mesh. The introduction of
the mesh imposed additional constraints on the positioning of the filament. This most likely
resulted in an increased proximity between mesh and filament, which as will be shown in
Section 5 contributes to an increase in electron current. In addition, small differences between
the filament lengths result in slightly different temperatures of the filament for a given heating
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4. Effect of an external electric field on electron rates

same manner as in Figure 4.10 for the set-up including the mesh. When comparing
the curve recorded for Upesn = 0V and for Upesh, = Utitgment — 30V, again the
decrease in the latter is less steep and approximately linear. The linear regression
seen in Figure 4.12 yields a slope of ~ 1.2- 107> mA /V compared ~ 2.2-1073mA/V
in the case of the plate only. Therefore the undesired reduction in electron emission
when floating the filament is even more efficiently reduced using the outer mesh
than the plate only. This is a direct consequence if the fact that the shielding
from surrounding components at ground potential is superior for a cylindrical mesh

surrounding the filament and grid than for a single plate on one side of the setup.

v Umesh =0V
Umesh = Ufilament bias — 30V
3.0 Umesh = Ufilament bias

0.5 v

v
Vv
| | "VVVvvyyva
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Figure 4.12.: Electron currents received at the grid /,,;4 for a filament heating power
of P =35W as a function of the bias voltage applied to the filament
Utitament for different plate voltages Upqte. The potential difference
between the anode grid and the filament bias voltage is kept constant
at 30V. The solid line corresponds to a linear fit to the data for
Uplate = Ufilament —-30V.

power with shorter filaments resulting in higher currents. This second point is discussed in
greater detail in Section 5.3.
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Finally, Figure 4.13 presents a logarithmic plot of the current I,;q as a function of
the electron acceleration voltage AU = Uy ig — Utitament for different fixed values of
Upesh- AU is varied by increasing Uy,;q with respect to a fixed Ufigment = 220 V.
For high values of AU, transition into the temperature-limited regime takes place,
in which the current saturates and only increases very slightly with AU due to the
Schottky effect. It can be seen in Figure 4.13 that not only does the total current
rise with increasing U,,.sp, but also that the transition to the temperature-limited
regime, in which the current as a function of AU saturates, is accomplished at smaller
values of AU. Only for the highest values Upgre = 210V and Upjere = 220V the
full transition is visible in the AU interval studied in Figure 4.13. This implies that
as sketched in Figure 4.5 the outer mesh counteracts the build-up of space-charge
clouds around the filament. This allows to take advantage of even higher heating
temperatures of the filament due to the reduction in space-charge effects which
would otherwise make the elctron current collected at the grid rather insensitive to

an increase in filament temperature.
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Figure 4.13.: Electron currents received at the grid Ig,.q for a heating power
P =40 W as a function of the accelerating potential difference AU be-
tween anode grid and cathode filament. The filament voltage is fixed
at Ufitgment = 220V and Up,q is varied. different values for Uppeqp.
The vertical blue line indicates the value of AU = 30V used in the
MIRACLS set-up.
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5. Optimisation of filament

parameters

The filament radius, length and position can be identified as the parameters of po-
tential significance to the electron rates obtained from a filament within MIRACLS’
ion source. In addition to the total electron currents, the filament parameters also
affect the heating efficiency of the filament, that is the filament temperature ob-
tained for a given heating power. As restricting the heating power to low values is
critical for extending the life-time of the MIRACLS ion source, increasing the heat-
ing efficiency is highly desirable and modifications yielding increases in the current
have to undergo careful assessments of potential drawbacks with regards to increases
in the required heating power. The first part of this chapter discusses the optimal
values of the filament parameters based on theoretical calculations including both
the temperature and the space-charge-limited regime. The changes that were in-
troduced in the ion source set-up motivated by these calculations are presented in
the second part, followed by the experimental results obtained with the modified

configurations.

5.1. Calculations based on theory

Theoretical expectations concerning the impact of filament parameters on the ob-
tained electron current vary greatly based on whether the cathode is operating in
the temperature or the space-charge-limited regime. As discussed in Section 3.2, op-
eration in the transition region between the two regimes is often desirable. Hence,
the effect of the filament parameters in both regimes is of interest in MIRACLS’ ion
source. In general the total current I at the anode depends on the surface area A

of the filament and thus on its radius r and length [ according to

[=J-A=J-2xlr (5.1)
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The total current thus increases with filament length and radius. While the current
density emitted from the filament surface is independent of filament dimensions, the
filament length and radius have an impact on the heating efficiency as well as the
presence of geometry-dependent space-charge clouds. In the space-charge-limited
regime electrons escape from the edge of the space-charge cloud and therefore one
would expect the surface of the corresponding space-charge-cloud to play a signifi-
cant role in addition to the surface of the filament. The idea behind this is illustrated
in Figure 5.1. Whilst the surface of a helically shaped filament is much larger than
that of a straight filament, the space-charge cloud is not increased by the same fac-
tor, such that Equation 5.1 does not necessarily hold in the space-charge-limited

regime. !

AVAVAVAVAVAVAVAY,

Figure 5.1.: Sketch of the reasoning behind choice of the filament shape. A short,
straight and a longer, helical filament are shown and their space-charge
clouds indicated.

The straight filaments are much shorter than helical ones which corresponds to a
much smaller surface from which the electron emission occurs with a given current
density. In MIRACLS’ ion source set-up, straight filaments are
between 3.5 and 5cm long, while helical wires can easily reach lengths of about
20cm. This corresponds to a increase in the surface by about a factor of ~ 5.
However, one would expect the space-charge clouds surrounding the helical filament
to be much denser as the points from which electrons are emitted are in increased
proximity of one another in comparison to the straight filament. Therefore the cloud
would be already denser at lower temperatures resulting in the onset of the tran-
sition to the space-charge-limited regime at lower temperatures. The space-charge
cloud probably also trap electrons emitted into the inner region of the helix and
prevents them from contributing significantly to the currents at the anode. Elec-

trons emitted on the far side of the filament with respect to the anode grid also

!Finally, calculations of the magnetic field strength for the straight and helical filaments show
that the magnetic fields expected for the filament currents used in the MIRACLS ion source
are at most in the order of a few percent of the earth magnetic field in both cases and thus
negligible.
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experience significant shielding from the accelerating electric field. Based on these
considerations, one might disfavour longer filaments in a helical structure, despite
their greater surface.

In the temperature-limited regime, which is of interest mostly if straight filaments
are employed, the filament’s length and radius profoundly affect the heating effi-
ciency. The following calculations of the effect of the filament parameters are based
on the assumption, that the electric heating power Pp = I4R, where R is the re-
sistance and [y is the heating current, is equal to the power Py radiated by the

filament at temperature 7" according to the Stefan-Boltzmann law
Py = 2meaTrl, (5.2)

where € is the emissivity of the filament material and o is the Stefan-Boltzmann con-
stant. This approach neglects the power losses by thermal conduction and electron
emission and heating powers required in experiments will slightly exceed the values
obtained from Equation 5.2. The heating power required to reach a given tempera-
ture in Equation 5.2 increases linearly with r and [. Solving Equation 5.2 for 7" and
plugging it into the Richardson equation 3.2 yields the current I emitted from the
filament for a fixed heating power as a function of filament radius r and length [.
Figure 5.2 displays the total current that can be obtained for a constant heating
power of 20 W for the case of pure as well as thoriated tungsten filaments. For a
constant heating power the dependency of the emitted current I on the parameters
r and [ is very different from Equation 5.1. The emitted current increases for shorter
and thinner filaments as heating becomes more efficient and higher temperatures can
be reached for a given P. When combining the results presented in Figure 5.2 with
the discussions above regarding the space-charge-limited regime, shorter, straight
filaments appear to the better choice for MIRACLS’ ion source as they delay the
onset of space-charge effects to higher temperatures, which according to Figure 5.2
can be reached at lower heating powers for shorter filaments.

A decrease in the radius whilst beneficial for heating efficiency, is expected to make
the wire even more brittle and could lead to problems with its installation. For this
reason as well as the fact, that only small changes in the current can be obtained
for a reasonably smaller radius, switching to thinner wires is deemed unfeasible for

the ion source set-up.
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Figure 5.2.: Emitted electron current I for a given filament heating power P = 20 W
as a function of filament radius r and length [ respectively. Typical
filament lengths and the radius in use at the MIRACLS’ ion source are
indicated by vertical lines. For the upper plot, the filament radius in
use at MIRACLS’ ion source of 7 = 0.075 mm was used in calculations.
The filament length was set to [ = 4cm for the lower plot. Choosing
different values of ! for plotting were not found to result in significant
changes in the shape of the curve.

The final parameters that influence the electron currents obtained are the position
and shape of the filament with respect to the other components of the ion source.
Apart from the Schottky effect, these two factors are of interest in the space-charge-
limited regime only, where the electric fields acting on the electrons are of crucial
importance. As discussed above, the two practical options for the filament shapes
are straight and helical, the latter of which has already been described to be rather
detrimental when it comes to space-charge effects. The position which is inextrica-
bly linked to the geometry of the filament determines the electric field strength at
the filament. As seen for the case of two parallel plates in Section 3.2, the electric
field strength E = % increases with decreasing distance d between the two plates.
According to Equation 3.4, the current density J for this geometry rises with d%.
Qualitatively, the same is true for the case of the grid anode and the filament, albeit

the exact nature of the correlation may be more complex. As increased electric fields
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strength also slightly increase the emission rates in the temperature-limited regime
due to the Schottky effect, no drawbacks are expected from reducing the distance
between filament and anode grid, as long as no contact or electrical sparking is es-
tablished during operation.

In summary, straight, short filaments placed close to the anode grid whilst avoid-
ing contact between the two are expected to yield the optimal electron emission
efficiency for MIRACLS’ ion source, where the filament heating power should be

minimised whilst maximising the number of electrons available for Mg ionisation.

5.2. Experimental procedures

The observable of interest is as in all studies the current received by the grid, the
plate and that emitted from the filament. Different values for the parameters dis-
cussed above were used in the measurements in order to study their effect on these
currents. Figures 5.3(a) and 5.3(b) show the different positions of the long filaments
studied. Figure 5.3(b) corresponds to a smaller distance d between anode grid and

cathode filament than 5.3(a). Figure 5.4 displays a short filament of about 4 — 5 cm

(a) Filament position before move (b) Filament position after move

Figure 5.3.: Position of two long filaments in the ion source set-up before and after
increasing the proximity between the filaments and the anode grid, the
position of which is approximately given by the white circle. The M3
nuts at the leads give an idea of the absolute set-up dimensions.

length installed in the set-up. In comparison to Figure 5.3(b) it is also important
to note, that the filament is even closer to the anode grid in this case. In addition

to these changes of the filament shape and position, different numbers of filaments
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Figure 5.4.: Straight filament in the ion source set-up.

were used. When long, helical filaments were employed, both were placed on the side
facing the aluminium plate, while two short, straight wires were placed on opposite
sites such as to form a circle around the anode grid. In both cases the exact length
and position of the filaments was not easily reproducible after filament exchange.
This has pronounced effects, acoording to the 1/d* dependence in Child’s law 3.4.

Values of Ug,iq = 250 V and Utjigment = 220 V amounting to an accelerating potential
difference of 30 V were used unless indicated otherwise. During all tests presented,

the Mg oven was removed from the set-up.

5.3. Experimental results

In Figure 5.5 the measured electron current I,,;4 is plotted as a function of the heat-
ing power P for the two different filament positions shown in Figure 5.3. While two
filaments were used in both cases, the filaments were replaced and installed signifi-
cantly closer to the grid in the second set of measurements. The overall shape of the
two curves in Figure 5.5 strongly resembles that of seen in Figure 3.5 as expected
due to the heating power being a direct indicator of filament temperature. For
low heating temperatures, the current received by the grid is temperature-limited
and therefore nearly independent of the filament position and U,,.s,. The filaments
currents only differ for P above about 35 W, where space-charge effects gain impor-
tance. As the filament temperature and thus the density of the space-charge cloud
rises, the difference in I,,;q for the two filament positions increases as well. Similar

to the case shown in Figure 4.13, the reduction in space-charge effects does not only
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Figure 5.5.: Emitted electron current I,,,4 as a function of filament heating power P
for two different filament positions in different proximity to the anode
grid and different values of U,,cqp.

result in higher currents for a given temperature in the space-charge-limited regime,
but also in a later onset of the transition to the fully space-charge-limited regime;
Iy,iq saturates at much lower heating power for the filament further away from the
grid. A decrease in distance d between grid and filament thus does not only yield
higher currents for a given heating power, but also greatly enhances the maximum
current that can be obtained in the fully space-charge-limited regime, by shifting
the transition temperature similar to observations found in the literature and seen
in Figure 3.5.

The difference between the two data sets recorded for different U,,.s, also emerges
at high temperatures and is due to space-charge effects. The effect of the mesh
potential U,,.s, on electron currents is discussed in detail in chapter 4.

Figure 5.6 compares the currents obtained for two different filament lengths and
corresponding shapes. Ig;q is plotted as a function of the mesh bias voltage Upesh
for a long, helical filament of about 19cm length for heating powers of 25 W and
50 W and for two short, straight filaments of 4 — 5cm heated with a total heating
power of 20 W. The overall shape of the curve appears to be independent of fila-
ment number and length as well as heating power. For a shorter filament, heating

is much more efficient. This appears to be confirmed by the observation, that the
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Figure 5.6.: Emitted electron current Iy, (triangles) and current to the grid /.4
(dots) as a function of the bias voltage Uyesn applied to the mesh for
different filament lengths and numbers.

maximum value of I;,4 = 3.5mA per short filament at 10 W 2 per filament exceeds
the maximum /4 = 2.2mA obtained in the case of a single long helical filament
at 50 W. The length of the short filament only amounts to about % of that of the
long, helical filament and it is heated by 10 W corresponding to % of the heating
power used in the long filament, such that the heating power per filament length is
approximately equal in both cases. As this indicates similar filament temperatures,
the excess current in the case of the straight filament is likely caused by a reduction
in space-charge density confirming the hypothesis for the filament shape as discussed
in Section 5.1.

Therefore, in the general case, the total increase in electron current obtained for
a given total filament heating power by switching from a long, helical filaments to
a short, straight ones is interpreted to be due to a combination of the increase in
temperature due to the increased heating efficiency as well as the reduction in space-
charge effects discussed in Section 5.1.

Figure 5.7 and Figure 5.8 show studies concerning the number of filaments used. In

both cases short filaments of about 5cm length are utilised, although length may

27.0mA were measured for 20 W for two filaments. Due to the parallel circuit configuration of the
filaments, each is heated by half of the total power. Assuming approximately equal dimensions
for both filaments, each is expected to contribute half of the observed electron current
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Figure 5.7.: Electron current emitted from the filament I;,,; (triangles) and current
I,:q received by the grid (dots) as a function of the bias voltage Upesn
applied to the outer mesh for different filament length and numbers.

vary by several mm between individual filaments.

Figure 5.7 shows [,;4 and Iy as a function of the bias voltage applied to the outer
mesh for two filaments on opposite sides of the grid or one filament on the grid side
facing the aluminium plate. For better comparison, 2 - I, is shown for the case
in which one filament is present in the set-up. The heating power amounts to 10 W
per filament in both cases. At similar temperatures, one would expect the relation
I5 fiaments, 20w = 2 - 11 filament, 10w to hold at least in the temperature-limited regime
due to the increase in the emitting surface.

Indeed, as can be seen in Figure 5.7, for high values of U,,.s;, doubling the number
of filaments corresponds to an increase by a factor two in the grid current.
Contrary to expectations, for low values of U, the current of a single filament is
found to be significantly below half of the value recorded for two filaments. This
is most likely due to the presence of space-charge-effects. Geometrical factors such
as the exact distance between filament(s) and grid are difficult to reproduce when
switching between different filament configurations, leading to sizeable differences
in the electric field and hence, as discussed briefly in Section 5.2, in the observed
electron currents in the space-charge-limited regime. Moreover space-charge effects
might be enhanced for two filaments, as the distance between the two filaments

becomes very small close to the points at which they are fixed to the leads. This
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5. Optimisation of filament parameters

might result in an overlap of space-charge clouds. An additional factor might be the
less pronounced cooling of the filament due to the cold leads caused by the presence
of two hot filaments. Hence, the temperature of the ends of the filaments might
differ for two filaments even if each filament is heated by the same heating power,

changing their emissive behaviour.
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Figure 5.8.: Emitted electron current I, as a function of the accelerating potential
difference AU between anode grid and cathode filaments for one or two
short filaments and different values for U,,.s;,. The vertical blue line
indicates the value of AU = 30V used for the MIRACLS set-up. AU
in varied by changing the grid potential Uy,;q whilst fixing the filament
potential at Uyijgment = 220 V.

Figure 5.8 sheds more light into the question for the cause of the unexpected
discrepancy between the electron currents observed for different numbers of fila-
ments in Figure 5.6 at low U,,sn,. By studying the grid current as a function of
AU = Ugria — Utitament, it is possible to determine whether the filaments are oper-
ating in the temperature or space-charge-limited regime. It can be seen that for the
potential difference AU of 30V studied in Figure 5.7 and indicated by a vertical line
in Figure 5.8, the two-filaments configuration is more severely space-charge-limited
and farther away from saturation than in the case of one filament. Extrapolating
from the data points shown in Figure 5.8, one would expect a significantly higher
saturation voltage for the temperature-limited regime in the case of two wires. This
is expected due to the doubling of the emitting surface. This however does not ex-

plain the shift further into the space-charge-limited regime, which is discusses above.
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5.3. Experimental results

The more significant increase of the electron current with U,,.s, for two filaments
therefore strongly hints to being more severely space-charge-limited. This increase
in space-charge effects can be explained by the aforementioned overlapping and
interaction of space-charge clouds as well as changes in filament length affecting

positioning and temperature.

In summary, theoretical calculation, indicating that optimal results with respect to
electron currents and heating efficiency are obtained with short straight filaments
close to the grid, have been confirmed by experiments. The electron current can be
boosted further by increasing the number of filaments, provided that the heating

power per filament is sufficiently low.
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6. The Activation Process

In all measurements presented in Chapters 4 and 5 the thermionic emission proper-
ties of the filament were found to correspond to those expected for pure tungsten.
As introduced in Section 3.4, a special activation process is required in order to take
advantage of the superior emissive properties of thoriated tungsten.

In this chapter the activation process is studied in the MIRACLS ion source set-up.
Previous findings regarding the activation are briefly discussed in Section 6.1. This
is followed by an overview over the different experimental approaches that were at-
tempted to achieve filament activation for this Bachelor project in Section 6.2 and

the subsequent discussion of the results of these approaches.

6.1. Previous results

Experimental evidence for successful activation has been found once in previous work
on the MIRACLS ion source set-up [12], see Figure 6.1. The increase in current over
time seen in this data is very similar in shape to those found in the literature such
as Figure 3.8 suggesting that an activation of the filament took place. However,
the data shows an extremely long duration of the activation process amounting to
two entire days, which is in contrast to the activation processes described in the
literature, where saturation typically sets in after less than one hour. Moreover,
the process could not be reproduced after replacement of the filaments. Hence, the
necessary procedure and conditions remained unclear. Following in-depth studies of
literature on the operation of thoriated tungsten cathodes as presented in Section
3.4, critical parameters and procedures are now identified. These aid the goal of
successfully and reproducibly achieving activation of the filament in MIRACLS’ ion

source.
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6. The Activation Process
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Figure 6.1.: Filament grid current as a function of the duration of the filament con-
ditioning in days during previous work. A rise in current is visible after
approximately one day and takes two days to reach saturation. This
rise could be interpreted as the onset of an activation process of the
filament [12].

6.2. Experimental procedure and results

In order to achieve activation, a number of different approaches described in the
publications discussed in Section 3.4 were attempted. The two main steps of the
activation process are summarised once more in Table 6.1. First, the filament was
operated at activation temperatures between 2000 — 2100 K for 15 — 20 min. If no
activation was observed, the filament was flashed at temperatures exceeding 2800 K
for 3min and the first step was repeated. The filament temperature is calculated

from the change in filament resistance as described in appendix A.

Step name Flashing Activation

Temperatures | 2800 K 1900 — 2100 K

Duration 3 min 15 — 30 min

Effect Reduction of ThOy to  Accumulation of Th at
metallic Th the filament surface

Table 6.1.: Overview of the details of the two steps of the activation process.

A significant increase in the current over time was observed at several points dur-
ing the trials for activation of the filament. However, it was immediately followed
by a decrease indicating a deactivation process. In the absence of the Mg oven,
no attempt resulted in lasting activation of the filament, despite a wide range of
activation temperatures being tested. The reason for this behaviour in contrast to
what is reported in the literature remains ambiguous. Scanning electron microscopy

observations of the cross section of the filament confirmed the presence of thorium
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6.2. Experimental procedure and results

in the wire in the form of globules. The surface of used and new filaments were stud-
ied with energy-dispersive X-ray spectroscopy. The surface compositions showed no
indications of carburisation of the filament, which can therefore be excluded as an
explanation for the absence of activation [32]. Persistent and reproducible activation
was readily observed in the case in which the Mg oven was installed and heated.
Here, the Mg vapour in the set-up seems to protect the thoriated tungsten wire from
deactivation and the Mgt ions might also increase the sputtering away of contam-
inants on the filament surface, as discussed in Section 3.4. In the absence of Mg,
residual oxygen oxidises the thorium at the surface of the tungsten wire resulting
in deactivation. This may indicate the presence of too much residual oxygen in the
vacuum chamber, despite vacuum pressures in the order of 1 - 1077 mbar constitut-
ing a significant improvement with respect to the pressures typically reported in the
literature.

In all measurements discussed below, two short filaments of ~ 4 cm length, were in-
stalled on opposite sides of the grid. The applied voltages amounted to Ug,;q = 250V,
Utitament = 220V and Upesn, >~ 220V, The temperature of the Mg oven was mea-
sured by a thermocouple placed next to the Mg oven.

When the Mg oven was heated by the filament only, temperatures did not
exceed ~ 50°C, even after flashing the filament with a total heating power of 45 W,
corresponding to a temperature of ~ 2800 K. In the case in which the magnesium
oven heating was turned on, the biggest changes in the oven temperature were again
observed during and directly following the flashing process. Ramping up the heat-
ing power from about 5W to flashing temperatures at more than 40 W for 3 min
increased the temperature by less than ~ 10 K. At Mg oven operating temperatures
of ~ 540K, the effect of the filament heating on the oven temperature is therefore
very small.

Figure 6.2 shows the grid currents observed before and at two points in time after
the activation process as a function of the filament temperature. The theoretical
expectations for pure and thoriated tungsten as seen in Figure 3.6 are plotted for
comparison. The data recorded before activation is in good agreement with the
expectation for pure tungsten. This is expected for a deactivated filament, in which
little metallic thorium is present at the surface. A potential slight gain in grid cur-
rents in comparison to pure tungsten is likely due to a very small partial activation
that occurred during the ramping up of the filament heating necessary for these

measurements.
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Figure 6.2.: Current density received at the grid as a function of filament tempera-
ture before activation and at two different point in time after activation.
The expected current densities calculated from the Richardson equation

for pure (W) and thoriated tungsten (ThW) are plotted for comparison.

The saturation at high temperatures corresponds to the transition into the fully
space-charge-limited regime, as discussed in previous chapters. After activation,

the curve is shifted to lower temperatures corresponding to a decrease of the work
function. The overall shape as well as the saturation current is very similar before
and after activation. This is to be expected as the space-charge-limited current is
independent of the filament work function and only depends on the fixed geometry
and voltages. The overall shape of the curves are in good agreement with the shape
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6.2. Experimental procedure and results

of transitions from the temperature- to the space-charge-limited regime found in the
literature such as Figure 3.5.

In both Figures 6.2(a) and 6.2(b), the thermionic properties of the filament af-
ter activation lie in between those of pure and thoriated tungsten, indicating that
only a partial thoriation of the filament took place. This is not surprising as ac-
tivation times did not exceed 15min and are thus below the duration of 30 min
frequently quoted for activation. Comparing Figures 6.2(a) and 6.2(b) it appears
that prolonged filament operation at P = 17 W (corresponding to a temperature of
~ 2150 K) results in a slow deactivation of the filament. This is in agreement with
the fact that even temperatures of 2100 K have been reported to lead to deactivation
in [38].

In order to compare the emission capabilities of the filament under different condi-
tions, reference measurements at low test temperatures at which no activation or
deactivation is expected were conducted. The measurements were performed once
after deactivation, once after flashing, and for two activation processes in order to in-
vestigate the change in electron current at a given temperature. The values recorded

for the grid current can be found in Table 6.2.

Heating 1,4 [mA] for different filament conditions
P [W] T [K] | Deactivated Flashed  Activated (A) Activated (B)
4 1650 ‘0.00 0.00 3.01 0.46
5 1720 | 0.01 0.01 5.03 1.71
6 1770 | 0.03 0.04 6.14 3.64

Table 6.2.: Grid currents /,,;4 in mA measured at reference temperatures 71" following
different heat treatments of the filament. Conditions A and B as given
in the text.

In condition (A), the filament was flashed for three minutes and then activated for
12min at 2000 K with a nominal AU = 30V. In condition B the filament was acti-
vated for 10 min at 2000 K with no accelerating voltage AU = 0V between grid and
filament after flashing. In condition (B) no ion bombardment of the filament took
place during activation due to the absence of an accelerating voltage. As expected,
currents are very small after deactivation and flashing, indicating that thorium layer
on the surface was nearly completely evaporated. At a testing heating power of 5 W

both activation processes yield an increase in current by two orders of magnitude
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6. The Activation Process

with the value obtained under condition (A) exceeding the current recorded for con-
dition (B) by more than a factor of 2. The slight difference in activation time is
seen as not enough to explain the difference between the two conditions. The com-
parison between the results obtained after the two different activation processes (A)
and (B) could therefore indicate, that whilst activation does occur following a heat
treatment alone, positive ion bombardment appears to further boost the process.
After the activation under the conditions given by (B), a further increase in current
by about 2mA up to 4.03mA for 5 W was recorded following additional activation at
2000 K for 5 min with an applied acceleration voltage of 30 V. The additional rise in
current that was observed for activation with ion bombardment after an activation
period of 5min therefore exceeds the rise in current initially achieved with activa-
tion at similar temperatures without ion bombardment for 10 min supporting the
interpretation that the filament benefits from ion bombardment during activation.
Activation at temperatures of about ~ 2000 K has been found to reproducibly in-
crease currents obtained at low temperatures < 1900 K by two orders of magnitude
and was achieved with and without ion bombardment of the cathode. The transi-
tion to the space-charge limited regime is shifted to significantly lower temperatures
improving heating efficiency. For stable operation, the filament temperatures should
not exceed 1800 — 1900 K corresponding to heating powers of 7.5 — 8.5 W in this
set-up. For an activated filament, this corresponds to operation well within the

transition region from the temperature- to the space-charge limited regime.
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7. Conclusion and QOutlook

This Bachelor thesis contributed to the MIRACLS project which is currently being
set up at the radioactive ion beam facility ISOLDE at CERN. MIRACLS utilises a
novel approach to collinear laser spectroscopy (CLS) with the potential to overcome
the limitations of conventional CLS by employing an MR-ToF device to increase the
interaction time between the laser and the radioactive ion beam. This is expected to
enhance the sensitivity of the method by up to several orders of magnitude. A proof-
of principle experiment, demonstrating the feasibility of this approach, is currently
being set up at CERN. For conclusive testing and benchmarking of the experimen-
tal set-up as well as the method itself, a reliable offline ion source delivering stable
beams of high current over extended periods of time is required.

The goal of this thesis was to increase the lifetime and improve the electron currents
in an existing Mg™ electron impact ion source. Several factors limiting the efficient
heating and electron currents flowing between cathode and anode have been identi-
fied: the positive bias of the cathode filament, the emissive properties of the filament
and the omnipresence of space-charge effects as well as the thermal coupling of the
source’s Mg oven to the electron emitting filament for operation at high filament
heating powers.

The presented work has demonstrated that reducing the positive bias of the filament
with respect to its surroundings by applying a voltage close to that of the filament
to an external mesh increases the electron current received by the anode grid by
up to two orders of magnitude. Different modifications of filament parameters and
their implications for heating efficiency and electron currents have been investigated.
Two short, straight thoriated tungsten filaments positioned as close to the grid as
possible have been found to yield optimal electron currents at significantly improved

filament heating efficiencies.
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7. Conclusion and Outlook

The effect of changing the filament work function by taking advantage of an acti-
vation process was successfully demonstrated when Mg vapour was present in the
set-up. Filament activation was shown to yield another gain in electron current by
two orders of magnitude at low temperatures.

The best results obtained previous to this thesis amounted to
1.7mA /40 W = 0.04 mA/W. Combining the modifications briefly described above,
this value has been increased to 8.4mA /30 W = 0.3 mA /W in the fully space-charge-
limited regime and as much as 6.1 mA /5 W = 1.0mA /W by taking advantage of the
filament activation at low operating temperatures. Depending on the mode of oper-
ation, this amounts to an increase by one or two orders of magnitude in the currents
obtained per W of heating power power whilst also increasing the total electron
current by factors of about 3 and 5 respectively.

The impact of the filament heating on the oven temperature in the modified set-up
has been shown to be below 10 K at oven temperatures of about 540 K enabling a
significantly better and filament-independent control over oven temperatures.

Two modes of operation can be envisioned for the MIRACLS ion source in the fu-
ture. The first approach would be to take full advantage of the activation process
by flashing and then activating the filament for at least 30 min prior to opera-
tion. Long-term operation temperatures would need to be chosen such as not to
exceed 1800 K. This mode of operation was shown to yield 5 — 6 mA at 6 W. Ad-
vantages of this mode of operation would be the very low operating temperatures
minimising the effect of the filament heating on the oven as well as the possibility to
operate on the brink of the space-charge-limited regime. Long-term testing of this
mode of operation would be required to ensure its lasting stability. A second mode
of operation would not take advantage of the thorium within the filament and aim at
operation far within the space-charge-limited regime. One obvious drawback of this
approach is the increase in the required heating power, which is even more significant
due to slow rise in electron currents with temperature in the space-charge-limited
regime as well as the 7% dependency of the heating power shown in appendix A.
Advantages are higher total grid currents from 6 mA at 20 W up to 8.4mA at 30 W.
However, these currents would also be expected to be easily achievable within the
first mode of operation by doubling the number of short filaments on each side and
heating each filament with 5 — 6 W.

The next step foreseen in the optimisation of the ion source is a study of the de-

pendency of the Mg™ ion current on the electron current and an optimisation of the
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Mg™* ion yield. For the study one must carefully chose the means by which the elec-
tron current, is varied, as varying AU = Uyrig — Utilament does not only change the
number, but also the energy of the electrons and U,,.., has a yet to be determined
focusing or defocusing effect, which both potentially change the ion yield.

In the course of the work for this thesis, a great variety of ion source parameters
especially with respect to the filament have been changed, calling for a re-assessment
of the horizontal position of the filament within the set-up. In addition, the config-
urations of electric fields was significantly changed such that a re-assessment of the
optimal value of the accelerating voltage AU might further optimise the ion source
performance.

Following careful optimisation of these parameters and an increase in the num-
ber of filament, in the first mode of operation described above, electron currents
exceeding 10 mA should be readily achieved at heating powers of about 20 W mak-
ing the Mg™ ion source ready for standard operation within MIRACLS.
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A. Calculation of the Filament

Temperature

This appendix discusses the method for extracting the temperature of the cathode
filament employed throughout this thesis. The easiest and most straight-forward
way of estimating the temperature of a tungsten wire is to exploit the increase in
resistivity that comes with an increase in temperature [23]. As the thorium content
in the wire is in the order of 1%, the effect on its presence on the filament resistivity
is neglected. The resistivity of the wire is obtained from the filament dimensions and
the voltage Uy and current Iy at the filament heating power supply. The obtained
values are then compared to values tabulated against temperature in the literature.

In the first step, Ohm’s law is employed in order to obtain the resistance of the wire

U
R=-2 (A.1)
In
From this value the resistivity p was then calculated
A
p=R— (A.2)

B
where A corresponds to the cross sectional surface 7r? of the filament. In order to
identify the function T of p best suited for use in this thesis, different results from
literature were compared with one another. Fits to data obtained in [18] and [31]
were found to match the temperature range of relevance for the tests conducted in
this thesis and are in good agreement with one another. Therefore the temperature

was calculated using the equation given in [18]
T = —0.0498p* + 35.84p + 129.1, (A.3)
which is based on a second order fit to data. The temperature T is plotted as

a function of p in Figure A.1. The most important systematic uncertainties are
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A. Calculation of the Filament Temperature

introduced by changes in resistance due to contaminants within the wire and the
cooling effects of the leads [23]. The resistance of the leads to the filaments in the
MIRACLS ion source set-up were measured and found to be negligible compared
to the wire resistance especially in the high temperature regime of 7' > 1000 K

relevant for measurements in this thesis. In order to study how the required heating
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Figure A.1.: Filament temperature 7" as a function of resistivity p. Created based
on [18].

power P increases with 7', the two parameters were plotted in Figure A.2 for two
different states of filament activation. The heating power required to reach a given
filament temperature is in good agreement for the two cases. Small differences can
likely be attributed to the heating of the filament prior to these measurements. The
power required to achieve a given temperature increases very fast with temperature.
A power fit yields a power of approximately 4, in reasonable agreement with the

expectation from the Stephan-Boltzmann law.
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Figure A.2.: Filament heating power P as a function of temperature T'. The datasets
correspond to those shown in Figure 6.2(b) and a power fit is plotted
for both. The data was recorded for two filaments of 4 cm length each.
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