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Abstract

The goal of this Thesis work is to develop and study high current negative carbon
ion sources, that do not require the use of alkali metals, with the volume-cusp
technology. Very few other ions other than H™ and D™ have been studied with this
technology, and to the best of our knowledge, the production of negative carbon
ions has never been investigated even though there are industrial advantages. Along
with the industrial interest in the development of an alkali free, negative carbon
ion source for ion implantation, there is a great opportunity to learn about the
production of negative carbon ions in carbon rich plasmas. A test facility was
developed for the purpose of this study, and the characteristics of the facility and
the performance of the baseline filament-powered H™ volume-cusp ion source are
first presented. A radio frequency (RF) powered ion source was developed and
the results of this new ion source with H™ are presented. The performance of
the extraction of negative carbon ions from the ion sources with various gases was
studied. The plasma inside the ion source has been studied to determine how the ion
source’s tuning parameters affect the species populations, the electron temperature
and the electron density inside the different regions of the ion source. Finally, the

ion source’s stability was improved.
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Lay Summary

The production of modern semi-conductors used in electronic devices is done
through ion implantation, which is the process by which an ion beam of the doping
material is implanted in a wafer. The ion beam is created by an ion source and
is accelerated to the desired energy with a particle accelerator. Commonly, posi-
tive ions are generated, but some implantation systems require the use of negative
ions to reach higher beam energies. There are some disadvantages in present nega-
tive ion implanters, which are mostly due to inefficient ion sources that sometimes
contaminates the wafer. The development of negatively charged carbon ion beams
through the direct extraction of carbon rich plasmas is thought to be a good alter-
native to the present system utilized. The Thesis presents the negative carbon ion

source technology that was developed.
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Chapter 1

Introduction

Particle accelerators have played a major role in many of the big discoveries in
physics over the past century [1]. The cathode ray tube was used to study the prop-
erties of the electron in 1897, while the Higgs boson was recently discovered at
the Large Hadron Collider (LHC) [2]. Particle accelerators are now used in many
fields of research including materials science, nuclear astrophysics, biology, nu-
clear medicine and many more. In 2000, it was estimated that there were about
15 000 particle accelerators in operation around the world, with an estimated 15%
yearly increase in their numbers [3]. There are many industrial applications using
particle accelerators, which accounts for the largest proportion of particle acceler-
ators used today. The applications include the polymerization of plastics [4], the
sterilization of food [5], cancer therapy [6] and ion implantation for semi-conductor
manufacturing [7], among many others.

Ion implantation for semi-conductor manufacturing represents the most popu-
lar use of particle accelerators, with estimated yearly global revenues of US$1.5
B [7]. Using this technique, specific ions can be introduced to dope a substrate
at a precise depth [8-10]. Usually, a positive ion is extracted from an ion source,
the ion is accelerated to the desired energy and the ion is implanted into the sub-
strate. Positive ion sources are thus commonly used with ion implanters, however,
certain classes of implanters use tandem accelerators, which require the use of
negative ions, to double the energy of the accelerated ions [11-13]. A schematic

of a common ion implanter system that uses a tandem accelerator, such as the
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Figure 1.1: Schematic of the Varian 3000XP™ showing the positive ion
source and the charge exchange chamber. Taken from [19].

Varian 3000XP™ [7, 14], is presented in Figure 1.1. For the case of the Varian
3000XP™ positive ions are first extracted from the ion source, are focused down
the beamline, and are converted to negative ions by passing through a charge ex-
change alkali vapour chamber [15], with a transmission of less than 2% [16, 17].
The negative ions are then filtered by mass through an analyzer magnet before they
enter the tandem accelerator. A tandem accelerator is composed of three stages, the
negative ions are first accelerated by a positive potential, then the ions are stripped
of at least two electrons by a stripping foil or gas, forming positive ions. The pos-
itive ions are then accelerated back to ground potential by the positive bias on the
stripping chamber, enabling them to reach twice the energy of the voltage used
in the accelerator [18]. As a final step, the particles are scanned across the wafer
being implanted to increase the uniformity of the deposition.

There are a few significant problems associated with current tandem implanter
systems. Firstly, the charge exchange chamber used to convert the positive ions ex-
tracted from the ion source to negative ions is very inefficient, with an efficiency of
charge exchange from positive ion to negative ion of typically less than 2% [16, 17].
A schematic of a charge exchange chamber using a positive microwave-powered
ion source is presented in Figure 1.2. With only a 2% conversion rate, the total
beam current through the accelerator is low, slowing the implanting process, which

reduces wafer and chip throughput, a serious financial impediment. More impor-
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Figure 1.2: Schematic of a positive ion source and a charge exchange cham-
ber, which are presented in Figure 1.1 as *, taken from [21].

tantly, alkali vapours used in the charge exchange chamber will migrate through the
system and contaminate the wafers, which is detrimental to the performance of the
semi-conductor [20]. The implanter manufacturer utilizes differential pumping,
and sophisticated baffle systems to contain and limit alkali metal contamination,
but this is not entirely effective particularly with modern high precision and ex-
tremely small scale semi-conductors. Ion inplanter manufacturers are thus highly
motivated to eliminate alkali vapour from their implanter system [20]. The devel-
opment of a negative ion source that extracts the negative ions directly from the
ion source, eliminating the charge exchange chamber and the alkali vapours would
significantly reduce wafer damage by alkali metal contamination, reducing chip
rejection rates and improving throughput of viable chips and profitability.

D-Pace [22] has licensed a volume-cusp filament-powered ion source technol-
ogy designed to directly produce negative ions from TRIUMF [23]. D-Pace desires
to develop equipment beneficial to the ion implanter industry by research on its
baseline 15 mA negative hydrogen ion filament-powered volume-cusp technology
licensed from TRIUMEF for the purpose of producing relevant negative ions to this
community, such as: C7, B, P, As™. It is clear that such an ion source would
reduce implanter manufacturer costs by eliminating the charge exchange chamber,
in addition an even more important value added aspect would be the elimination of
alkali vapour and concomitant wafer contamination risk. As outlined, this would
increase yields of viable chips, be a more efficient use of resources, and increase

profitability. Common ions implanted for the production of semi-conductors in-



clude boron, phosphorous, arsenic and carbon [7-10]. However, the feed gases
used for boron, arsenic and phosphorus are extremely toxic and corrosive, and re-
quire very special and costly infrastructure. The focus of this study will; thus, be on
negative carbon ions since the feed gases needed are non-toxic and non-corrosive.
Carbon ions are used as a getter sink layer in silicon wafers with the purpose of
reducing the concentration of metal impurities, which cause white defects in solid
state imaging devices, by gathering the metallic ions in the getter layer [24]. In
addition to the potential commercial benefits, the production of negative ions heav-
ier than H™ and D~ is very rare by way of the volume-cusp technique, and, in
particular, C™ production by this technique is absent in the literature. This consti-
tutes a scientific first and all key parameters related to C~ production by the direct
volume-cusp ion source technique, in particular the plasma parameters, are impor-
tant to measure, assess and publish for the scientific record for future research. This
is the first proof of principle step to provide boron, arsenic and phosphorus beams
for the purpose of ion implantation.

The goals for the negative carbon ion source to be developed are determined
by the ion implanter application for which this ion source is targeted. A high beam
current is needed since the beam current is directly proportional to the implanted
dose, so increasing the beam current above the 51 LA level currently achievable
by the charge exchange mechanism [25] is necessary to achieve shorter implant-
ing times. More specifically, a goal of 1 particle-mA of carbon (1 mA of C or
0.5 mA of C;) was set. In addition, since the target application is for high en-
ergy beam implants (>1 MeV), the beam energy out of the ion source can be set
between 10 keV and 30 keV, as the ion source energy is negligible compared to
the final beam energy, and these energies are achievable by the baseline TRIUMF
technology [23]. The beam current stability is another important criterion of the
ion source. A high stability is needed since this ensures a uniform implanted dose
on the wafers, a goal of stability of +0.5% was set. Moreover, the rapid changes
in beam current caused by voltage breakdowns on the ion source’s extraction elec-
trodes should be minimized. A goal of less than 10 glitches per hour has been set
(a typical maximum glitch rate permissible in the industry), where a glitch is de-
fined as any beam current variation of more than +5% of the nominal beam current

[26]. To ensure maximum transmission through the beamline, a normalized 4 RMS
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emittance lower than 1 mm-mrad is required. Finally, one of the main goals of the
project is to develop an ion source that does not have any metallic contaminants in
the plasma, since metal impurities can drift through the implanter system and con-
taminate the wafers, similar to the alkali vapour problem that is to be eliminated.
To summarize, the requirements needed for a negative carbon ion source for ion
implanters utilizing a tandem accelerator for which the standard charge exchange

ion source infrastructure is to be replaced are as follows:

Parameter Value
1 particle- mA of carbon
(I mA of C™ or 0.5 mA of C;)

Beam Current

Beam Kinetic Energy 10-30 keV
Normalized 4 RMS Emittance <1.0 mm-mrad
Beam Current Stability < £0.5%

Glitch Rate < 10/hour
Metal Vapour Contamination Undetectable

Table 1.1: Goals for the negative carbon volume-cusp ion source to be devel-
oped.

The purpose of this Thesis is to describe the work that was done to research and
develop a metal contaminant free negative carbon ion source that meets the goals
outlined above, to illustrate the significant discovery science results achieved, and
to present several key applied science breakthroughs accomplished. The work done
included assisting D-Pace with the design and implementation of an Ion Source
Test Facility (ISTF) and its commissioning. It also includes proving out the base-
line TRIUMF licensed 15 mA H™ configuration, research and the development of
special plasma diagnostic tools as well as the study of the extraction of negative
carbon ions from a baseline filament-powered volume cusp ion source. The final
part of the work done included the development of a new RF-powered volume-cusp
ion source for the production of negative ion beams and the study of the extraction
of negative carbon ions from the newly developed RF-powered ion source.

The new RF-powered ion source developed was also extensively studied with
H™ as part of this Thesis work. The ion source developed is a great alternative to

the filament-powered ion source since it has no consumable parts. This ion source



is thus a valid option for applications that require high current H™ beams, such

as cyclotrons. The development of the ion source up to the performance of the

filament-powered ion source thus serves as a secondary goal for the project.

The Thesis has been organized as follows.

i.

1i.

iii.

The second chapter presents the background theory and practice. It includes
notions of plasma physics, as well as ion-optics and ion source theory. Spe-

cial attention is paid to negative ion source theory.

The third chapter presents the production of negative carbon ions from the
baseline TRIUMEF licensed filament-powered volume-cusp ion source. This
technology is ultimately inappropriate for the negative carbon ion source that
is to be developed because sputtered metallic filament material contaminates
the plasma and could contaminate implanted wafers. Nevertheless, this ion
source is the baseline provided by D-Pace at the ISTF and the measurement
of the extraction of negative carbon ions yields important new discovery sci-
ence [27, 28] and provides a useful reference test from which improved sys-
tems described in subsequent chapters. This ion source was used to establish
which carbon based gas gives the best negative carbon production results, it
also revealed how the beam current stability is affected by the extraction of

negative carbon ions.

The fourth chapter reports on the extraction of negative carbon ions from
the RADIS RF-powered volume-cusp ion source licensed by D-Pace from
the University of Jyviskyld [29, 30]. This ion source has an external RF
antenna, so is a good candidate for the target negative carbon ion source
because it does not have sputtered metallic filament material in the plasma
which would present a contamination risk to the implanted wafers. However,
it is known to produce only about 1 mA of H™ current [29], so was likely not
the final solution for the production of negative carbon ions. In spite of this,
it is important to investigate how the negative carbon ions are affected by the
RF heating, and provides a new baseline negative carbon ion system that is
closer to the final solution. The second section of the fifth chapter presents

the development of a new hybrid ion source design as a key part of this Thesis



iv.

which consists of the RF heating capabilities of the RADIS ion source from
the University of Jyviskyld [29, 30] combined with the body and extraction
system of the TRIUMF licensed filament-powered ion source [23]. This new
design is a good candidate for the final ion source design for the extraction
of high current negative carbon ion beams since it rids the ion source of any
metallic contaminants in the plasma chamber by using the external antenna
of the RADIS ion source (i.e. no sputtered metallic filament material). In
addition, it uses the TRIUMF licensed ion source body and extraction system
that are known to produce high currents, so it could potentially be used to
produce high negative carbon ion currents. The performance of the hybrid
RF-powered volume-cusp ion source with H™ is presented in this chapter
as it establishes a baseline to compare the performance with the TRIUMF
licensed filament-powered volume-cups ion source, since the ion source is
much more stable with a hydrogen plasma, facilitating the comparison of
the technologies. This new hybrid ion source has been well received by
the negative ion community for H™/D~ [31, 32]. It yields beam currents
approaching those of the TRIUMF licensed filament based technology but
with no consumable filaments (350-500 hours at maximum filament power),

and thus eliminating a costly and lengthy maintenance operation.

The fifth chapter describes the negative carbon ion measurements with the
hybrid RF-powered ion source presented in chapter five. The performance
of the ion source is presented and the plasma parameters are measured as a
function of the different ion source parameters. Strong efforts were made to
improve the stability of the beam current by reducing the sparking between
the electrodes through a wide range of experiments and assessments. The
data and analysis yields important insight into negative carbon ion produc-
tion and extraction through the RF-powered volume-cusp technique [27, 28,
33].

The final chapter summarizes the main achievements of this Thesis work.
It also compares the final ion source performance results to the goals estab-
lished in Table 1.1.



Chapter 2

Background Theory and Practice

The ultimate goal of this Thesis is to directly produce negative carbon ions (i.e. not
via alkali metal vapour charge exchange mechanisms) using the volume-cusp tech-
nique to a standard that would be commercially viable in an ion implanter system,
as described in the introduction. This chapter covers important background theory
relevant to the Thesis topic and the theory presented is heavily based on past work
[34-36]. Plasma physics is covered first, and then techniques for plasma genera-
tion and plasma confinement are described in general. This is followed by a section
on basic ion source theory and a short review of negative ion source techniques is
then covered. Lastly, extraction techniques, and charge particle transport theory is
covered followed by a comprehensive section on beam quality, space charge (as it

applies to charged particle beams) and space charge compensation.

2.1 Basic Plasma Parameters

A plasma is a charged gas state, and it is often called the fourth state of matter [37].
The main difference between a gas and a plasma is that in a plasma some of the
electrons are stripped from the gas molecules, creating the partially charged state.
There are four main types of particles in plasmas: neutrals, electrons, positive ions
and negative ions, with the negative ion density often much lower than the other
densities. Since, when a gas is ionized there is the creation of a positive and a

negative particle, a plasma is quasi-neutral.



Plasmas can be created and appear in day-to-day life, notably in fluorescent
lamps and in neon signs. In nature, plasmas are present in the sun, in the ionosphere
and in lightning. Plasma physics also plays an important role in many fields of

research, notably fusion [38], ion sources [35] and semiconductor processing [39].

2.1.1 Density, Degree of Ionization and Temperature

The density of the different species in a plasma, given in particles per meter cubed,
will be given by n,,, n, n, and n_ for the neutrals, the positive ions, the electrons
and the negative ions, respectively. Plasmas are electrically neutral in a large vol-
ume. This is more generally stated as quasi neutrality [37] and is described as
a situation where the positive and negative charge densities are equal in a large

volume for a substantial amount of time. This can be stated mathematically as
ne+n_ Y qinis, @.1)
i

where n;; represents the different positive ion species densities and g; is the charge
state of the positive ion species. Here it is assumed that the negative ions in the
plasma all have a charge state of —1 and are all of the same species. The quasi
neutrality of the plasma comes from the fact that when a neutral particle is ionized,
the total charge remains zero since both a positive and a negative particle are cre-
ated (positive ion and electron in most ionization interactions). Furthermore, the
high electrical conductivity of plasmas prevents a net motion of charges out of the
plasma since a net migration of charges in the plasma would cause an increase in
the space charge of the opposite charge sign being created. The resulting electric
field that is created will then oppose the flow of the charged particles, preserving
the quasi-neutrality of the plasma.

The electron density is often used as a measure of the plasma density, due to the
quasi neutrality of plasmas and the low negative ion densities. Laboratory plasmas,
including plasmas seen in volume-cusp ion sources, commonly have a density of

between 10'* m~3 and 10'® m—3 [40]. Knowing the gas pressure in the plasma



chamber, the degree of ionization [37], D;, of the plasma can be defined as

ny
D, = ) 2.2
P T (2.2)

where 7, is the neutral density. Multiply charged ions and negative ions are ne-
glected in 2.2. A plasma is said to be highly ionized if D; > 10%. Typical plasmas
seen in volume-cusp ion sources have a degree of ionization of less than 1% [40].
Most laboratory plasmas have an electron and ion energy distribution that fol-
lows a Maxwell-Boltzmann distribution [34]. It is thus possible to define a char-
acteristic temperature for these distributions. The distribution f(v) is a probability

distribution that is a function of the particle’s velocity v, and is described by

3 2
) = <2 Z{T> Amv2exp (— Z;) 2.3)

with m the particle’s mass, k the Boltzmann constant and 7T the characteristic tem-
perature of the distribution. It’s common practice to express the temperature in
eV since kT has the units of energy and typical temperature values encountered in
plasmas are on the order of a few electron-volts. One eV corresponds to the energy

of an electron accelerated by 1V,
T=— (2.4)

and for V =1V, this gives T = 11594 K. Figure 2.1 presents the velocity distribu-

tion for various temperatures.

-6
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Figure 2.1: Maxwell-Boltzmann distribution for various temperatures.
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The electron temperature 7, the neutral temperature 7,, and the ion temperature
T; are often very different from one another, with the 7, usually being the largest
since the electrons are the most mobile in the plasma, being much lighter than the
other particles. The temperature of the particles in the plasma depends on several
parameters, such as the plasma generation method, the magnetic field and the pres-
sure in the plasma chamber. For example, plasmas produced by an arc discharge
have electron temperatures on the order of 1 eV, while Electron Cyclotron Reso-
nance (ECR) discharges can have electron temperatures of more than 1 keV, with
an ion temperature as low as 1 eV [41]. Additional information about the general

movement of particles in a plasma can be found in Appendix A.

2.2 Plasma Interactions

There are various types of interaction between the different particles in the plasma,
with ionization being the most important process for the plasma formation. Ioniza-
tion is the process in which a neutral particle loses one or more electrons through
an ionization process, becoming an ion. There are several ionization processes,
including electron impact ionization, field ionization, ion impact ionization and
photoionization. Furthermore, a particle can be multiply ionized, which is often
the goal of Electron Cyclotron Resonance (ECR) ion sources [35]. The theory

behind multiple ionization is presented in Appendix A.

2.2.1 Electron Impact Ionization

Electron impact ionization is the most common ionization process observed in most
laboratory plasmas [37]. The ionization occurs when an electron interacts with a
neutral, removing an electron from the neutral. The free electrons in the plasma
are often accelerated by an electric field, giving them enough energy to ionize the
neutrals. The extra electron created is subsequently accelerated by the electric field
and can thus ionize more neutrals, which leads to even more free electrons. The
energy of the free electrons in the process must exceed the ionization potential of
the neutral, E, > e@;, where ¢; is the ionization potential.

The probability of ionization will be highly dependent on the electron energy.

The probability is zero below the ionization potential and will rise and saturate to
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a maximum at about three or four times the ionization potential [42, 43]. If the
energy distribution of the electrons in the plasma follows a Maxwell-Boltzmann
distribution with temperature 7, (i.e. Figure 2.1), the mean electron temperature is
thus %kT, and most laboratory plasmas have an electron temperature on the order
of 1-10 eV [37]. The ionization potential of common gases used in ion sources is
on the order of 15 eV, which means that the electrons responsible for the ionization
in these plasmas come from the high energy end of the distribution. Figure 2.2

presents the ionization cross section for hydrogen and helium.
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Figure 2.2: Ionization cross section for hydrogen [42] and single and double
ionization of He [43].

The fast electrons in the plasma that are responsible for the ionization are often
referred to as the primary electrons, while the electrons created from the ioniza-
tion are referred to as the secondary electrons. The power input into the plasma
must compensate for the power loss of the primary electrons from the ionization.
The ionization efficiency can be greatly improved by confining the electrons with
magnetic or electric fields, thus recycling the primary electrons by preventing them
from reaching the plasma chamber walls and prolonging their time in the plasma.
Volume-cusp and ECR ion sources use magnetic confinement to prolong the life-
time of the electrons in the plasma, while Penning ion sources use electric fields

along with magnetic confinement to reflect the electrons back into the plasma [40].

2.2.2 Other Ionization Techniques

Ionization can also occur on surfaces, such a process is known as surface ionization.

This process is most efficient for low work function alkali metals and alkali earths
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(Li, Na, K, Rb Cs, Ca, etc.) on refractory metal hot plates (Ta, W, Re, Ir, Pt, etc.)
[40].

Ion impact ionization is an ionization technique that involves the charge ex-
change with another ion. This includes the charge exchange interaction between a
fast ion with a slow neutral, forming a slow ion and a fast neutral. If the ion and
the neutral are of the same species, the ionization potential is the same for both
particles, and the process is known as resonant charge exchange [40]. The energy
required for the ion is high compared to electron impact ionization, therefore the
process is not an important ionization mechanism in most laboratory plasmas.

Photoionization is the process of ionization by a photon [40]. The photon’s
energy has to be higher than the ionization potential. This can be written as
E = hv > e¢;, where h is Planck’s constant and Vv is the photon’s frequency. For
ionization potentials between 5 eV and 15 eV, the wavelength (4 = {) of the pho-
ton will be between 80 nm and 250 nm, which spans from soft X-Rays to the

ultraviolet regions.

2.2.3 Excited States

The interaction between a gas molecule and an electron can lead to the formation
of an excited molecular state. Excited states are due to the discretization of the
energy of the vibrational modes of the molecule. As the number of atoms in the
molecule increases, so does the number of vibrational and rotational modes, which
results in an increase in the number of excited states.

As an example, the volume production of H™ involves the interaction with ro-
vibrationally excited states of hydrogen molecules Hj(v") [44]. It was found that
the cross section for the production of H}(v") by electron collisional excitation had
a threshold of about 20 eV [45].

2.2.4 Negative Ions

Negative ions are also produced through interactions in the plasma. Charge ex-
change of positive and neutral species with another neutral can lead to the forma-
tion of negative ions. The probabilities associated with these processes are low

and is greatly improved if the neutral has a low electron affinity. For a single step
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process from positive ion to negative ion, alkaline earth vapors are used (Mg, Ca,
Sr, Ba) while a two step process will be favored with alkali metals such as Na, K,
Rb,Cs.

Direct production of negative ions in the plasma can also occur through dis-
sociative attachment of electrons to vibrationally or rationally excited molecules.
This is an important process in many H™ ion sources [46].

Finally, negative ions can also be formed on the surfaces of the plasma cham-
ber. Positive ions interact with the surface and two electrons are captured by the
ions, forming negative ions. The process is greatly improved by the addition of a

low electron affinity material, such as Cs, on the surface [47].

2.3 Plasma Potential

Electrons are much more mobile in the plasma since the velocity of a particle is
inversely proportional to the square root of the mass, so an electron would have
a velocity that’s about 43 times higher than a proton with the same energy. Also,
most plasmas have an ion temperature that is smaller than the electron temperature,
which results in an even higher electron velocity than the proton. The result of
this difference in particle velocity will lead to a difference in the particle flux to
the walls of the plasma chamber and thus the walls will have a negative potential
relative to the bulk of the plasma [48]. Since the plasma chamber walls are often
grounded, the net result will be a positive potential for the bulk of the plasma. This
is known as the plasma potential, ¢,, and the transition region between the wall
and the bulk of the plasma is known as the plasma sheath and is on the order of the
Debye Length [34]. More information on the plasma sheath and the Debye Length
can be found in Appendix A.

A value for the plasma potential can be found by examining the particle move-
ment close to the plasma chamber walls. As a positive potential is established
between the bulk of the plasma and the walls, the resulting electric field will re-
duce the flux of electrons to the wall until an equilibrium is established when the
flux of electrons and the flux of ions to the walls is equal.

The wall potential will be negative relative to the bulk of the plasma. For the

analysis, it is assumed that the potential will be higher than the ion temperature and
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that positive ions will flow to the wall regardless of their initial velocity. It is also
assumed that the particles are absorbed at the wall and are not reflected. The flux

of ions to the wall, J;, can be written as
Ji =en;vp, (2.5)

where e is the electron charge, n; is the ion density and vp is the Bohm velocity,
Vg = w/%, as described in Appendix A. The electron flux to the wall will de-
pend on the energy of the individual particles. In the plasma sheath description in

Appendix A it was found that the electron distribution, n,., can be written as

Ne = Nep€XP (2?3:) , (2.6)

where n,, =~ n; is the electron density in the bulk plasma, ¢,, is the potential of the

wall relative to the bulk of the plasma, & is the Boltzmann constant and 7, is the

electron temperature. The flux of electrons to the wall, J,, will be given by [34]
NeVe

Jo=—e= 1=, 2.7)

where n, is the electron density close to the wall and v, is the mean thermal velocity
of the electrons, assuming a Maxwell-Boltzmann distribution, is given by
8kT,
v, = ‘. (2.8)

Tm,

The zlt factor in equation 2.7 comes from averaging over a solid angle. At equilib-

rium, the fluxes are equal (J, = J;); ¢,, can thus be calculated:

kT, 2rwm,
—In

e m;

Oy ~ . (2.9)

The plasma potential is given by ¢, = —¢,,, which is an approximation for the
plasma potential. For a hydrogen plasma with 7, = 1 eV and assuming the only

positive ions in the plasma are protons, the plasma potential will be about 2.84 V.
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2.4 Plasma Generation

The following section will focus on the generation of plasmas. Most plasmas origi-
nate from the ionization of the gas by hot electrons. If the electrons have an energy
that is higher than the ionization energy of the gas, there will be a non-zero prob-
ability that the electrons will ionize the gas. This will in turn generate more free
electrons, that will ionize more gas and then generate more free electrons, and
so forth. This avalanche effect is known as a Townsend discharge [49]. There
are several techniques used to generate hot electrons, common techniques include
thermionic emission from hot or cold cathodes and radio frequency or microwave

heating.

2.4.1 Thermionic Emission

Thermionic emission occurs when valence electrons in metals have enough energy
to escape. Usually the electrons in the tail end of the energy distribution are the
ones with enough energy to overcome the potential barrier at the surface of the
metal. The higher the temperature of the metal, the greater the electron flow will
be. If the metal is biased at a lower potential than a neighbouring surface, forming
a cathode and an anode, the electrons will be accelerated by the electric field and
the electron current can be measured. The electron flux, J., as a function of the

temperature, T, is known as the Richardson-Dushman law [50] and is written

w
Jo = AgT?exp (— kT) (2.10)
e

where Ay is Richardson’s constant and W is the work function of the metal. Both
Richardson’s constant and the work function are material dependent.

High melting point materials, such as tantalum, tungsten, thoriated tungsten
and lanthanum hexaboride are used as resistively heated cathodes for thermionic
emission. Thoriated tungsten and lanthanum hexaboride are known as dispenser
cathode. They maintain a thin layer of emitting material out of a reservoir or a
porous carrier. The material is commonly shaped into a filament and is heated
with either DC or AC current or the cathode can be heated externally. Heating the

cathode to generate hot electrons is known as the hot cathode method.
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The filament lifetime in hot cathodes is mostly limited by sputtering of the fila-
ment material by positive ions in the plasma. Since the cathode is biased negatively
with respect to the body of the plasma chamber, the positive ions will be acceler-
ated to the filament and sputter the material. The filaments also evaporate, with
a larger evaporation rate seen at higher temperatures [40]. The limited filament
lifetime is an important drawback in cathode based plasma chambers.

Hot electrons can also be generated with high electric fields created by biasing
the cathode at a high voltage relative to the anode. Once the electric field is high
enough to cause a discharge between the electrodes, hot electrons will be emitted
from the cathode and ionize the gas. If the arc can be sustained, positive ions
in the plasma will be accelerated to the cathodes which will result in heating of
the cathodes. The cathode will then start to emit electrons through thermionic
emission and the plasma will be sustained with a lower voltage on the cathode.
Such a configuration is seen in Penning and Magnetron ion sources [40]. This
plasma heating technique is known as a cold cathode since the cathodes are not

directly heated, but are indirectly heated by the ions in the plasma.

2.4.2 RF Heating

Radio Frequency (RF) heating is a popular plasma generation technique since it
does not require the use of consumable cathodes to operate. There are two methods
used to heat a plasma with RF electromagnetic fields. The simplest method is
to have two parallel plates immersed in the plasma and applying a time varying
electric field between the plates to accelerate the free electrons and ionize the gas.
Such a scheme is known as capacitively coupled plasma heating. Alternatively,
inductively coupled heating can also be used by applying the RF signal to a circular
antenna which creates an alternating magnetic field, which in turn creates a time
varying electric field that accelerates the electrons in the plasma. The antenna
can be immersed in the plasma chamber, or outside the outer body of the plasma
chamber. The varying magnetic field induces an electric field which accelerates the
electrons. Additional heating is sometimes needed in these RF heating methods to
generate the free electrons needed to start the Townsend discharge.

Static magnetic fields can be used with RF heating methods to create an Elec-
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tron Cyclotron Resonance (ECR) condition. The magnetic field strength B must be

chosen so that

0)
= 2Me 2.11)
e

where o is the angular frequency of the RF or microwave input, m, is the mass
of the electron and e is the electron charge. Magnetic field strength up to about
1 T can be achieved with non-superconducting electro-magnets, which means that
the frequency needed to get the ECR condition is on the order of 10 GHz, which
falls into the microwave frequency range. ECR ion sources are known to produce
high charge states due to the high electron temperatures in the plasma. The electron
density scales with the square of the frequency [40], but as the frequency increases,
so does the magnetic field required. The current state of the art is a 28 GHz ECR

ion source that require 4 T superconducting magnets to operate [51].

2.5 Magnetic Confinement

A charged particle traveling perpendicular to a uniform magnetic field will follow a
circular trajectory in the plane perpendicular to the magnetic field. If the magnetic
field is not uniform or the velocity of the particle is not perpendicular to the mag-
netic field the trajectory will be more complicated. The description of the motion
of charged particles in a magnetic field is presented in Appendix A.

Magnetic fields are often used in plasma chambers because they can increase
the electron confinement and thus increase the electron temperature and density
in the plasma. This thus reduces the power consumption by recycling energetic
electrons. Magnetic confinement in plasmas used for ion sources relies on the
magnetic mirror phenomenon. Two common magnetic confinement configurations
used are the multicusp array and the magnetic bottle, which are presented in Figure
2.3.
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Figure 2.3: a) Schematic of the cross section of a multicusp magnet configu-
ration with a Halbach array of permanent magnets and b) schematic of a
magnetic bottle formed by two solenoids. The field lines are presented
in white while the field strength is colored.

The magnetic mirror effect occurs when there is an increase in the magnetic
field strength along the particle’s trajectory, as in along the z axis in Figure 2.3b. A
charged particle with a velocity under a certain threshold will be reflected back as
the magnetic field strength increases. A particle with a velocity above the threshold
will fly through the magnetic bottle.

The magnetic mirror effect can be understood by calculating the forces acting
on the particle. If a charged particle is traveling along z in the magnetic bottle,
because of Gauss’ Law, V - B = 0, there is a non-zero component to the By field,
which will lead to a force in the z direction given by

qv,rdB,

Fo=—— 3z (2.12)

where r is the Larmor radius of curvature of the particle [34]. Mathematically, an
easier method is to examine the energy of the particle. If there is no electric field

and the magnetic field is constant in time, the total energy of the particle, E;,;, will
be constant and is given by

I’)’lVﬁ

Eior = N + uB, (2.13)
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where v|| is the particle’s velocity along the magnetic field and u is the magnetic

dipole moment of the particle, given by

2
_m

u= B (2.14)
U is conserved if the variation in the magnetic field is small compared to the Larmor
radius, which it is in this example [34]. If there is an increase in the magnetic field
along the particles motion, V| will decrease since E;,; is constant. If the variation
in the magnetic field is large enough, the particle’s motion along the field reaches
zero and the particle will be reflected back in the opposite direction.

If the field has a strength of By at z = 0 and B at the solenoid (z = 30) in Figure
2.3b, then the maximum v for a particle to be trapped in the magnetic bottle will
be

VH = 2;“’ <BS - BQ> . (215)

For a plasma without any collisions, any particle with v under this value will
oscillate along the z axis in the magnetic bottle, while a particle with v above this
value will escape. However, plasmas include collisions, which causes particles to
diffuse across the field lines and this will skew the analysis.

For the case of a multicusp magnetic configuration, as in Figure 2.3a, the mag-
netic field configuration isn’t as simple but the concept of the magnetic mirror still
applies. Electrons will follow the magnetic field lines and will oscillate if their ve-
locity parallel to the magnetic field is lower than the escape velocity. The particles’
oscillations will thus be curved and will oscillate between opposite facing poles as
presented in Figure 2.4. The result is particle losses along the cusp lines, which

can be seen as burn marks in the plasma chamber.
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Figure 2.4: Schematic of the magnetic mirror effect in a multicusp magnet
configuration with a Halbach array [52] around a plasma chamber with
a radius of 50 mm. The electrons oscillate along the field lines, as pre-
sented by the arrows.

2.6 Ion Sources

The next section of the chapter focuses on ion sources and particle accelerator con-
cepts. lon sources are used to create and inject ions into every ion accelerator.
There are various types of ion sources and various types of ions can be created,
depending on the application. The most common ion source is probably the H™
ion source. For example, a proton ion source is used in the highest energy accel-
erator found on earth, the Large Hadron Collider (LHC) [53], however, after the
upgrade to the front end of the LHC, the ion source will be updated to a H™ ion
source. Negative ion sources are advantageous over positive ion sources because
two electrons can be stripped from the negative ions to create a positive ion and this
leads to greater injection efficiency into the accelerator [54]. In addition to negative
ions, high charge state ion sources [55] and rare isotope ion sources [56] have also
received attention recently. This section will present basic ion source theory with
a focus on negative ion sources and volume-cusp ion sources, which are the main

ion sources studied for this Thesis work.
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2.6.1 Basic Ion Source Theory

An ion source is commonly made of two main sections, the first being a plasma
chamber or an area where ions are formed, the second being the extraction area,
where the ions are extracted to form a beam. The most common technique used
to create an ion beam is to first produce the desired ions on a floating high voltage
platform that has the polarity of the ions so that the ions will be extracted to ground.

A schematic of an ion source and its extraction system is presented in Figure 2.5.

Figure 2.5: Schematic of a positive ion source.

As seen in section 2.4, there are several methods that can be used to generate
a plasma. The method chosen for the ion source depends on the beam current,
beam quality and ions required, as well as the power available. To generate a beam
out of the plasma, an aperture is added to one end of the plasma chamber. This
aperture can be a single circular hole, which is the case for most ion sources used
for high energy accelerators, a slit, which is commonly used in ion implantation
applications or a grid of circular apertures, which is the case for neutral particle
injectors used in fusion. Additional electrodes can be added at different voltages
to change the beam characteristics before the beam is transferred to the low energy

beamline.
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2.6.2 Negative Ion Sources

Negative hydrogen ions are the most studied negative ion due to their many appli-
cations. They are used in cyclotrons for variable energy stripping [46]. A cyclotron
accelerates particles in a spiral pattern, particles start near the center of a circular
dipole magnet and orbit around the center. The particles are accelerated at every
turn which increases the radius of their orbit, giving a spiral shape to their trajec-
tory. Extracting positive ions from a cyclotron is difficult because at higher energies
the orbits of the different energy ions becomes tighter and eventually they overlap,
so there isn’t any clearance between orbits for a magnetic septum to bend the beam
out of the cyclotron. Therefore, some beam hits the septum, which is beam loss and
makes the septum highly radioactive. When one uses H™ ions, a thin sheet of car-
bon is used to strip the electrons from the nucleus creating positive ions that curve
out of the cyclotron with an opposite radius of curvature to that of H™. This allows
for efficient extraction of the positive ions from the cyclotron. Negative hydrogen
ions are also used for neutral beam heating in fusion applications [57]. Fusion de-
vices use strong magnetic fields to confine the plasma, and these magnetic fields
prevent the injection of charged particles into the plasma, thus requiring the use of
neutral beams to heat the plasma. The neutral beams are created by stripping one
electron from H™ ions, which is more effective than neutralizing H' at the energies
used (1 MeV). These are two of the most popular applications for negative ions, in
addition H™ ions are also used in storage rings [58-60] and in tandem accelerators
[61, 62].

Tandem accelerators are the main targeted application for the negative carbon
ion source that is being developed in this Thesis work. In a tandem accelerator,
a beam of negatively charged particles is accelerated by a positive electrostatic
potential, then the electrons are stripped from the negative ions by either a stripping
foil or a gas stripper. The positive ions formed are then accelerated back to ground
potential. The particle at the end of the tandem will thus have been accelerated
twice, and will have acquired an energy of E = gV + (n — 1)gVy, where Vj is the
voltage of the tandem’s electrostatic electrode, g is the charge of the electron and
n is the number of electrons that were stripped from the negative ion. The main

advantage of tandem accelerators is the kinetic energy doubling for a given cost.
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Another advantage is that a Direct Current (DC) beam can be accelerated and only
the electrodes are biased at a high potential. However, tandem accelerators are
limited to the voltage that can be applied to the electrodes, which is commonly on
the order of 10 MV, which limits the energy of the accelerated beam to about 20
MeV.

The electron affinity of an element or a species is described as the amount of
energy needed to separate an electron from the negative ion formed. Species with
a higher electron affinity will thus be more stable since more energy is required
to strip the electron. Hydrogen has an electron affinity of 0.75 eV, which is lower
than carbon at 1.26 eV [63]. Some elements, such as helium, form negative ions
that aren’t stable, other elements, such as nitrogen, do not form negative ions.

There three main type of negative ion sources commonly used, which are
charge exchange ion sources, surface ion sources and volume-cusp ion sources.
Charge exchange and surface ion sources are presented in Appendix A. Volume-
cusp ion sources are the focus of this study and are presented in the following

section.

2.6.3 Volume-Cusp Ion Sources

An important type of ion source used for the production of negative ions is the
volume-cusp ion source. An extensive literature review was done and very little
research has been made on the production of negative ions heavier than H™ /D™
with volume-cusp sources. These ion sources are the focus of the project and will
serve as the baseline technology that the industrial collaborator, D-Pace, wishes
to test and potentially implement as a direct negative ion source without metallic
contaminants as per the specifications stated in Table 1.1 in the Introduction.

The most common negative ions extracted from volume-cusp ion sources are
H™ and D™ ions [46, 64-66], with a few heavier ions in the literature, such as C1~
[67], Na~ [68], Li~ [69], O, O,, F~ and BF_ [70]. There is no evidence of
volume-cusp ion sources being used to extract negative carbon ions.

Volume-cusp ion sources are characterized by the magnetic configuration
around the plasma chamber. The cylindrical plasma chamber has an array of alter-

nating North and South facing magnets, as can be seen in Figure 2.6.
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Figure 2.6: Schematic of the cross section of a volume-cusp ion source,
showing the array of permanent magnets and the magnetic field lines.

The magnetic field lines created by such an array form the cusps for which
the ion source is named. This magnetic configuration is known to increase the
confinement of the plasma because of the magnetic mirror effect seen along the
cusp lines, as described in section 2.5.

The main production characteristic of the volume-cusp ion source for negative
ions is that, for the case of H™, most negative ions are produced in the plasma
volume, without the use of any alkali metal to transfer the extra electrons to the hy-
drogen. H™ ions are produced in the plasma volume by a succession of two distinct
interactions in the plasma chamber [46, 47]. Firstly, the H, molecule interacts with

a fast electron (> 20 eV) and is brought to an excited vibrational state H}(v"),
H); +efge — H;(V”). (2.16)

This excited molecule then interacts with a cold electron (~1-2 eV) to produce

a negative ion and a hydrogen atom through dissociative electron attachment.
H (V") +egow —> H™ +HT (2.17)

The cross section for reaction 2.17 is highly dependent on the internal energy of

the molecule, and increases by more than 5 orders of magnitude if v’/ > 5 [71].
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The production of negative hydrogen thus requires a plasma that contains two
electron populations to optimize the two reactions necessary for the production of
H™ through the volume process. To achieve this, a magnetic dipole at the extrac-
tion end of the plasma chamber acts as a filter for fast electrons by trapping the
fast electrons in the magnetic mirror created by the magnetic dipole. Collisional
diffusion across the magnetic filter will reduce the average energy of the electron
at the extraction end of the plasma chamber. Two distinct plasma regions are thus
present in the plasma chamber. Furthermore, there are several interactions that can
strip the H™ of its extra electron. One of them being the interaction with fast elec-
trons. The dipole filter field is positioned close to the extraction aperture so that the
negative ions produced can be extracted and there is a lower probability that they
are going to get stripped from their electron in the cold plasma region. A schematic

of an H™ ion source is presented in Figure 2.7.
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Figure 2.7: Schematic of an H™ volume-cusp ion source with a magnetic
dipole filter separating the plasma into two regions. The hot plasma
region is to the left of the magnetic dipole, and the cold plasma region
is to the right of the magnetic dipole.

The wall material of the plasma chamber also plays an important role in the
production of H™ ions in volume-cusp ion sources [72]. By changing the filament
material from tungsten to tantalum, a significant improvement in beam current can
be seen. This happens because the filaments in the ion source get sputtered by the

positive ions in the plasma and the material coats the inner housing of the plasma

26



chamber. When tantalum is used on the plasma chamber walls, there’s an increase
in the vibrationally excited Hj(v"), which leads to a higher H™ production rate in
the plasma volume [72].

There are various methods used to generated plasmas, as discussed in section
2.4. The easiest method used to generate a plasma in a volume-cusp ion source
is with a hot cathode, such as a filament. The plasma can also be generated with
RF, with two methods commonly used to couple the RF power into the plasma.
The first method consists of using a flat spiral antenna attached to the back of
the plasma chamber and using a back plate with a low loss tangent to allow the
power to couple through. The second method consists of wrapping a solenoid
shaped antenna around the body of the plasma chamber. In this implementation,

the plasma chamber must be transparent to the RF.

2.6.4 H™ Stripping

Along with the production of H™ ions, the destruction of the ions in the plasma and
in the extraction region will contribute to the total H™ ion current extracted out of
the ion source. There are multiple processes that lead to the stripping of H™ ions
[71]. These include the mutual neutralization with the positive ions in the plasma
(H", H; and H;r). There is also stripping from interactions with electrons, such as
detachment in collisions with fast electrons, as well associative and non-associative

electron detachment interactions, written as
H +H — H; +e, (2.18)

H +H—2H+e. (2.19)

Finally, the H™ ions can be stripped in collisions with neutral molecules, how-
ever this process requires ion temperatures of a few eVs to become probable. This
destruction interaction can thus be an important interaction within the first stage of
the extraction system, where the pressure will be higher than the rest of the beam-
line. For example, in a study done at the National Institute for Fusion Science in
Nagoya, Japan [73] they estimated that they were getting stripping losses of 24%

over 2.3 meters for an ion source pressure of 0.9 Pa, but the beamline pressure is
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not measured. They estimate that 20% of the loss was in the extraction area, before
the beam reaches its final energy. In another study completed at TRIUMF [74],
they found that their 12 keV H™ beam was being stripped at a rate of 50% per
meter at a pressure of 0.016 Pa.

2.7 Extraction

Once a plasma is generated inside the ion source plasma chamber, there needs to be
an extraction region for the beam to be created. The extraction system is composed
of apertures at varying electric potentials. The potential difference between the
electrodes creates the electric field that accelerates the beam.

The beam is first formed when the ions exit the plasma chamber through the
front plate of the ion source, hereafter referred to as the plasma electrode. Most
ion sources usually have at least one extra electrode before the ground electrode.
For negative ion sources, the extra electrode is often used as an electron dump,
preventing the co-extracted electrons from reaching the full ion source energy. For
positive ion sources, an extra electrode is commonly biased at a few kilovolts below
ground. It acts as a suppressor, preventing secondary electrons to back stream into

the ion source. Figure 2.8 presents schematics of the extraction of H~ and H from

a plasma.
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Figure 2.8: Schematic of a) an H™ and b) a H' extraction system.
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Regardless of the number of electrodes used, the beam is always extracted with

a kinetic energy, E, of
E,= Q((bsource - ¢plasma)- (2.20)

Here ¢ is the charge of the particles, @source 1S the potential of the ion source and
@plasma 18 the plasma potential. As stated earlier, the plasma potential is usually on
the order of a few volts, thus the kinetic energy of the beam is approximately given
by Ex = q@source- Typical ion source potentials are in the range of 40 kV to 80 kV.

The quality of the beam exiting the plasma chamber depends on multiple fac-
tors, which includes the shape of the electrodes and the voltage on the electrodes
as well as the plasma parameters. The ions are accelerated by the electric field
created by the electrodes, the electric field in the plasma is zero and the potential in
the plasma is at the plasma potential (@plasma). There are thus two distinct regions,
the field free plasma and the beam where the electric field is usually high and the
particles are accelerated. The intersection of the two regions where the potential is
zero is often referred to as the plasma meniscus, however this isn’t a clear bound-
ary between the two regions. One can define the plasma meniscus as the surface
where ¢ = 0, which can be simulated with particle tracking codes that have plasma
models included [75-78]. The shape of the plasma meniscus will determine the
quality of the beam extracted from the ion source [77]. Furthermore, there is limit
to the total current density that can be extracted from an ion source geometry due
to the inherent electric potential of the beam. This is known as the Child-Langmuir
law [79] and the theory behind it is found in Appendix A.

There are several codes that simulate the extraction of ions from a plasma [75-
78], and for these, the main parameters that will affect the shape of the plasma
meniscus are the electron and ion densities in the plasma. The plasma shielding in-
creases with the charged particle densities in the plasma, so a larger electric field is
needed with a larger plasma density to preserve the shape of the plasma meniscus.
If the second electrode in the extraction system is at a fixed location, the poten-
tial on this electrode is expected to increase as the ion density is increased in the
plasma.

There is an important difference between the extraction of positive and negative

ions from a plasma. Since the plasma potential is positive relative to the walls
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of the plasma chamber, the potential along the beam axis will be monotonically
decreasing at the extraction of a positive ion source because a negative potential
is needed in the extraction region to extract the ions. From the plasma boundary
analysis presented earlier, the potential falls off exponentially on the order of the
Debye Length between the main plasma body and the plasma chamber wall. The
electron density also falls off exponentially and will compensate the space charge
of the positive ion beam as the particles exit the plasma.

The situation is different for negative ions. A potential well will form between
the plasma and the extraction region because a positive potential is needed to ex-
tract the negative ions. If it is assumed that the negative ions are generated at
the plasma potential, they’ll have to overcome the potential barrier created by the
plasma potential to be extracted from the plasma. Furthermore, the electric poten-
tial well will trap thermal positive ions that have an energy lower than the plasma
potential. Faster positive ions will be accelerated by the plasma potential but will
be reflected back into the plasma by the large electric field between the electrodes.
Both positive ion species need to be considered in the extraction of negative ions
from a plasma. In addition to the space charge of the positive ions, the space
charge of the electrons also needs to be considered in the analysis. Electrons that
have enough energy to overcome the potential barrier of the plasma potential will
be extracted from the plasma along with the negative ions. Figure 2.9 presents a

schematic of the electric potential along the beam axis.

Meniscus

@ (g=0V)

Plasma

Extraction

Figure 2.9: Schematic of the electric potential along the beam axis for the
extraction of negative ions.
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The complexity of the problem requires the use of numerical methods to accu-
rately predict the extraction of the ions. In spite of this, some theoretical concepts
can be derived about the extraction of positive and negative ions between elec-

trodes.

2.8 Basic Ion-Optics

Particles are transported through an accelerator system using either electric or mag-
netic fields, however the only force that can accelerate charges is the electric force.
The magnetic field acts perpendicularly to the particle’s motion and does not cause
any change in energy. Focusing of a beam of particles can either be done with elec-
tric or magnetic fields. For electrostatic focusing, the voltage needs to be on the or-
der of the beam energy in volts. Therefore, for higher beam energies (E; > 1 MeV)
the electric field requirements are too high to be practical, so magnetic elements
are most commonly used. Beam steering can be done with electric and magnetic
fields, but electrostatic steering is only practical with low energy beams. Magnetic
fields can also be used as a spectrometer as the bending radius of a charged particle
depends on the ratio of its mass over its charge (%). More details on beam steering
are presented in Appendix A.

It is common practice to use the same mathematical formulation used in light
optics to describe the propagation of an ion beam. In fact, it’s a convenient analogy
when comparing a single photon with a single particle. However, more sophisti-
cated models are needed to describe real particle beams since there is a distribution
of particles and the beam has some space charge that will affect the electric poten-

tial.

2.8.1 Particle Tracking

To obtain a better description of the beam propagation through the beamline, indi-
vidual particle tracking codes, such as IBSimu [77], IGUN [75], PBGUN [76] or
KOBRA [78], can be utilized. In these codes, the beam is separated into individ-
ual particles with each particle representing an ensemble of particles of charge g.
Each particle has a unique state vector and the sum of all the particles replicates the

whole beam with the correct current. The beamline is divided into a grid, then the
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electric and the magnetic fields are calculated at every point on the grid. The par-
ticle trajectories through the system are determined by calculating the force on the
particles as they propagate. Computer codes are needed to make the calculations,
and the process can be very time and memory consuming. One can accelerate the
process by using coarser grids, larger time steps and less particles at the expense

of a loss in precision.

2.9 Beam Quality

This section will present the charged particle beam emittance, which is a measure

of the beam quality.

2.9.1 Emittance

It is common practice to define the beam axis of an ion source as the z axis. Alter-
natively, one can introduce the s coordinate, which follows the central trajectory of
the beam. The x and y axis will always be transverse axes of the beam, with the x
axis often chosen as being parallel to the laboratory floor and the y pointing in the
vertical direction relative to the laboratory. The transverse velocities of the parti-
cles will be much smaller than the longitudinal velocity (v, > v, and v, > v,) for
standard ion source extraction energies (~ 5 keV-80 keV). A 6 dimensional space,
known as the phase space, is introduced to describe the distribution of particles

forming the beam. This distribution will be written as

n(x.x',y.y,z,%0), 2.21)

= dx _ o, y = dy — V—y and p defined as the momentum of the particles in

: /
with x’ = & =5
the beam, with Ap the variation in momentum from the reference trajectory.
Liouville’s theorem states that the phase space density for non-interacting par-
ticles is conserved for a system that can be described by a Hamiltonian [40]. Math-

ematically, this can be written as
f d7dp = const, (2.22)
with 7 corresponding to the position of the particle, 7 = (x,y,z), and p correspond-
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ing to the momentum of the particle, p = (px, py, p;). This means that the volume
in 6-D space occupied by the beam remains constant, and thus the phase space vol-
ume extracted out of the ion source will not vary as the beam is transported through
the beamline.

It is convenient to introduce 2-D projections of the phase space, notably in
(x,x'), (y,)") and (z, %), to help with the visualisation of the beam quality. (z, %)
is mostly used with pulsed beams and can be used to measure the energy dispersion
of DC beams; however, the dispersion of the beam was not measure as part of
this Thesis work, therefore the focus will be on the transverse phase spaces ((x,x")
and (y,y")). The two-dimensional transverse phase spaces are introduced by first
reducing the 6-D phase space to a 4-D phase space as n(x,x’,y,y’). The (x,x’) and

(y,y") distributions thus can be found by

ne(x,x') = ﬁ n(x,x',y,y")dydy', (2.23)

oo

ny(y,y') = Hn(m',y,y’)dde’- (2.24)

Liouville’s theorem holds true in 2-D phase spaces as well. This means that the
phase space area will remain constant under conservative forces.

To quantify the quality of the beam in transverse phase spaces, it is common
practice to describe the phase space occupied by the beam as an ellipse. Most
beams produced by ion sources with single apertures, especially volume-cusp ion
sources, produce beams that have an elliptical shape in (x,x’) and (y,y") phase

spaces. The equation used to represent the ellipse is chosen as
v 20y + Bx? =¢, (2.25)

with 7, a and f are the Twiss parameters and € is defined as the emittance [36].
Figure 2.10 presents how the emittance and the Twiss parameters are related to the

beam envelop ellipse.
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Figure 2.10: Schematic of the transverse beam envelope with the emittance
and the Twiss parameters relations to the ellipse.

The Twiss parameters respect the relation
By—o®=1. (2.26)
The area A of the ellipse in Figure 2.10 is given by
A = Te. (2.27)

The emittance will be used as the measure of the quality of the ion beam as
it is a representation of the phase space area. To show how the emittance affects
the beam size, the beam envelope size is calculated as the beam travels through
a beamline. The Courant-Snyder envelop equation dictates the size of the beam

envelope in a periodic beamline system [80], as described by

2
X0+ KXy — = =0, (2.28)
xm
where x,, is the size of the beam envelope, x/, is the second derivative of the size of
the beam envelope with respect to z, K is a constant related to the beamline and &, is

the x emittance. Figure 2.11 plots x,, as a function of z for various emittances. An
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initial beam radius of 10 mm with an initial divergence of —10 mrad was selected,
and the results are plotted with k¥ = 0. This represents a converging beam drifting

in free space.

20

— &,=1 mm-mrad
— &,=10 mm-mrad

— &,=20 mm-mrad
£,=30 mm-mrad

80 0.5 1.0 1.5 2.0 2.5
z (m)

Figure 2.11: Dependence of the beam envelope size for various emittance. A
value of k¥ = 0 was chosen along with an initial beam radius of 10 mm
and an initial divergence of —10 mrad.

From Figure 2.11, the emittance limits the minimum size of the beam envelope
at the waist location. The minimum beam size is related to the emittance by xyi, =
% [81], which can be seen in Figure 2.11.

The emittance corresponds to the area of the ellipse of the beam envelope di-
vided by 7. Commonly two different emittances are measured to describe the
transverse quality of the beam, &, and g, corresponding to both transverse direc-
tions of the beam. The longitudinal emittance can also be introduced and is useful
to describe pulsed beams and the energy spread of the beam, but it isn’t as relevant
for the DC extraction that is utilized for this study.

From the ellipse shape, it’s possible to learn valuable information about the
beam propagation. Figure 2.12 presents a schematic of particles for a beam drifting
along the z axis. The tilt of the ellipse shifts as the beam is converging, focused at
a waist or diverging. Also, because of Liouville’s theorem, the area of the ellipse

doesn’t change as the beam propagates.
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a) Position 1 Position 2 Position 3

Space 2

Figure 2.12: a) Schematic of beam particles along different points on the y
axis. b) Corresponding phase space ellipse of the beam in (y,y’) at
three different positions.

2.9.2 RMS Emittance

To calculate the emittance experimentally, the phase space area can be calculated
by measuring the distribution in transverse phase space, and then divide the result
by 7, as described by equation 2.27. However, by doing so the Twiss parameters
are not obtained, which are often used as the input of beam tracking simulations.
The concept of the RMS emittance is therefore introduced to obtain the Twiss

parameters of any beam. It is described as

erwis =/ (¥2) () — ()2, (2.29)

with
[ X1 (x, X )dxdx’

2
= [ 1(x,x")dxdx" (2.30)
oy I, )dxdx!
W= [ 1(x,x")dxdx' ’ (231
() = [ xxX'I(x,x")dxdx’ (232)

[ 1(x,x")dxdx
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Y= @, if (x) =0 and (x') = 0. Equations 2.29 to 2.32 apply to the (y,)) phase

space as well.

2.9.3 Normalized Emittance

As a particle beam is accelerated, the divergence x' = % and y' = % decreases
since the longitudinal momentum (p,) increases but the transverse momenta do not.
Thus, the emittance decreases as the beam energy increases. It is, however, possible

to define an invariant emittance known as the normalized emittance, defined as

& = €By, (2.33)

where f3, and v are the relativistic parameters,

C

=

2.10 Space Charge

A charged off-axis particle within a charged particle beam will have a radial force
acting on it, since all the particles in the beam have the same electric polarity and
there is mutual repulsion of the particles. This is known as the space charge effect

and it has adverse effects on charged particle beams.

2.10.1 Effect on a Beam

Gauss’ law can be used to find the electric field created by a uniformly charged
beam of radius 7, and current / with velocity v,. Figure 2.13 presents a cylindrical

Gauss surface of radius r and length / inside a beam.
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Figure 2.13: Schematic of a cylindrical Gauss surface inside a beam of cur-
rent /, radius 7, and velocity v,.

Gauss’ law states that

fo = [[E-as. (235)

where Q is the total charge inside the volume, E is the electric field and S represents
the surface of the Gauss surface and pointing perpendicularly to the surface.

For the case of r > r;, the charge inside the Gauss surface is found by multi-
plying the surface volume (I77%) by the charge density (p = m%vz ). If one assumes
radial symmetry, there will only be a radial component for the electric field, E,.

Using Gauss’ law for the surface presented in Figure 2.13,

I
Inr? ——— = 27lrE,. (2.36)
ETry v,

From equation 2.36, E, can be calculated,

rr (2.37)

r— -
2megv, 1y

The same process can be done to find the electric field at r, < r < r),, with r,, the
radius of the beam pipe. In this case the surface can be chosen with r = r;, so the

charge will be O = i—l

I 1
= - 2.38
2mwegv, ¥ ( )
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Adding the boundary condition ¢ (r,) = 0, the space charge potential is given by

I

o(r) = T

I
2meyv;

1 I
<2+ n - 2r5>, forr<r,

p
In-2,
p

(2.39)
forr, <r<rp.

The electric potential created by a 30 keV H™ beam with a 20 mm radius traveling

through a beam pipe with a 100 mm radius is presented in Figure 2.14 for various

beam currents.
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Figure 2.14: Electric potential due to beam space charge along the cross sec-
tion of 30 keV H™ beam with a 20 mm radius in a beam pipe with a

100 mm radius.

Furthermore, the increase in size of H™ beams due to space charge was simu-

lated. This is done through particle tracking simulations since the size of the beam,

and thus the electric potential due to the space charge, changes as the beam drifts.

To simulate the effect of space charge, IBSimu [77] was used. IBSimu calculates

the potential created by the beam after tracking the particle through the simulation

space and then recalculates the trajectories with the space charge potential added to

the simulation space. The code then repeats the previous steps until the calculated

trajectories converge to a solution. The initial beam simulated had a un-normalized

1-RMS emittance of 10 mm-mrad with Twiss parameters of &« = 0.4, B = 2.4 m/rad

and Y = 0.48 rad/m at z = 0. The dependence of the beam size on the beam current

and on the beam energy are presented in Figure 2.15.
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Figure 2.15: Simulation of a H™ beam drifting with and without space
charge, the beam has a un-normalized 1-RMS emittance of 10
mm-mrad with Twiss parameters of o = 0.4, B = 2.4 m/rad and
Y = 0.48 rad/m. a) Dependence of the beam envelop size on the beam
current, the beam energy was set at 15 keV. b) Dependence of the beam
envelop size on the beam energy, the beam current was set at 20 mA.

From Figure 2.15, the space charge is both highly dependent on the beam cur-
rent and the beam energy. The effect of beam current is obvious, since there are
more charged particles in the beam, the repulsing potential will be higher, resulting
in a larger beam. The larger effect at lower beam energies is due to the slower
velocity of the beam. It takes longer for the beam to travel through the 170 mm
of the system, allowing the beam size to further increase. The baseline ion source
used for this Thesis study has a maximum beam energy of 30 keV and the maxi-
mum H™ beam current achieved was about 18 mA, so the space charge effect is a
concern for such beam parameters. With a goal of 1 mA of C™ or 0.5 mA of C,,
the space charge effect is not as important, however it could become an issue if the
ion source is operated at the minimum allowable energy of 10 keV.

Since space charge is a linear effect, Liouville’s theorem still holds. This means
that the total area of the beam in phase space will remain constant. However, the
un-normalized 1-RMS emittance can increase as a result of space charge because
the fitted ellipse will be larger since the phase space will no longer be elliptical.
Such an example is presented in Figure 2.16, where the phase space of a beam
propagating 150 mm is simulated. The non-linear effect causes the beam to trans-

form from an elliptical shape to one with more of an § shape. The RMS emittance
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of the beam more than doubles, but the total area of the phase space remains con-
stant, in accordance to Liouville’s theorem. From the point of charged particle
ion-optics, the emittance has grown and this increase must be accommodated by

the ion-optical elements and apertures in the ion-optical system to reduce beam

losses.
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Figure 2.16: Phase space of a 30 keV Gaussian beam of 200 mA of H™ a)
initially and b) after drifting 150 mm. The RMS emittance ellipse is
illustrated in blue and the RMS emittance value is presented in the
upper left corner of the plots.

2.10.2 Space Charge Compensation

As the beam interacts with the residual gas in the beamline, ionization and charge
exchange of the gas particles occurs. The result is positive ions and electrons are

created in the beamline as per the two following equations:
AT+X — AT+ X e, (2.40)

AT+X — A+XT, (2.41)

for a +1 charged beam, where A represents the beam and X represents the gas
molecule. The cross sections for both reactions will dictate the electron and ion

densities created by the beam, with the electron density only dependent on the
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ionization of the gas and the ion density dependent on both the ionization and the
charge exchange.

For negative ions, the most common interactions are the stripping of the nega-
tive ion in the beam by the residual gas and the ionization of the residual gas in the

beamline. These interactions can be described by

AT+X —A+X+e . (2.42)
AT+X — A +X +e, (2.43)

The space charge potential of the beam will either attract or repel the charged
particles, depending on the polarity of the beam. For example, if the beam is
composed of negative ions, the positive ions created by the ionization or the charge
exchange will be attracted by the potential well created by the beam, as presented
in Figure 2.14, while the electrons will be repelled towards the beam tube. The
opposite will occur for a positively charged beam. This migration of charges in the
potential well created by the beam will lead to compensation of the space charge
of the beam.

A simple model that includes the space charge compensation to describe the

electric potential across the beam can be written as

(1 %
megv <2 +1In o 2r,’§‘> for r < ry,

I 1"
2megv; In r

¢(r)=(1-re) (2.44)

forr, <r<rp,

with f, the degree of compensation which corresponds to the ratio of space charge
compensating particles to the beam density. Figure 2.17 presents the effect of 50%
space charge compensation on the phase space. The S shape that comes from the

non-linear space charge effect is reduced with the 50% space charge compensation.
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Figure 2.17: Simulation of a 10 mA H™ beam with IBSimu [77]. a) Initial
phase space, b) after a 400 mm drift with no space charge, c) with 50%
space charge compensation and d) with no space charge compensation.

The degree of space charge compensation depends on multiple factors, such as
the type of gas particles present, the pressure in the beam pipe and the energy and
current of the beam. The effect is also time dependent which becomes important
for pulsed beams. Furthermore, the use of electrostatic components in the beamline
will greatly affect the space charge compensation since the potential created by
these components will create areas with variable charge densities.

As an example, Baartman and Yuan [74] found that they could achieve a space
charge compensation factor of 95.6% at a vacuum pressure of 1.1-107® Torr with

their 12 keV, 1 mA H™ beam. The compensation factor increased to 96.0% at
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5-107° Torr and 97% at 1.4- 107> Torr. They saw an over-compensation effect at
1.2-10~* Torr, where the beam was self focusing. However, at this pressure they

saw a H™ stripping rate of more than 50% per meter.

2.11 Conclusion

This chapter presented important background theory relevant to the Thesis topic.
Basic plasma physics, plasma generation and plasma confinement were first pre-
sented. Basic ion source theory, with an emphasis on negative ion sources, was
then covered. Finally, ion optics notions relevant to ion sources were introduced.
The next chapter will describe the extraction of negative carbon ions from the

baseline filament-powered volume-cusp ion source.
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Chapter 3

Extraction of Negative Carbon
Ions from the Filament-Powered
Ion Source

All the experimental work done as part of this Thesis was conducted at the Ion
Source Test Facility (ISTF). Appendix B presents the ISTF, the baseline ion source
used as part of this Thesis work and the commissioning of the test facility with
H™. The baseline ion source is a filament-powered volume-cusp ion source that
was licensed from TRIUMF [23]. Up to 18 mA of H™ was extracted out of the ion
source during the commissioning.

This chapter will present an experimental study of negative carbon extraction
out of the filament-powered ion source as it could be a good candidate for an ion
source capable of producing the required negative carbon ion beam. Furthermore,
since there is a lack of published data on direct negative carbon ion extraction out
of volume-cusp ion sources, this will be important for the scientific record.

The first part of the chapter will focus on analyzing the performance of the ion
source with different carbon rich injection gases, such as acetylene, carbon dioxide
and methane. The chapter then focuses on the performance of the ion source with
acetylene as the injection gas, as it was found that the highest C; beam currents ob-
tained were with acetylene. The beam current, co-extracted electron current, beam

composition and phase space are analyzed as a function of the different ion source

45



parameters and are also compared to results obtained with hydrogen in Appendix
B. Plasma parameters are then measured with the Langmuir probe as a function
of the ion source parameters and the results are compared to those obtained with
hydrogen. Finally, issues that arise from using acetylene as the feed gas in the ion

source are presented.

3.1 Injection Gases

There are multiple gases that contain carbon, which creates multiple options to use
as the injection gas. The injection gases tested as part of this Thesis work include
acetylene, methane and carbon dioxide. Testing the TRIUMF licensed filament-
powered volume-cusp ion source with different gases will give insight into which
gas should be used for the final ion source design. It will also illustrate any potential

ion source issue relating to the gas used.

3.1.1 Acetylene

Acetylene (C2H>) has been used in ion sources to produce carbon beams, notably
it can be used in Electron Cyclotron Resonance (ECR) ion source to produce high
charge states of carbon beams for carbon therapy [82]. However, no evidence was
found of acetylene being used for the dedicated production of negative carbon ions.

The production of negative ions from electron interactions with acetylene gas
was previously investigated by several groups [83-86]. Their results show that C;
and CoH™ are the two main negative ions produced, with smaller amounts of C™,
CH™ and H™ also found. The authors note that the negative ions were produced
by two main processes, which are Dissociative Electron Attachment (DEA) and
Dipolar Dissociation (DD). DEA is described has the dissociation of a molecule

and the attachment of the electron that it interacts with. It can be written as
AB+e” — AB*™ — A™ +B, 3.1

where AB is the gas molecule and AB*~ is an excited state of the molecule. For
the case of acetylene, A can be C,, CoH, C, CH or H, since these are the negative
ions that were shown to be produced.
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For dipolar dissociation, there is no electron attachment, the dissociation pro-

duces a positive and a negative ion. DD can be represented as
AB+e — AB*+e — A" +Bt 4, (3.2)

where A can be the same constituents as with DEA.

The DEA reactions have a higher cross section at lower electron temperatures,
while DD has a threshold electron energy of more than 20 eV. Szymanska et al.
[83] noted that DEA had several optimum electron temperatures for the production
of the various ions below 20 eV of incoming electron energy. As can be seen in
Figure 3.1, they found peaks for the production of C; and C;H™ at2.5eV, 7.3 eV
and 12.7 eV of electron energy, as well as a peak for the production of H™ at 7.3
eV.
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Figure 3.1: Negative ion yield for acetylene as a function of the electron en-

ergy. This figure was taken from [83].

From these studies, the prediction is that acetylene would be a good option
for the production of C; since it was found to be produced with one of the high-

est yields. Furthermore, the cross-section for the production of C, has peaks at
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electron energies of less than 10 eV, and thus it is expected that the low electron
temperature seen in volume-cusp ion sources should be well suited for the volume
production of C, through dissociative electron attachment. The electron temper-
ature in the TRIUMF licensed filament-powered volume-cusp ion source is much
lower than the energy threshold needed for dipolar dissociation, as was seen with
the Langmuir probe analysis done with H™, so it is expected that the C, ion yields
for dipolar dissociation in the ion source will be lower than DEA.

The use of acetylene in the TRIUMEF licensed filament-powered ion source was
tested at the ISTF. An acetylene plasma was generated in the TRIUMF licensed
filament-powered volume-cusp ion source with about 375 A of filament current in
the four tantalum filament configuration presented in the Appendix B. This current
is significantly larger than the 260 A to 280 A that is needed to start a plasma
with hydrogen. Furthermore, the filament lifetime was considerably lower with
acetylene due to the increased sputtering of the filaments caused by the heavier
ions in the plasma. To reduce the total current needed, only the two outer filaments
were used to operate the ion source which reduced the current needed to start the
plasma to about 190 A.

A total maximum current of 0.33 mA was extracted from the ion source with
a considerably larger co-extracted electron current than was seen with H™. The
beam current was measured with the Faraday cup located 480 mm from the plasma
electrode and it includes all of the beam species extracted, before they were sepa-
rated by the mass spectrometer system. The ion source parameters for the 0.33 mA
tune are presented in Table 3.1. The mass spectrometer system with the entrance
and exit slits set at 1 mm was used to analyze the beam composition. A typical

spectrometer scan obtained is presented in Figure 3.2.
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Parameter Value
Total Beam Current 0.334+0.02 mA
Arc Current 33+0.1 A
Arc Voltage 120.0+0.1 V
Bias Current 0.70£0.04 mA
Bias Voltage 25.0+0.1 kV
Extraction Electrode Current | 24.54+0.5 mA
Extraction Electrode Voltage 2.9+£0.1kV
Plasma Electrode Current 3.0+0.1 A
Plasma Electrode Voltage 20.0+£0.1V
Gas Flow 5.040.2 sccm
Filament Current 163+1 A
Filament Voltage 5.1+£02V
X Steering Current 0+0.1 A
Y Steering Current 0+0.1 A

Table 3.1: Ion source parameters for the maximum beam current obtained

with CoHp.
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Figure 3.2: Spectrometer scan of a beam extracted by the TRIUMF licensed
ion source with acetylene as the injection gas. The arc current was set
at 1 A, the arc voltage was set at 120 V, the gas flow was set at 10 sccm

and the beam energy was set at 30 keV.

As can be seen in Figure 3.2, the two largest negative ion species found were

C, and C;H™, which correlates well with previous studies on the production of

negative ions with acetylene [83, 85, 87]. However, some of the ions obtained

were not found in these previous studies, such as C;H, . Both Dipolar Dissocia-
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tion and Dissociative Electron Attachment involve the dissociation of the molecule,
and thus the production of CoH;, ions can’t be through these processes. The pro-
duction of this ion is through the surface production, where the molecule captures
an electron when it interacts with the wall of the plasma chamber. Neutral CoH; is
the species that has the highest density in the plasma chamber (the degree of ion-
ization is below 1% in volume cusp ion sources), so it’s very likely that high C;H;,
ion production rate would come from surface production. Surface production could
also be responsible for the production of other species in the beam as well, includ-
ing C; and C,H ™. Furthermore, the species which are heavier than C;H; (such as
C3H, , C4H, , C4H5 and C4H, ) are probably the result of polymerisation of the
molecules in the plasma [88].

The yields of H™,C"/CH™ and C, /C;H™ measured by Szymanska et al. [83]
were done at electron temperatures of 80 eV and 8 eV. Their results are presented
in Figure 3.3.

' ACETYLENE, CH, Cz'/lCZI T

intensity (arb. units)

time (psec)

Figure 3.3: Mass spectra of acetylene at two incident electron energies. Data
taken from [83].

The results at 80 eV show that the C"/CH™ yields are similar to H™. However,
at 8 eV the C7/CH™ is zero. Trace amounts of C~ and CH™ were extracted out
of the ion source, which relates well with the results presented by [83] since the
electron temperature in the TRIUMF licensed is less than 10 eV, as was seen with
the Langmuir probe measurements of Appendix B.

As predicted, the large C; ion yield seen with acetylene makes it a good can-
didate for a goal of 0.5 mA of C, . However, the extraction was very unstable, with

frequent sparking seen on the extraction electrode, causing interruptions in the
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beam current. This led to glitch rates of more than 1000 glitches per hour. Further-
more, running the ion source with acetylene led to black deposits on the surfaces
of the plasma chamber, as is presented in Figure 3.4. This could be problematic for

the long term operation of the ion source if the insulators get contaminated.

-

Figure 3.4: Photograph of the plasma electrode after running the filament
powered ion source with acetylene for about 4 hours. A new plasma
electrode is polished copper.

3.1.2 Carbon Dioxide

Carbon dioxide can be used to produce negative carbon ions in ion sources used for
Accelerator Mass Spectrometry (AMS), where either charge exchange ion sources
[89] or cesium sputter ion sources are used [90]. No evidence of an alkali metal
free negative carbon ion source using CO; as the injection gas could be found in
the literature.

Previous studies [91, 92] were done on the interaction of electrons with CO,
and they found that O~ was the main ion produced with considerable yields of
CO™ also found. In addition, it has been shown that the production of C~ by
dissociative electron attachment in CO; only starts at electron energies above 15
eV and the maximum cross section of the reaction is on the order of 2- 1072! cm?

[93]. The prediction is thus that some C~ will be extracted from the ion source, but
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the yield will be low.

Carbon dioxide was used in the TRIUMF licensed filament-powered volume-
cusp ion source in an effort to produce C~ ions. Only two of the four filaments
were used to reduce the total current needed to generate a plasma. The plasma was
started with about 150 A of current in the filaments. Up to 0.2 mA of total beam
current (all species combined) was measured on the Faraday cup with 850 W of arc
power and 2.5 sccm of carbon dioxide gas flow. The ion source parameters used to

obtain the maximum beam current are presented in Table 3.2.

Parameter Value
Total Beam Current 0.22+0.02 mA
Arc Current 8.5+£0.1 A
Arc Voltage 120.0+0.1 V
Bias Current 2.840.1 mA
Bias Voltage 25.0£0.1 kV
Extraction Electrode Current | 143.8+0.5 mA
Extraction Electrode Voltage 3.3£0.1kV
Plasma Electrode Current 6.31+0.1 A
Plasma Electrode Voltage 20.0+0.1V
Gas Flow 2.540.2 sccm
Filament Current 153+1 A
Filament Voltage 4.0+£02V
X Steering Current 0+0.1 A
Y Steering Current 0+0.1 A

Table 3.2: Ion source parameters for the maximum beam current obtained

with COs.

The mass spectrometer system with the entrance and exit slits set at 1 mm was

used to analyze the beam composition. A typical spectrometer scan with CO, is

presented in Figure 3.5.
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Figure 3.5: Spectrometer scan of a beam extracted by the TRIUMF licensed
ion source with carbon dioxide as the injection gas. The arc current was
set at 1 A, the arc voltage was set at 120 V, the gas flow was set at 10
sccm and the beam energy was set at 30 keV.

As can be seen in Figure 3.5, the main ion produced was O~ with small
amounts of CO™ and trace amounts of C™, O, and CO, also observed. The re-
sults compare well with the electron interaction studies presented earlier [91-93].
As was the case with the extraction of C;H, from acetylene plasmas, the produc-
tion of CO; is through surface production as the volume production mechanisms
involve the dissociation of the molecule.

The ion source’s plasma chamber was much cleaner than with acetylene and
the stability of the extraction was much better than with acetylene at about 100
glitches per hour. However, the C™ ion yield is too low which doesn’t make carbon

dioxide a viable injection gas for the production of negative carbon ions.

3.1.3 Methane

A previous study showed that the interaction of electrons with methane (CHy)
yields negative carbon ions through dissociative electron attachment [94]. C™ ions
were found to be produced, however, the main negative ion found was H™ with a
production rate of more than 13 times that of C™. They also found that the mini-
mum electron energy for the production of C~ was found to be of 26.7 eV, which
is much higher than the average electron energy in the TRIUMF licensed filament-

powered volume-cusp ion source. Other negative ions that were observed were
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CH™ and CH, . It is predicted that methane will not be a good candidate for the
production of C~ with volume-cusp ion source but, it is important to measure the
negative ions extracted with a methane plasma since it has a similar molecular ge-
ometry as phosphine (PH3) and arsine (AsH3), which are used in ion sources to
implant phosphorus and arsenic respectively [95]. A positive result with methane
would motivate the pursuit of experimenting with these gases for the production of
P~ and As™ with volume-cusp ion sources for the purpose of ion implantation for
semi-conductor production.

High purity methane (>99.9%) was used in the TRIUMF licensed ion source.
Only two of the four filaments were used to reduce the total current needed to
generate a plasma. The plasma was started with about 165 A of current in the
filaments. A maximum total beam current of 0.28 mA was extracted with 4.4 sccm
of methane gas flow and an arc power of about 600 W. The ion source parameters

used to obtain the maximum beam current are presented in Table 3.3.

Parameter Value
Total Beam Current 0.284+0.02 mA
Arc Current 4940.1 A
Arc Voltage 120.0£0.1 V
Bias Current 1.4340.08 mA
Bias Voltage 30.0+0.1 kV

Extraction Electrode Current | 130.0+0.5 mA
Extraction Electrode Voltage 1.9£0.1 kV

Plasma Electrode Current 2.7+0.1 A
Plasma Electrode Voltage 20.0£0.1V
Gas Flow 4.44+0.2 sccm
Filament Current 158+1 A
Filament Voltage 414+£02V
X Steering Current 0+0.1 A
Y Steering Current 0+0.1 A

Table 3.3: Ion source parameters for the maximum beam current obtained
with CHy4.

The mass spectrometer system with the entrance and exit slits set at 1 mm was
used to analyze the beam composition. A typical spectrometer scan obtained when

methane was used as the injection gas is presented in Figure 3.6.
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Figure 3.6: Spectrometer scan of a beam extracted with methane as the injec-
tion gas. The arc current was set at 1 A, the arc voltage was set at 120V,
the gas flow was set at 10 sccm and the beam energy was set at 30 keV.

From Figure 3.6, H™ composes most of the beam, with small contributions
from CH, , C;H™ and C;H, . No C™ or C; ions were detected in the beam. The
hypothesis is that the C;H™ and C;H;, ions come from contamination from pre-
vious tests with acetylene in the ion source. But, C, ions have been known to be
present in methane plasmas [96], which could be an additional source of CoH™ and
C,H, ions. From the results found by Smith [94], it was predicted that H™ was
going to be the main negative ion produced in the methane plasma, which com-
pares well with the extracted beam out of the ion source. Non-negligible amounts
of CH, were detected, which is due to surface production as dissociative electron
attachment requires the molecule to split into two smaller entities. The C~, CH™
and CH, were also much lower than what was predicted. Since no C™ or C;
were extracted, methane is not a viable injection gas for the production of negative

carbon ions.

3.2 Acetylene in the Filament Ion Source

Since the highest negative carbon current was extracted with acetylene as the in-
jection gas in the plasma chamber, the remainder of the chapter will focus on the
performance of the ion source with acetylene. This section will present how the
negative beam current out of the TRIUMEF licensed filament-powered volume-cusp

ion source is affected by the different ion source parameters when acetylene is used
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as the injection gas. The results obtained will be compared with the performance

of the ion source for the production of H™.

3.2.1 GasFlow

Increasing the acetylene gas flow in the plasma chamber directly increases the pres-
sure as was presented in the Section B.1.3. The total beam current, composed of
all the species extracted out of the ion source and the co-extracted electron current
as a function of the gas flow are presented in Figure 3.7. The extraction of the ion
source with acetylene is unstable due to sparking on the extraction electrode and
the frequency of the sparks observed is on the order of about 1000 glitches per hour.
Due to these instabilities, the beam current values fluctuate and Figure 3.7 includes

error bars which present a standard derivation of five consecutive measurements.
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Figure 3.7: Total beam current and co-extracted electron current as a function
of the gas flow. The arc current was set at 1 A, the arc voltage was set
at 120 V, and the beam energy was set at 25 keV.

From Figure 3.7, there is an increase in beam current with an increase in gas
flow. This is the opposite of what is seen with H™ at low arc currents, which was
presented in the baseline H™ measurements in Figure B.22. Figure 3.8 presents the
relative composition of the beam, measured with the mass spectrometer with the

slits set at 1 mm, as a function of the gas flow for the data in Figure 3.7.

56



0.5 P . -
504 P e -3 C5

< 1 - CH™
5 I S S 3 CoHy
s03) A

= AN 4 \E - \\

@] W :i

202 0N A 3

o) B -

o1l R e H .

Gas Flow (sccm)

Figure 3.8: Relative current of the four main species as a function of the gas
flow. The arc current was set at 1 A, the arc voltage was set at 120 V,
and the beam energy was set at 25 keV.

From Figure 3.8, there is a decrease in the relative H™ current while there is a
relative increase in beam current of the three main carbon species. The decrease
in H™ current as a function of increasing gas flow is consistent with what is seen
with the ion source operation with hydrogen. There is increased H™ stripping at
the higher pressures which leads to a decrease in H™ beam current. The electron
affinity of CoH™ is 2.97 eV [97], that of C; is 3.3 eV [98] and that of C;H, is 2.21
eV [99], which are much higher than the electron affinity of hydrogen at 0.75 eV
[100]. This means that the H™ is much more susceptible to stripping interactions
than the negative carbon ion species.

There is also a net increase in the carbon species beam current with gas flow.
This is due to an increase in production of these ions in the plasma, which can
be caused by multiple factors including an increase in the neutral density in the
plasma, an increase in the electron density or a change in the electron temperature.
From Figure 3.7, there is no increase in co-extracted electron current as a function
of gas flow, which indicates that there is no large change in the electron density
close to the extraction of the ion source. Therefore, this eliminates an increase in

the electron density as the cause of the increase in the total beam current. The
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remaining factors for the total beam current increase as a function of the gas flow
are thus related to either an increase in the neutral species density and/or an increase
in the production cross section due to a change in the electron temperature in the
plasma.

Increasing the gas flow in the ion source is thus a valid method to increase the
negative carbon current extracted out of the ion source. The following section will

focus on the effect of arc current on the beam current extracted.

3.2.2 Arc Current

From the baseline H™ measurements done in Figure B.22 the beam current gener-
ally increases with the arc power. This is due to an increase in the H(v") produc-
tion rate in the plasma, which leads to an increase in H™ production through the
dissociative electron attachment reaction. For acetylene, it is expected that increas-
ing the arc current will increase the electron density in the plasma which should
increase the negative ion production rate through dissociative electron attachment.

Figure 3.9 presents the total beam current and the C; current as a function of the

arc current.
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Figure 3.9: Total beam current and C, beam current as a function of the arc
current. The gas flow was set at 19 sccm, the arc voltage was set at 120
V, and the beam energy was set at 25 keV. The error bars correspond to
the standard deviation of 5 consecutive measurements.

From Figure 3.9, there is an increase in both the total beam current and the

58



C, beam current with arc current. The relative current of the different species
stays constant as the arc current is increased which shows that the negative ion
production rate increases uniformly for all of the negative ions, and suggests that
the increase is due to an increase in the electron density in the plasma. There is
also an increase in the frequency of the sparking on the extraction electrode when
the arc current was increased, and this can be seen by the increase in the size of
the error bars as the arc current is increased. The glitch rate increased from about
500-800 glitches per hour for arc currents of less than 2 A, to 2000-3000 glitches
per hour for an arc current of 3 A. This restricts the operation at higher arc power,
limiting the maximum beam current that could be extracted from the ion source.
Increasing the arc current is another valid method that could be used to increase
the negative beam current extracted out of the ion source. However, with the in-
creased power into the plasma there is also increased glitching on the extraction

system, which limits the maximum power that can be applied into the plasma.

3.2.3 Plasma Electrode

For the operation of the ion source with H™, there is a clear optimum in the plasma
electrode potential, which was shown in Figure B.35 . The optimum plasma elec-
trode voltage is usually close to the plasma potential because setting the electrode
at this voltage eliminates the potential well created at the extraction, and increases
the flux of H™ through the plasma sheath [46]. However, the extraction of negative
carbon ions from an acetylene plasma was not influenced by the plasma electrode
potential. Figure 3.10 presents the total beam current and the co-extracted electron

current as a function of the plasma electrode voltage.
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Figure 3.10: Total beam current and co-extracted electron current as a func-
tion of the plasma electrode voltage. The gas flow was set at 1 sccm,
the extraction electrode was set at 2.9 kV, the arc current was set at 2

A and the arc voltage was set at 120 V and the beam energy was set at
25 keV.

From Figure 3.10, the plasma electrode voltage has no effect on the negative
ion beam current extracted. The variation in the beam current seen is due to the
instability of the extracted current caused by the frequent voltage breakdowns on
the extraction system. The only effect the plasma electrode voltage had on the beam
was on the co-extracted electron current, the increase in voltage on the plasma
electrode reduces the co-extracted electron current, which is also seen with H™
(see Figure B.35). There is also an increase in the plasma electrode current as
the electrode voltage is increased, which indicates that there is a depletion of the
electron density in the plasma near the electrode, and the depletion increases with
the plasma electrode voltage.

3.2.4 Emittance

A normalized 4-RMS emittance of less than 1 mm-mrad is required for the tar-
get ion implantation application. The emittance scanner at the ISTF is located
upstream of the spectrometer system, so the phase space scans include all of the
species that make up the total beam current and not just the desired C; ions.

A normalized 4-RMS emittance value commonly between 0.5 mm-mrad and
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0.9 mm-mrad for the total beam of all species was found, which is larger than what
was commonly found with hydrogen, but is lower than the upper maximum limit
of I mm-mrad desired for this Thesis work. The 4-RMS emittance of the C, beam
was not measured but is clearly less than 1 mm-mrad. The normalized 4-RMS

emittance as a function of the acetylene gas flow is presented in Figure 3.11.
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Figure 3.11: Normalized 4-RMS emittance as a function of the gas flow for
the total (all species) negative ion beam extracted from an acetylene
plasma and comprised of ions shown in Figure 3.2. The arc current
was set at 2 A, the arc voltage was set at 120 V, the plasma electrode
was set at 20 V, the extraction electrode was set at 2.8 kV and the bias
voltage was set at 25 kV.

There is a slight decreases of the emittance as the acetylene gas flow increases.
But, the 4-RMS emittance is also well below the desired upper limit of 1 mm-mrad.
The phase space scans of the 5 sccm and 15 sccm tunes are presented in Figure
3.12.
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Figure 3.12: Phase space scan of a) the 5 sccm tune and b) the 15 sccm tune.

The ion source parameters for the phase space scans presented in Figure 3.12

are presented in Table 3.4.

Tune a Tune b
Total Beam Current 0.03mA | 0.13 mA
Arc Current 1.97 A 197 A
Arc Voltage 120V 120V
Bias Current 1.5 mA 1.4 mA
Bias Voltage 2499 kV | 2499 kV
Extraction Electrode Current | 54 mA 95 mA
Extraction Electrode Voltage | 2.6 kV 2.52kV
Plasma Electrode Current 031 A 031 A
Plasma Electrode Voltage 10V 10V
Gas Flow 5 sccm 15 sccm
Filament Current 370 A 367 A
Filament Voltage 43V 44V
X Steering Current 0A 0A
Y Steering Current 0A 0A

Table 3.4: Ion source parameters for the phase spaces presented in Figure

3.12.

From Figure 3.12, there are gaps in phase space due to large glitches that in-

terrupt the beam and leave holes in the data as the emittance scanner is scanning.

However, the emittance can still be properly calculated by judging how the emit-
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tance ellipse overlaps the data.

To study the origin of the decrease of emittance with gas flow, the negative ion
beam was simulated in IBSimu [77], as was presented in Section B.4.5. The beam
parameters of Table 3.4 were used as well as the other IBSimu parameters used for
the H™ study presented in Section B.4.5. The relative composition of the beams
simulated were set to H™:C; /CoH™/Co,H2™ = 1:1 and 1:2. Figure 3.13 presents the

phase spaces obtained at the location of the emittance scanner (z = 368 mm).
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Figure 3.13: Phase space obtained in IBSimu for a relative H™:C; ratio of a)
1:1 and b) 1:2. ¢) and d) Scatter plots of the two simulated beam.

As can be seen in Figure 3.13, H™ and C, beams produce different phase space
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distributions and the difference between the two increases the RMS emittance. The
reduction in emittance was due to a decrease in the relative H™ current at higher
gas flows.

The difference in the emittance as a function of gas flow is not due to the in-
creased space charge compensation seen with the pressure in the vacuum chamber,
as it was with hydrogen in Section B.4.5. This is due to the fact that the pressure in
the vacuum chamber is much lower with the acetylene plasma compared to the hy-
drogen plasma and the pressure is too low for the space charge compensation to be
effective. Upon igniting the acetylene plasma, there is a sharp drop in the pressure
measured by the vacuum gauge in the upstream region of the vacuum box. The
drop in pressure is likely explained by the formation of nanometer sized particles
[101] that are deposited on the plasma chamber walls, as was presented in Figure
3.4. The pressure measured in the upstream region of the vacuum chamber as a
function of gas flow for an acetylene plasma, a hydrogen plasma and acetylene gas
flow but no plasma is presented in Figure 3.14. There is a clear drop in pressure
when there is an acetylene plasma and the pressure is also much lower than it was

with hydrogen plasmas.
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Figure 3.14: Pressure measured in the upstream region of the vacuum cham-
ber as a function of the gas flow with an acetylene plasma, with a
hydrogen plasma and with acetylene gas but without a plasma. The
arc was set at 2 A and 120 V for the measurements with the plasma.
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From Figure 3.14, the large drop in pressure between the case with and without
the acetylene plasma can be seen. The pressure with the acetylene plasma is also
much lower than the hydrogen plasma. Space charge compensation was only effec-
tive at hydrogen gas flows of more than 15 sccm, so the pressure with the acetylene
plasma is too low for effective space charge compensation of the beam.

The emittance measurement as a function of the arc current could not be com-
pleted due to the higher glitch rates above 3 A of arc current (> 1000 glitches
per hour) and the minimum time to take a phase space scan of the beam (about 2
minutes), which led to too much missing data to obtain valid emittance values.

The initial analysis of the extraction of negative carbon ions from an acetylene
plasma presented in this section revealed that considerable C, beam current (0.1
mA) can be extracted. This is the most negative carbon ion current extracted from
a cesium free ion source that has been reported. There are, however, drawbacks to
the use of acetylene in the ion source which include a high glitch rate and contam-
ination of the plasma chamber. The following section will focus on the analysis of
the acetylene plasma to determine which processes are involved in the production

of the negative ions.

3.3 Plasma Parameters Analysis

To better understand why there is an increase in negative beam current as a function
of gas flow, the acetylene plasma was analyzed with a Langmuir probe.

The Langmuir probe described in section B.4.9 was located 20 mm from the
plasma electrode, upstream in the plasma chamber, on the central axis of the ion
source. As with the hydrogen plasma, the probe was inserted through the extraction
system, as in Figure B.20, preventing the application of a bias on the ion source and
the electrodes. The same configuration was used to effectively measure the electron
temperature and density in a hydrogen plasma, as was presented in Section B.4.9.
Figure 3.15 presents an [V curve and obtained with the Langmuir probe in the

acetylene plasma.
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Figure 3.15: Langmuir probe /V curve with an exponential fit obtained with
an acetylene plasma. The arc current was set at 1 A, the arc voltage
was set at 120 V and the acetylene gas flow was set at 10 sccm.

From Figure 3.15, the plasma potential is very close to 0 V. Indeed, an impor-
tant difference seen when comparing the acetylene and hydrogen plasma is that the
plasma potential was lower with acetylene and even became negative for higher
arc currents. This is explained by a reduced confinement of the positive ions in the
acetylene plasma due to the heavier mass of the ions, which leads to a higher flow
of positive ions to the walls of the plasma camber. When the total flow of posi-
tive ions to the wall is larger than the electron flow, the plasma potential becomes
negative. The lower plasma potential explains why there is no optimum plasma
electrode value with the extraction of negative ions with acetylene, as was seen
in Figure 3.10. There is no potential well created by the plasma potential and the
electric potential in the extraction region, thus the plasma electrode does not need
to be biased to improve the flow of negative ions to the extraction region.

The electron temperature (7,) and the electron density (n.) were calculated as
a function of the gas flow in the ion source using the theory presented in Section
B.4.9. The results are presented in Figure 3.16. The error bars correspond to the
95% interval for the exponential fit to find 7, and by assuming 0.5 mA in the

current measurement at the plasma potential to find #,.
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Figure 3.16: a) Langmuir probe measurements of electron temperature and
density in an acetylene plasma as a function of the gas flow with the
probe tip located 20 mm upstream from the plasma electrode, on the
central axis of the ion source. The arc current was set at 1 A and the
arc voltage was set at 120 V for the measurements. b) Measurements
with hydrogen presented in Figure B.41.

From Figure 3.16, there is a considerable decrease in the electron temperature
with the increase in gas flow, while the electron density remains relatively constant.
The decrease in electron temperature places the electron energy distribution in a
more favorable position for the production of C; and C;H™ with DEA in acetylene
as was presented by Szymanska et al. [83]. They found that there was a peak in
the DEA cross section at an energy of about 2.5 eV, which is slightly higher than

the electron temperature at more than 10 sccm. The increased gas flow also leads
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to an increase in the neutral density which would also lead to an increase in all
the negative ion species. Both effects explain the increase in negative carbon beam
seen with gas flow.

When comparing the plasma properties of acetylene and hydrogen, the electron
density is comparable between the two plasmas at similar arc parameters however,
the electron temperature is much higher in the acetylene plasma. The big difference
seen in electron temperature is explained by a large pressure difference between
the two plasmas, as was presented in Figure 3.14. The pressure in the ion source
is much lower with acetylene due to the deposition of particles on the walls of the
plasma chamber. The reduced density of neutral particles in the plasma means that
the electron temperature will be higher since the collision frequency between the
electrons and the neutrals will be lower. As is seen in Figure 3.16, the electron
temperature is always lower at higher gas flows, which means that the electron
temperature decreases with the pressure in the ion source since the gas flow and
the pressure are directly related.

The plasma parameters as a function of the arc current for the acetylene and

the hydrogen plasmas are presented in Figure 3.17.
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Figure 3.17: a) Langmuir probe measurement of the electron temperature and
density in an acetylene plasma as a function of the arc current with the
probe tip located 20 mm upstream from the plasma electrode, on the
central axis of the ion source. The arc voltage was set at 120 V and
the gas flow was set at 5 sccm for the measurements. b) Measurements
with hydrogen presented in Figure B.40

From Figure 3.17, the electron temperature increases with the arc current, as

it did with hydrogen. However, the electron density decreases slightly with the

arc current unlike the case with hydrogen but, the error bars are large compared

to the electron density values, which gives poor confidence in the results. Due

to financial restrictions, the power supply used with the Langmuir probe is not a

proper bi-polar power supply. When the arc current increases, the plasma potential

becomes negative and the power supply can no longer supply the voltage needed
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on the probe since the current is positive with a negative voltage. This increases
the uncertainty in the measurements and prevents the measurement of the plasma
properties at higher arc currents. The decrease of the plasma potential with arc
current when acetylene is used in the TRIUMF licensed filament-powered volume
cusp ion source is the opposite of what was seen with the hydrogen plasma, as
presented in Figure B.36.

The Langmuir probe analysis completed allowed for the determination of the
plasma parameters as a function of the gas flow and the arc current. From the
analysis, it is clear that there is an important difference between hydrogen and

acetylene plasmas.

3.4 Conclusion

The purpose of this chapter was to study the production and extraction of negative
carbon ions with the TRIUMF licensed filament-powered volume-cusp ion source
which was the baseline equipment defined by D-Pace for the ISTFE. The four main
constituents of the beam extracted out of the acetylene plasma include H™, C,,
C;H™ and C;H; . Up to 0.1 mA of C; beam current can be extracted, which is
more than any cesium free ion source reported in the literature, but it is short of
the industrial goal of 0.5 mA. It was found that increasing the gas flow and the
arc current led to an important increase in beam current. However, increasing the
arc power also led to increased sparking on the extraction electrode, which leads to
high glitch rates. Reducing the glitch rate would allow the ion source to be operated
at higher powers and would lead to higher beam currents extracted out of the ion
source. This will be part of the focus of Chapter 6. The analysis with the Langmuir
probe revealed that the electron temperature is much higher with acetylene than
with it was with hydrogen, and the main reason this is seen is because the pressure
in the acetylene plasma is considerably lower than it is with hydrogen. Increasing
the gas flow in the acetylene plasma led to a decrease of the electron temperature
below 3 eV, which puts it in a more favorable region for the production of C;
through dissociative electron attachment. The results presented in this chapter led
to the publication of two papers [27, 28].

The filament-powered ion source is ultimately not a commercially viable op-
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tion for an ion implanter system because the tantalum filament material will get
sputtered by the positive ions in the plasma and contaminate the system. The next
two chapters of this Thesis will focus on volume-cusp ion sources with external RF
antennas, which are ideal candidates for the target ion implanter application, since
alkali metallic vapour and sputtered metallic filament material will be avoided al-

together.
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Chapter 4

RF-Powered Ion Source
Development

Radio Frequency (RF) powered ion sources with external antenna would be a valid
option for the ion source that is being developed for this Thesis work since there
is no sputtered metallic filament material, thus no contaminants are introduced
in the plasma. Furthermore, the filament is eliminated as a consumable item, so
RF ion source lifetimes are estimated at greater than one year, regardless of the
output beam current level. In the previous chapter it was shown that high C; beam
currents can be extracted from a filament-powered volume-cups ion source, but the
filament material is sputtered into the plasma, adding an unwanted contaminant,
there is thus an interest in RF-powered ion sources. This chapter will present the
RF ion source development work that was completed as part of this Thesis work.
The first part of the chapter will present the RADIS ion design which is an RF-
powered ion source that was licensed from the University of Jyviskyld [29, 30].
The focus will then be on the key contributions of this Thesis work which are the
theory, implementation and performance of an impedance matching system, which
is needed to efficiently couple RF power through an antenna. Finally, the extraction
of negative ions from operating the RADIS ion source with acetylene was studied.
The second part of the chapter presents the development of a new hybrid RF-
powered ion source that combines the RF window and antenna of the RADIS ion

source with the body and extraction system of the TRIUMF licensed filament-
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powered ion source. The design of the ion source and its performance with H™
will first be presented. The ion source was commissioned with H™ since it’s known
to be stable and the results can be easily compared with those obtained with the
filament-powered ion source results that were presented in Appendix B. Finally,
issues that arose from the development are presented and a few improvements to

design are proposed.

4.1 RADIS Ion Source

To test whether an RF-powered ion source would be a suitable negative carbon ion
source for an ion implanter system, the performance of the RADIS ion source [30]
was measured with acetylene. This section will present the ion source in detail.

The RADIS ion source was developed by the University of Jyvaskyli to replace
their filament powered H™ ion source [30]. The RADIS ion source is a volume-
cusp ion source, similar in design to the TRIUMF licensed filament-powered volume-
cusp ion source, it has a cylindrical plasma chamber with a diameter of 98 mm
and a length of 130 mm. The plasma confinement is achieved with 16 rows of
SmCo;sMGOe magnets around the circumference of the plasma chamber and an
electromagnet is embedded into the plasma electrode to act as the electron fil-
ter that creates the cold plasma region. The electromagnet dipole allows for an
adjustable magnetic dipole filter field while operating the ion source, it can be in-
creased up to a maximum of about 670 G with the peak located about 15 mm from
the plasma electrode. The RADIS ion source uses a flat 3.5 turn antenna located
directly against an aluminum nitride (AIN) window to couple the power into the
plasma. A cross section of a model of the RADIS ion source is presented in Figure
4.1.

73



Electron dump

Extraction

§

e U
T
-

=

Einzel lens

—
o

AIN window

Plasma electrode with
electromagnet filter

Figure 4.1: Cross-sectional view of the RADIS ion source. Figure taken from
[30].

The extraction system is composed of 6 electrodes and consists of a plasma
electrode, a puller electrode, an electron dump with two opposite direction mag-
netic dipoles and an Einzel lens. Table 4.1 presents the aperture diameters and the

typical voltage on the electrodes.

Electrode Aperture Diameter (mm) | Voltage (kV)
Plasma 7 —19
Puller 10 -9
Electron Dump 18 —13
Einzel (Upstream) 30 0
Einzel (Center) 30 +20
Einzel (Downstream) 30 0

Table 4.1: RADIS extraction system parameters.

The ion source is commonly biased at —19 kV and the plasma electrode can
be biased at up to 40 V above the ion source potential. When comparing with the
TRIUMF licensed ion source, two additional power supplies are needed for the

added electrodes: i) a 13 kV, 8 mA power supply was used for the puller electrode
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and ii) a +30 kV, 5 mA power supply was used for the Einzel lens. Figure 4.2
presents an IBSimu simulation of the extraction of the RADIS ion source as well

as the magnetic field (B,) on axis for various electromagnet currents [102].
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Figure 4.2: a) IBSimu simulation of the extraction of H™ ions from the
RADIS ion source. The electrodes are in blue, the equipotential lines
are in green, the H™ ions are presented in red and the co-extracted elec-
trons are in yellow. b) Magnetic field on axis for various electromagnet
currents. The plasma electrode is at z = 0 mm and the plasma chamber
is represented by the negative axis. Taken from [102].

A copy of the RADIS ion source was manufactured and a custom mounting
flange was designed so that it could be mounted at the ISTF. However, there was no

impedance matching system on the baseline ISTF system since it is not needed to
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operate the TRIUMF licensed filament-powered ion source. The following section
will present the development of an impedance matching system which was part of
the Thesis work, so that the RADIS ion source can be operated at the ISTFE.

4.2 Impedance Matching

To maximize the power coupled through a system, the impedance of the system has
to match the impedance of the power source. Such is the case for the RADIS ion
source antenna and ion source system. Furthermore, the impedance of this system
will be dependent on the plasma in the ion source, and thus the impedance will be
time dependent when the plasma is first ignited in the ion source. An impedance
matching system is therefore needed to operate the RADIS ion source.

To design a proper impedance matching system, the impedance of inductively
coupled plasmas needs to be studied. This will be the first part of this section
and the work is heavily based on previous work by Hopwood [103, 104]. An
impedance matching circuit is then proposed and the capacitor values needed to
efficiently couple power to the plasma for all of the operational settings are cal-
culated. Finally, the implementation of the impedance matching circuit at the Ion

Source Test Facility is presented.

4.2.1 RF Coupling with Plasma

To develop a proper impedance matching network system, the impedance of the
plasma should be known, thus a study of the coupling of RF power into a plasma
will be done. The antenna that sustains the plasma in RF ion sources generates

decaying electromagnetic waves into the plasma [105]. As is discussed in Section

ne
gm
of 1.3-10"® Hz and a proton frequency of 294 MHz for densities of 5-10'® m—3,

Thus there is now resonance between these frequencies and the RF frequency used
(13.56 MHz).
For low pressure plasmas that are commonly seen with ion sources, the decay

A.1, the plasma frequency is given by w* = which gives an electron frequency

is exponential with decay constant given by [104]

8y~ —. (4.1)



where &, is known as the skin depth of the plasma, c is the speed of light, @), is the
plasma frequency introduced in Section A.1.

There are two known modes for inductively coupled plasmas, the inductive and
the capacitive modes [103]. In the capacitive mode, the plasma is sustained by the
electric field created by the potential difference between the different turns in the
antenna. For the planar coil used in the RADIS ion source, as presented in Figure
4.3, the electric field is mostly in the radial direction since there will be a potential

difference between the turns of the antenna.

Antenna

Window

Figure 4.3: Schematic representation of the inductive RF coupling to a
plasma with a flat coil antenna.

The capacitive mode is the dominant mode at lower RF powers and there is a
threshold RF power for the coupling to be in the inductive mode. The capacitive
mode is known to give a plasma with a lower electron density [106]. The inductive
mode is the dominant mode above the threshold power and leads to higher electron
densities. In the inductive mode, the electric field is mostly in the angular direction,
as presented in Figure 4.3. This leads to a plasma current that follows the electric
field lines and will thus circle in the same axis as the turns of the antenna at a
distance 8, inside the plasma chamber.

The goal is to predict the impedance seen by the RF amplifier for the inductive
mode to be able to predict the impedance of the system, which will allow for a
proper impedance matching system to be designed for the ion source. A schematic

representation of the situation is presented in Figure 4.4.
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Figure 4.4: Schematic representation of the RF coupling to a plasma.

A cylindrical plasma chamber of diameter L, a plasma thickness of J,, which
is the skin depth of the RF electromagnetic fields and a distance b between the
antenna and the center of the plasma will be assumed for the analysis. The current
generated by the plasma will be ring shaped with a radius of L/4 since this is where
the electric field will be maximum. The electric field at r = 0 and at r = L will be
zero, where r is the radial coordinate of the plasma chamber. There is thus a ring of
electron current in the plasma which is coupled to the antenna outside the plasma.

The coupling between the antenna and the plasma can be modeled as a trans-

former [107], as presented in Figure 4.5.

Figure 4.5: Schematic of the electrical representation of the RF coupling to a
plasma.

Iir and Vi in Figure 4.5 represent the current and voltage from the RF generator,
while I,, V,, R, and L, represent the current, voltage, resistance and inductance
of the plasma. The plasma resistance R), is inversely proportional to the plasma
*n,
meV,
plasma [103]. R, will also be proportional to the ratio of the current circumference

conductivity 64, = where V, is the collision frequency of the electrons in the
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to the cross-section of the current ring. R, is thus

L
R, ~——. 4.2
P 20'dc5p2 ( )

The inductance of the plasma will be given by the magnetic flux produced by the

plasma divided by the plasma current [103]. The magnetic flux from a ring of

_ HomR*I
- /

current / of radius R and length [ is given by B , where U is the vacuum

permeability. Thus, the plasma inductance L, will be given by

pomL?
~ . 4.3
P77 166, (*+3)
The voltages in Figure 4.5 are given by the transformer equations:
Vig = iOLy 1 L + ioLy2 1, (4.4)
and
Vo = i0Ly1 Lt + i®Lynl,, (4.5)

where @ is the angular frequency of the RF. Four induction terms were introduced

in equations 4.4 and 4.5 [103]. L;; is the primary inductance of the coil, and by
UoTTNL
a

using the usual definition of the inductance, L;; = . L1y = Ly is the coupling

inductance between the antenna and the plasma. It is given by the magnetic flux

linking the plasma divided by the coil current, Ly = “Ofgfz. Finally, Ly, = L,

which is the inductance of the plasma.
To simplify the analysis, the total impedance of the system (Z; = Ry + i®wL;)
will be considered and defined as Z; = ‘I/—'ff Ohm’s law is used to describe the

plasma potential, V, = —I,R,,. Using equations 4.4 and 4.5, one gets:

iwL121,
W= l ilchi’ (4.6)
T+ %"
and
272
oL
Z e .(OL 712. 4.7
s =1 11+Rp+ia)L22 4.7)
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Separating the real and the imaginary parts of Z; and adding the impedance of
the coil, Z.oii = Reoil + iWLcoil, in series, Ry becomes

272
() le
s =Rp———22 + Reoil (4.8)
S P coils
R+ L3,
and

L Leoit(Ry + 0°L3) — @*L},L, (4.9)
s 2 272 ‘ :
Rp + o Lp

There are additional resistance and inductance components that come from the
movement of the electrons in the plasma. The total resistance of the system is also
highly dependent on the electron density. At higher electron densities, @Ly> > R,

and Ry =~ R, < ﬁ o —L_ At lower densities, the plasma size is smaller than
D

dc \/E
the skin depth and the resistance will be proportional to the number of electrons,
R; o< n, [103]. This is important because the power absorbed by the plasma is given
by

P = 1|i[*R;. (4.10)

The power loss in a plasma can be mostly attributed to particles hitting the plasma

chamber walls, thus the power loss is proportional to the electron density (Poss <

ne).

4.2.2 RF Coupling in the RADIS Ion Source

The following section will show how the power is absorbed and lost in a plasma
generated by the flat antenna design of the RADIS ion source [30]. The antenna
geometry is first introduced. The antenna is made of 3.5 turns of 6 mm diameter
copper tubing. The outer diameter of the antenna is 90 mm and there is an inner
diameter of 36 mm in the center. A schematic of the cross section of the antenna is

presented in Figure 4.6.
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Figure 4.6: Schematic of the antenna used in the RADIS ion source.

The inductance of the antenna is given by [108]

N?A?
B @.11)
30A — 11D,
with DN
A= ]+2(W+s) (4.12)

The parameters of equations 4.11 and 4.12 are presented in Figure 4.6. This gives
an inductance L. = 0.74 pH. Using this value and the theory presented in this
section, the power absorbed by the plasma is calculated as a function of the electron
density. This is represented in Figure 4.7, where the power absorbed is calculated

by the plasma for two different currents in the antenna (/; and ).
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Figure 4.7: Power loss and absorbed for an inductively coupled plasma ac-
cording to the transformer model and an antenna inductance of 0.74
UH.

Figure 4.7 is for illustrative purpose only since a model for the power loss
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hasn’t been introduced in this analysis. The operating condition is determined by
the intersection of the absorbed power and the power loss curves. There’s a min-
imum electron density to obtain an inductively coupled plasma, and the electron
density increases with L. Adding the capacitive mode to the model lowers the
threshold in the low density part of the curve, making plasma generation possible
at lower RF powers.

From this analysis, the impedance of the plasma that is coupled to an RF power
source through a flat coil antenna was predicted. The next section will present the
design of an adequate circuit to match the impedance of the system to the output
impedance of the RF amplifier.

4.2.3 Impedance Matching Circuit

This section will present the impedance matching circuit that was developed to
match the impedance of the system to the RF amplifier. As was presented in the
previous section, the impedance of the system is highly dependent on the plasma
parameters, thus an impedance matching system that can be tuned to accommodate
changes in the plasma impedance is needed. Two common impedance matching
circuits are presented in Figure 4.8.

G G

a) i< b) i

Vit Cs % Vif Cy %

Figure 4.8: a) Reverse L-Network and b) L-Network impedance matching
circuit.

The impedance matching networks presented in Figure 4.8 have variable ca-
pacitors so their impedance can be tuned with the varying plasma impedance as
the plasma parameters change. An L-Network configuration has been chosen for
the impedance matching system at the ISTF. The impedance, Z, of the L-Network
circuit is given by

1
Z = -
ioCy

+ 2, (4.13)
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where @ is the angular frequency of the RF, C is the capacitance of the capacitor
1 and Z; is the impedance of C; and the plasma/antenna in parallel (Leq and Req),

as seen in Figure 4.8. Z, is given by

1
—=ioC+ —7F——. 4.14
Z P Ryt il (19)
Equation 4.13 then becomes
S i Rt i0(Leg — R3,Co — 0L C2) “.15)
oC) (1 — 0%LegCa)? + 0*C3R, '

The impedance of the system has to match a load of 50 Q of the RF amplifier.
The C; and C, values needed are found using

Req
=50Q, 4.16
(1 — 0%LegCr)? + 0?C3RE, (%.16)
and ) )y
Leq— R2,Co— 0*L2,C 1
4 Teq 2 e 2 (4.17)

(1— @LegCr)? + 02CIR,,  0°Cy
This is a quadratic system of equations with 2 variables and 2 equations. There
are up to two solutions for a specific Zeq = Req + i@WLeq. The positive solution will
be used since the capacitance is a positive value. Zq is highly dependent on the
plasma so C; and C; will have to be varied as the plasma conditions change.
A 3.5 turn antenna made of 6 mm diameter copper and with a total diameter of
90 mm is considered for the analysis. The inductance of the antenna is around 1 uH
and the resistance is around 0.5 Q. When the plasma isn’t ignited Zeq ~ 0.5 + i85
Q at 13.56 MHz because the impedance is only determined by the geometry of the
antenna. Solving for a match of 50 Q, C; = 13.8 pF and C, = 124 pF. With the
plasma ignited, Req increases and Leq decreases. Assuming an electron density of
1-10' m=3, Zeq &~ 1.5+ 59 Q. To match with a load of 50 Q, C; = 34 pF and
C, = 163 pF. C; will thus need to be higher than C; and C;, will have to varied over
a wider range than Cj.

The scattering parameter (S;;) of the system can be calculated to evaluate the
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quality of the impedance matching [109]. The S| parameter is given by

P,
Sll = 1010gF, (4.18)
i

where P; is the forward power out of the RF amplifier and P, is the reflected power.
S11 1s a measure of the quality of the match, if S;; = —10 dB, there’s 10% reflected
power. Figure 4.9 gives the S1; parameter for both configurations (without plasma
and with plasma) as a function of the RF frequency. The data was obtained with an
RF simulation software (RFSim) [110].
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Figure 4.9: S;; parameter with and without a plasma for the RADIS ion
source antenna design.

From Figure 4.9, the circuit is matched to the load at 13.56 MHz and the band-
width is quite narrow (~40 kHz for a reflection of less than 50%) when the plasma
is off and wider (~100 kHz) when the plasma is on. This increase in bandwidth is
due to the added resistance that comes from the plasma.

The circuit chosen does, in theory, match the impedance of the system for the
case without plasma and with plasma in the ion source. The next section will focus

on the implementation of the impedance matching circuit presented herein.

4.2.4 Impedance Matching System Implementation

As described in the previous section, to efficiently couple the power from the RF
amplifier to the antenna, an impedance matching system has to be implemented so
that the impedance of the system can match the amplifier’s 50 Q output at 13.56
MHz. The implementation of the impedance matching network at the ISTF and the
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performance of the circuit will be presented in this section.

An L-Network configuration, as described in Figure 4.8b, was chosen. From
the analysis in the previous Section, Capacitor 1 (C;) will need to be varied from
about 13.8 pF to 34 pF, while Capacitor 2 (C;) will need to be varied from about
124 pF to 163 pF. Thus, for Capacitor 1, a 10 pF to 100 pF motorized capacitor
was purchased while a 25 pF to 250 pF capacitor was purchased for Capacitor
2. Both capacitors were purchased from Comet PCT [111] and have a maximum
voltage capability of 5 kV. The capacitors are mounted in a box and the electrical
RF connections are done with wide copper bars. The capacitors’ capacitance are
controlled by the PLC to allow for in situ control of the impedance. The antenna is
mounted directly to the impedance matching box and the box sits on rails so that
the antenna can be moved against the RF window on the ion source. The antenna
and the capacitors are water cooled. A schematic model of the impedance match-
ing system connected to the ion source as well as a photograph of the impedance

matching system are presented in Figure 4.10.
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Figure 4.10: a) Model of the RF impedance matching system connected to
the ion source. b) Photograph of the impedance matching system.

A 13.56 MHZ RF amplifier with a maximum forward power of 5 kW and a
maximum reflected power of 500 W was purchased from Comet PCT [111]. A
network analyzer is used to initially tune the capacitors to obtain as low a reflected
power as possible at 13.56 MHz. An Sy, value of less than —30 dB at 13.56 MHz
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on the network analyzer can be achieved with the system, which corresponds to a
reflected power of less than 0.1%. Once the plasma is ignited the impedance of
the system changes; the total resistance increases while the total inductance de-
creases, as was presented in the previous section. The capacitance values need to
be changed to accommodate this change in impedance. The values were changed
manually while using the reflected power as feedback, which resulted in reflected
power values of less than 1%. An automated system could be implemented to con-
stantly monitor the reflected power and achieve as low a reflected power as possible
at all times. Figure 4.11 presents the S1; parameter, as introduced in Equation 4.18,
obtained as a function of the forward power through the antenna while the antenna

was set against the RADIS ion source and hydrogen was used in the ion source.
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Figure 4.11: §;; parameter obtained with the RF ion source as a function of
the forward RF power. The capacitors position was optimized to keep
the reflected power as low as possible for every measurements and the
hydrogen gas flow was set at 15 sccm for these measurements.

The increase in the reflected power seen at higher RF powers in Figure 4.11 is
due to improper tuning of the capacitors. Improving the tuning with an automatic
tuning system that uses the feedback of the RF amplifier to minimize the reflected
power could potentially solve this problem. Nevertheless, if S;; = —17 dB at 3.5
kW, a reflected power of only 70 W is obtained, which is well below the RF ampli-
fier’s maximum of 500 W. Extrapolating to the maximum output power of 5 kW,
this would give a reflected power of only 100 W. Thus, the conclusion is that the

RF impedance matching network designed can properly match the impedance of
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the RF amplifier.

4.3 Acetylene in the RADIS Ion Source

In Chapter 3, it was shown that acetylene gave the highest C; yields in the TRI-
UMEF licensed filament-powered ion source, but this technology is ultimately not
adequate for ion implanter applications due to the tantalum contamination. This
section presents the negative carbon ion extraction performance of the RADIS ions

when acetylene is used as the injection gas.

4.3.1 Initial Results

High purity acetylene (> 99.99%) was used as the feed gas in RADIS ion source.
The plasma was generated with as low as 400 W of RF power. As with the TRI-
UMF licensed filament-powered volume-cusp ion source operation with acetylene,
a black film was deposited on every surface of the plasma chamber. Figure 4.12
presents a photograph of the RADIS’s plasma electrode after the ion source was

operating for about two hours.

Figure 4.12: Photograph of the RADIS’s plasma electrode after running with
acetylene for about two hours.

The ion source was first set at —19 kV and could hold voltage on all the elec-
trodes when there wasn’t any plasma in the ion source’s plasma chamber. However,

there was significant sparking on the puller electrode when a plasma was generated
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and a beam was being extracted. This is the same behavior that was seen with the
TRIUMF licensed filament-powered ion source. The voltage on the ion source was
reduced to —10 kV to improve the stability of the extraction system. Furthermore,
the power supply that biases the puller electrode could not supply the required
voltage as soon as there was plasma in the ion source as it became overloaded by
current. This power supply has a maximum output current of only 8 mA. Thus,
the puller electrode and the electron dump were connected together on the 150 mA
power supply. The current on the electron dump estimates the co-extracted electron
current since the electrons are dumped on the electron dump electrode. The same
effect prevented the Einzel lens to be biased as well, so the Einzel lens voltage was
set at 0 V for every measurement. This has a negative effect on the beam through-
put, since, as can be seen in Fig. 4.2a, the Einzel lens is needed to properly focus

the beam through the extraction system.

4.3.2 RF Power

To determine how much beam could be extracted from the RADIS ion source, the
beam current and co-extracted electron current were measured as a function of the
input RF power. A maximum total beam current, consisting of all the species in
the beam, of 0.13 mA was measured on the Faraday cup. The tune values for the

maximum beam current tune are presented in Table 4.2.
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Parameter Value
Total Beam Current 0.134+0.02 mA
Forward RF Power 800+5W
Reflected RF Power 101£5W
Bias Current 0.41£0.02 mA
Bias Voltage 10£0.1 kV
Electron Dump/Puller Current | 6.54+0.2 mA
Electron Dump/Puller Voltage | 2.5+£0.1 kV
Plasma Electrode Current 0+0.1A
Plasma Electrode Voltage 7.0+0.1V
Gas Flow 20.04+0.2 sccm
Electromagnet Filter Current 15+£0.1 A
Einzel Lens Voltage 0£0.1V
X Steering Current 0£0.1A
Y Steering Current 0+0.1A

Table 4.2: Maximum beam current tune obtained with the RADIS ion source.

The total negative ion beam current and the co-extracted electron current are

presented as a function of the RF power in Figure 4.13.
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Figure 4.13: Total beam current (all species) and co-extracted electron cur-
rent as a function of the RF power. The acetylene gas flow was set at
20 sccm, the electromagnet filter current was set at 15 A, the bias volt-
age was set at 10 kV, the plasma electrode voltage was set at 0 V and
the puller/electron dump voltage was optimized at every measurement.
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As can be seen in Figure 4.13, the beam current increases with the RF power
but saturates above 800 W. Also, the co-extracted electron current does not increase
with the RF power, while it increases with the arc power in the filament-powered
ion source. This is due to the larger electron filter used in the RADIS ion source.
As can be seen in Figure 4.2, at 15 A of electromagnet filter current, the peak
magnetic field is around 550 Gauss, compared to about 150 Gauss in the TRIUMF
licensed filament-powered ion source, as was presented in Figure B.30.

From spectrometer scans, about 30% of the beam current extracted is formed
by C; ions thus, the maximum C, current extracted is only about 40 uA, which is
well below the goal of 0.5 mA of C, . In Chapter 3 it was shown that 100 A of
C; can be extracted from the filament-powered ion source. This is not surprising
since the maximum extracted H™ beam current extracted out of the RADIS ion
source is a little more than 1 mA [30], which is much lower than the maximum H™
beam current that can be extracted out of the TRIUMF licensed filament-powered
ion source (18 mA).

Finally, as with the TRIUMF licensed filament-powered ion source, the spark-
ing seen in the extraction system increases with the power in the plasma, with glitch
rates of more than 500 glitches per hour seen. The stability issue will have to be
addressed as the glitch rate is much too high for the target industrial application.

This will be one of the main focus of Chapter 6.

4.3.3 Emittance

The emittance of the beam is an important parameter to measure since it will ul-
timately dictate whether the beam can be transported through the beamline. The
emittance of the beam extracted out of the RADIS ion source was measured with
the emittance scanner in the y direction. Since the plasma electrode has a diam-
eter of only 7 mm, the emittance was much smaller than the emittance obtained
from the TRIUMF licensed filament-powered volume-cusp ion source, which has
a plasma electrode aperture of 13 mm. The normalized RMS emittance was found
to be of less than 0.3 mm-mrad for the different ion source tune parameters.

A typical phase space scan obtained is presented in Figure 4.14, where the

normalized RMS emittance was measured to be 0.14 mm-mrad.
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Figure 4.14: Phase space distribution obtained with the RADIS ion source,
the normalized RMS emittance ellipse is presented in blue. The gas
flow was set at 20 sccm, the RF power was set at 400 W, the bias
voltage was set at 10 kV, the plasma electrode was set at 0 V and the
puller/electron dumps were at 2.2 kV.

The emittance is much lower than the upper limit set of 1 mm-mrad.

4.3.4 Electron Filter

The RADIS ion source uses an electromagnet dipole to create an electron filter in
the plasma. In the TRIUMEF licensed filament-powered ion source, this filtering
was done by a virtual dipole created by re-arranging the cusp magnets around the
plasma chamber. The advantage of using an electromagnet system is that it adds
another tuning parameter to the ion source, which is not easily varied with the
TRIUMF licensed filament-powered volume-cusp ion source. The electromagnet
filter current has an important effect on the extracted negative ion beam current,
the co-extracted electron current and the glitch rate. Figure 4.15 presents the beam
current and the co-extracted electron current as a function of the electromagnet

filter current.
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Figure 4.15: Total beam current and co-extracted electron current as a func-
tion of the electromagnetic filter current in the RADIS ion source. The
bias voltage was set at 10 kV, the acetylene gas flow was set at 20 sccm,
the RF power was set at 600 W, the plasma electrode voltage was set
at 0 V and the puller/electron dump voltages were optimized at every
measurement.

From Figure 4.15, the beam current increases and the co-extracted electron cur-
rent decreases with the electromagnet filter current. The reduction of co-extracted
electron current is expected since the larger filter magnetic field increases the con-
finement of the electrons along the magnetic field lines which will lead to a lower
electron density close to the extraction area of the plasma. The increase in the
negative ion current with the electromagnetic filter current can be explained by a

variation of the electron temperature in the plasma, which affects the negative ion
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production rates which are highly dependent on the electron temperature [83].

The glitch rate was also highly dependent on the electromagnet current. The

glitch rate as a function of the electromagnet filter current is presented in Figure

4.16.
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Figure 4.16: Glitch rate as a function of the electromagnet filter current in the
RADIS ion source with acetylene. The RF power was set at 600 W,
the bias voltage was set at 10 kV and the acetylene gas flow was set at
20 sccm.

From Figures 4.15 and 4.16, there is a clear advantage to using a stronger filter
field in the plasma. It increases the total beam current extracted out of the ion
source as well as it leads to a lower glitch rate in the extraction system.

To conclude this section on the RADIS ion source, the maximum C, beam
current that could be extracted (~ 40 A) is much lower than the goal of 0.5 mA.
Furthermore, there are known problems with the RADIS ion source’s extraction
system [29] and the glitch rate is too high for the targeted ion implanter application.
The RADIS ion source is not the solution sought, a new RF-powered ion source is

needed that can extract higher beam currents and that has a greater stability.

4.4 Hybrid Ion Source Design

As the negative carbon ion yield is low and there are problems with the extrac-
tion system of the RADIS ion source, a new RF-powered ion source design was
pursued. The RADIS ion source serves as a good starting point since it utilizes
an external RF antenna, which is needed for the targeted ion implanter applica-
tion. Alternately, the TRIUMEF licensed filament-powered volume-cusp ion source

is known to produce high H™ beam currents and there are no problems with the
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extraction system. This section will present the development of a new hybrid RF-
powered ion source design that uses components of both technologies presented.
The performance of the ion source was first studied with H™ since the extrac-
tion of this ion is stable and because a high current H™ ion source that does not
use consumable filaments would be highly valued by the accelerator community.
The results obtained with the new RF-powered ion source will be compared to
the RADIS ion source as well as to the TRIUMF licensed filament-powered H™
ion source performance since both ion sources use the same body and extraction
system. Finally, the hydrogen plasma parameters will be compared in both ion

sources.

4.4.1 Ion Source Description

The new RF-powered ion source design uses the ion source body and extrac-
tion system from the TRIUMF licensed filament-powered volume-cusp ion source,
however the back plate is a modified back plate from the RADIS ion source, com-
prised of an AIN window. The antenna, impedance matching system and RF am-
plifier that were developed for the RADIS ion source as part of this Thesis work are
used to couple power into the plasma. The new ion source developed thus uses an
external RF antenna coupled to the body and extraction design from an ion source
that is known to yield high negative ion beam currents.

Figure 4.17 presents a cross-sectional view of the TRIUMF licensed filament-
powered volume-cusp ion source as well as the new RF-powered ion source that

was developed.
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Figure 4.17: Schematic of a cross section of a) the TRIUMF licensed filament
powered ion source and of b) the new hybrid design RF ion source.

Figure 4.18 shows a photograph of the new hybrid RF-powered ion source.

AIN
Window

Antenna

Figure 4.18: Photograph of the new RF-powered ion source installed at the
ISTFE.

4.4.2 Ion Source Performance

The new RF ion source design was first tested with H™ since the performance of

the TRIUMF licensed filament-powered volume-cusp ion source with H™ is well
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known, so it allows for an easy comparison between the two technologies. Fur-
thermore, the new technology is also an interesting ion source for H™ applications
since the RF-powered technology could drastically reduce the ion source mainte-
nance, since the filaments have a limited lifetime but the RF antenna and window
are not consumable parts. It is thus important to study the performance of the ion
source with H™. Also, along with the comparison to the filament-powered technol-
ogy, the results obtained with the hybrid RF-powered ion source design can also
be compared to the results obtained with the RADIS ion source [29, 30].

The ion source was tested with H, gas (> 99.999 % purity) to measure the H™
beam that could be extracted from the ion source. Since the ion source does not
have an ignition system, it was often difficult to start the plasma in the ion source.
Increasing the pressure in the ion source by rapidly opening the gas valve on the
ion source helped to ignite the plasma. The pressure in the upstream region of the
vacuum box would increase to about 5-10~* Torr and gradually fall back to normal
levels (5-1073 Torr) after about two minutes. RF powers of between 600 W and 1
kW were usually needed to ignite the plasma when the pressure was increased in
the vacuum chamber. Once the plasma was ignited, the gas flow could be set to
the desired value and the power could usually be reduced to about 400 W without
extinguishing the plasma.

The procedure to tune the ion source for the extraction of the ions is similar
to what is done with the filament-powered ion source. The plasma and extraction
electrode voltages need to be tuned to maximize the beam current on the Faraday
cup. The co-extracted electrons are dumped on the extraction electrode, so the
extraction electrode current approximates the co-extracted electron current. The
XY steerers are used to ensure that the beam is centered on the beamline. Figure
4.19 presents the beam current obtained as a function of the RF power for various

hydrogen gas flows.
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Figure 4.19: H™ beam current as a function of forward RF power for various
gas flows and compare to RADIS ion source data from [29]. The beam
energy was set at 30 keV for every measurement, and the plasma and
extraction electrode voltages were tuned to maximize the beam current
on the Faraday cup.

A maximum H™ beam current of 8.3 mA was obtained at an RF power of 3.5
kW and a gas flow of 20 sccm. The maximum power used was limited by a RF win-
dow temperature that got too high, which led to partial melting of the O-ring that
seals the window. The H™ beam current extracted is considerably higher than what
was extracted out of the RADIS ion source (1 mA). As presented in the previous
section, the RADIS ion source uses a 7 mm plasma electrode aperture diameter,
compared to the 13 mm plasma electrode diameter of the hybrid RF ion source
presented in this Thesis. Therefore, the maximum current density extracted out of
the RADIS is about 0.033 mA/mm? at 2.5 kW. At the same RF power, the hybrid
ion source developed extracted about 0.050 mA/mm?, which is still considerably
higher. The RF ion source developed is thus an important improvement on the
current RF-powered H™ ion source technology [31, 32].

As was seen with the filament-powered ion source, there seems to be saturation
of the beam current above a certain power input and this is more evident at lower
gas flows, where the saturation happens at lower RF powers. Lower beam currents

at low RF power for higher gas flows were also observed, which is due to the higher
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H™ stripping rates at higher vacuum pressures. A linear fit to the data is plotted for
the 15 sccm and 20 scem curves, which clearly shows the saturation effect for the
15 scem data.

The H™ beam current is noticeably lower than with the filament powered ion
source and the power efficiency is also lower. With the filament powered ion
source, up to 18 mA of H™ can be extracted with an efficiency of about 3.5 mA/kW
of arc power, while the RF ion source achieved about 2.4 mA/kW of RF power.

The difference in power efficiency is due to three main reasons. Firstly, there
are RF power losses to the outside of the ion source. Not all of the forward power
in the RF circuit is coupled to the plasma, there is noticeable RF heating to the
aluminum flanges and covers around the antenna, which accounts for some power
loss. Secondly, the RF ion source does not have any confinement magnets on the
back plate since this space is used for the AIN window. This is another cause
of inefficiency since the electrons can travel directly to the back plate, dumping
their energy. Finally, the RF ion source does not have a coat of tantalum on the
plasma chamber walls as it does in the filament-powered ion source. Tantalum
aids the production of H™ through increasing the vibrationally excited hydrogen
population (H3(v")) and through a reduction of the emission of H atoms from the
walls, which leads to a decrease in H™ stripping [112].

Along with the H™ beam current measurements, it is also important to mea-
sure the co-extracted electron current out of the RF-powered ion source. The co-
extracted electron to H™ ratio for the various measurements of Figure 4.19 is pre-

sented in Figure 4.20.
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Figure 4.20: e/H™ ratio as a function of forward RF power for various gas
flows. The beam energy was set at 30 keV for every measurement, and

the plasma and extraction electrode voltages were optimized for each
measurement.

The co-extracted electron to H™ ratio is on the same order of magnitude as
with the filament powered ion source but, was a bit lower with the RF-powered ion
source. A low of 1.5 e/H™ was achieved for multiple ion source tunes, which is
lower than the 2.6 minimum ratio achieved for the filament-powered ion source.
This is due to the higher plasma electrode voltage that is needed with the RF ion
source for optimum ion source current extraction, which reduces the electron den-
sity close to the extraction aperture in the plasma. The study of the performance
of the ion source as a function of the plasma electrode voltage will be presented in
Section 5.4.4.

The H™ beam current and the e/H™ ratio can be directly compared for the

TRIUMF licensed filament-powered and the new hybrid RF-powered ion sources.
This is presented in Figure 4.21.
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Figure 4.21: Comparison of a) the H™ beam current and b) the e/H™ ratio for
the filament powered and the RF-powered ion sources. The gas flow
was set at 20 sccm, the bias voltage was set at 30 kV, and the plasma

and extraction electrode voltages were optimized for each measure-
ment.

From Figure 4.21a, the H™ beam current to power efficiency is considerably
lower for the RF ion source. But the maximum power achieved with this ion source
is also 2 kW lower than the maximum power of the filament ion source. As can
clearly be seen in Figure 4.21a, there is an unexplored power area with the RF-
powered ion source, which is predicted to yield more H™ beam current than what
is currently achieved. The maximum power is limited by the temperature of the RF
window, as the RF amplifier at the ISTF can deliver up to 5 kW of forward power.

From Figure 4.21b, the electron to H™ ratio is consistently lower with the RF
ion source. This is due to the increased optimum plasma electrode voltage that
depletes the electrons from the plasma region close to the extraction. High co-
extracted electron currents at the extraction aperture increase the space charge, and
thus the divergence of the beam, at the extraction.

Even though the H™ current extracted out of the new RF-powered ion source is
lower than the filament-powered ion source, there is a clear advantage in using an
RF-powered ion source, being that there are no consumable parts. The ion source

developed is an interesting option for many H™ applications [31, 32].
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4.4.3 Emittance

Since the extraction system of the new RF-powered ion source design is taken from
the TRIUMF licensed filament powered ion source, the emittance of the beam ex-
tracted out of the new ion source is expected to be similar to the filament-powered
version. Any difference between the phase space distributions will be attributed to
differences in the plasmas in these ion sources.

The y emittance was measured with the emittance scanner located 368 mm
downstream from the ion source’s plasma electrode. The normalized RMS y emit-
tance as a function of the RF power for various gas flows is presented in Figure
4.22.
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Figure 4.22: Normalized RMS emittance as a function of the RF power for
various gas flows. The bias voltage was set at 30 kV, and the plasma
and extraction electrode voltages were optimized for each measure-
ment.

The emittance is constant to within 0.1 mm-mrad as a function of RF power
but there is a slight decrease in emittance with gas flow. The same effect was
seen with the TRIUMF licensed filament-powered volume-cusp H™ ion source. In
Section B.4.5, the lower emittance seen was due to an increase in the space charge
compensation effect at the higher gas flows. The same effect causes the lower
emittance with the RF-powered ion source as well.

Figure 4.23 compares the emittance values obtained for the TRIUMF licensed
filament-powered volume-cusp ion source and the RF-powered hybrid ion source.
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Figure 4.23: Normalized 4-RMS emittance as a function of the power for RF
and the filament powered ion sources. The bias voltage was set at 30
kV, the gas flow was set at 20 sccm, and the plasma and extraction
electrode voltages were optimized for each measurement.

As can be seen in Figure 4.23, the emittance values are almost equal between
the two technologies because both ion sources use the same extraction system and

plasma chamber.

4.4.4 Plasma Electrode

The plasma electrode voltage is an important component of H™ ion sources since
increasing the voltage on the electrode reduces the co-extracted electron current
and biasing the electrode close to the plasma potential is known to increase the
extracted H™ current. The optimum plasma electrode bias was at a much higher
voltage in the RF ion source than in the filament-powered ion source. Figure 4.24
presents the H™ beam current and co-extracted electron current as a function of the

plasma electrode voltage with the RF-powered ion source.
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Figure 4.24: H™ beam current and co-extracted electron current as a function
of the plasma electrode voltage. The beam energy was set at 30 keV,
the RF power was set at 576 W and the gas flow was set at 22 sccm.

As can be seen in Figure 4.24, the maximum beam current is at around 10 V,
while the co-extracted electron current decreases with the plasma electrode voltage.
This explains the lower e/H™ ratios seen with the RF ion source, as was shown
in Figure 4.21. The higher plasma electrode voltage needed leads to lower co-
extracted electron currents, and lower e/H™ ratios.

The optimum plasma electrode potential increases with the RF power. Figure
4.25 presents the optimum plasma electrode voltage as a function of the RF power

for various gas flows.
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Figure 4.25: Optimum plasma electrode voltage as a function of the RF
power for various hydrogen gas flows. The bias voltage was set at
30 kV and the extraction electrode voltage was optimized for every
measurement.

As can be seen in Figure 4.25, the optimum plasma electrode voltage increases
with the RF power and the optimum plasma electrode voltage decreases with gas
flow. Both these trends were also seen with the TRIUMF licensed filament-powered
volume-cusp ion source. The increase of the optimum plasma electrode potential
with the RF power is due to an increase in the electron temperature in the plasma,
which leads to a higher an increase in the plasma potential. The lowering of the
optimum electrode potential with gas flow is caused by a lowering of the electron
temperature with the gas flow, which leads to a lower plasma potential.

The optimum plasma electrode voltage is much higher with the RF-powered
ion source than it was with the filament-powered ion source and this is due to a
higher plasma potential in RF-powered ion sources, when compared to a similar
filament powered ion source [113]. The high plasma electrode potential reduces
the electron density close to the extraction region, leading to lower co-extracted
electron currents with the RF-powered ion source when compared to the filament-
powered ion source. The optimum plasma electrode voltage was not as prominent

at higher RF powers, this explains the dip in the 10 sccm data curve.
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4.5 Plasma Analysis

It is important to compare the plasma parameters of the new RF-powered hybrid
ion source to the TRIUMEF licensed filament-powered volume-cusp ion source be-
cause the cross section of the H™ volume production reactions are highly depen-
dent on the electron temperature. The magnetic fields in the plasma chamber of
H™ ion sources are highly optimized to maximize the production and minimize the
destruction of H™. Thus, it is interesting to see how the powering mechanism will
affect the plasma parameters, and to verify if the magnetic configuration should be
modified to accommodate this change.

The Langmuir probe system presented in Section B.4.9 was used with the RF
ion source. An RF filter, following [114], was added between the power supply and
the Langmuir probe. The Langmuir probe uses a 5 mm tantalum tip and was in-
serted in the plasma through the extraction aperture, as described in Section B.4.9.

The use of the Langmuir probe analysis made obvious the transition between
the two different RF modes, the capacitive and the inductive modes, as described
in Section 5.2.1. The capacitive mode is the dominant mode at low RF powers, and
in this mode the trajectories of the electrons are mostly influenced by the radial
electric field from the potential difference between the turns of the antenna. This
leads to a radial oscillation of the electrons in the plasma. The inductive mode is the
dominant mode at higher RF powers. The electron trajectories are governed by the
electric field that comes from the varying magnetic field from the antenna’s coils,
which will be in the angular direction. The power transfer to the plasma is more
efficient in the inductive mode, so it is expected that there will be a significant
increase in electron density when the plasma switches between the two modes

[106]. Figure 4.26 presents IV curves from the two modes.
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Figure 4.26: IV curves and exponential fits for an RF power of a) 500 W and
b) 900 W. The gas flow was set at 15 sccm and the plasma electrode
potential was at 0 V for both measurements. The Langmuir probe tip
was located 20 mm from the plasma electrode.

The obvious difference between the two modes can be seen in Figure 4.26. The
probe current is about three orders of magnitude higher in the inductive mode. The
shape of the two curves is also much different, the inductive mode is characterized
by the usual exponential increase followed by a saturation of the probe current,
while the capacitive mode has a slight exponential increase but the current never
saturates. The RF ion source is usually operated in the inductive mode, since the
RF power used is commonly above 1 kW, so the Langmuir probe measurements
will all be taken in the inductive mode.

Another important observation that can be made from Figure 4.26 is that the
plasma potential is much higher with the RF-powered ion source. The plasma po-
tential was between 5 V and 20 V for most Langmuir probe measurements, com-
pared to 1-3 V with the filament powered ion source, as was shown in Figure 3.39.
This explains the higher plasma electrode potential that was needed to optimize the
H™ current in the RF ion source, as presented in Figure 4.24.

Figure 4.27 presents the electron density and the electron temperature as a func-
tion of the hydrogen gas flow for the new hybrid RF-powered ion source and for
the TRIUMF licensed filament-powered volume-cusp ion source as was presented

in Figure B.41.
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Figure 4.27: a) Electron temperature and b) density as a function of the hy-
drogen gas flow for the hybrid RF-powered and the filament powered
ion sources. The arc voltage was set at 120 V, the arc current was set
at 1 A and the probe tip was at 20 mm from the plasma electrode for
the filament ion source. The RF power was set at 1 kW and the probe
tip was at 10 mm from the plasma electrode for the RF ion source.

From Figure 4.27, both the electron temperature and the electron density de-
crease with the gas flow for the RF-powered ion source, while the electron density
stayed relatively constant with gas flow for the filament ion source. Since the
power in the filament powered ion source was much lower (120 W) than in the RF-
powered ion source (1 kW), and the position of the probe in the plasma is slightly
different in the two cases (10 mm and 20 mm from the plasma electrode), the ab-
solute plasma parameter values cannot be compared between the two technologies.
However, the electron density is similar in both cases, which points to the fact that
the electron density is generally higher in filament powered plasmas for the same
input power. This is explained by the direct injection of electrons in the filament

powered ion source. Also, the theory predicts that in the RF generated plasma, the
electron density falls off rapidly from the RF window [103], so it is expect that
there will be a lower electron density close to the plasma electrode. Figure 4.28

presents the electron density and temperature as a function of the input power.
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Figure 4.28: Electron density and temperature as a function of the power for
the filament powered and the RF-powered ion sources. The arc voltage
was set at 120 V, the gas flow was set at 10 sccm and the probe tip was
at 20 mm from the plasma electrode for the filament ion source. The
gas flow was set at 15 sccm and the probe tip was at 10 mm from the
plasma electrode for the RF ion source.

From Figure 4.28, the electron density is much lower in the RF-powered ion

source and the electron temperature stays relatively constant for the RF-powered

ion source but increases for the filament powered ion source. This result is sur-

prising since the both ion source have the same magnetic configuration and the

probe tip is located in the cold plasma region for both ion sources. Furthermore, it

was predicted that the electron temperature would be larger in the RF-powered ion

source [113], but this is not the case in this region.
Figure 4.29 presents the electron temperature and density as a function of the

gas flow with the Langmuir probe at various locations along the central axis of the

ion source.
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Figure 4.29: a) Electron temperature and b) density as a function of the gas
flow as well as c) electron temperature and d) density as a function
of the RF power with the Langmuir probe tip at various points along
the central axis. The distance indicates the distance from the plasma
electrode. The RF power was set at 1 kW and the plasma electrode
potential was at 0 V.

From Figure 4.29, the dependence of the electron density on the position where
the measurements were taken was not as expected. It was expected that the electron
density would be lowest for the measurements closer to the plasma. However, there
is a clear increase in the electron density for the 70 mm measurements, but the

electron density is relatively constant for the 10 mm, 30 mm and 50 mm probe
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locations. The reason for this constant electron density is unclear, as such an effect
was not observed in the filament-powered ion source. It could indicate a small
region of high electron density on the edge of the filter field region or it could
also indicate that the electron density is much higher close to the RF window and
falls rapidly closer to the plasma electrode. The increase in RF power also causes
a linear increase in electron density, which was seen in the filament-powered ion
source (Figure 4.28). However, there is a decrease in electron density with gas flow,
while the density remained relatively constant with the gas flow in the filament
powered ion source.

There is an increase in the electron temperature the further the measurements
are taken from the plasma electrode, but the measurements at 50 mm and 70 mm
are almost identical. This suggests that the plasma temperature is more uniform
in the hot plasma region. The electron temperature is relatively constant as the
RF power is increased for the measurements closest to the plasma electrode but
increases slightly for the 70 mm measurements. This indicates that the magnetic
dipole filter regulates the electron temperature close to the plasma electrode. The
magnetic field at 70 mm is too weak to affect the electron temperature, so there is
a stronger correlation between the RF power and the electron temperature. Also,
the electron temperature in the sot plasma region is much higher than it was in the
filament-powered ion source, as was presented in Figure B.42.

From the Langmuir probe analysis presented here, there are important differ-
ences between the plasma parameters in the filament-powered and the RF pow-
ered ion source. The main difference being the lower electron density in the RF-
powered ion source, which partially explains the lower beam current power effi-

ciency seen.

4.6 Ion Source Improvements

Since a high H™ beam current can be achieved with the RF-powered ion source de-
veloped and it’s an interesting ion source for many applications, work was done to
further improve the performance of the ion source as a secondary goal of this The-
sis work. The RF-powered ion source has a lower beam current power efficiency

than the filament-powered ion source. Three main hypotheses were put forward
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to explain this: (i) there are RF power losses to the outside of the vacuum cham-
ber, (ii) the RF-powered ion source does not have a thin tantalum coating on its
plasma chamber walls and (iii) there is no confinement on the back plate of the
RF-powered ion source. This section will focus on improvements to the new hy-
brid RF-powered ion source design to increase the beam current efficiency, as well

as the problems that were encountered during its development.

4.6.1 Tantalum

The filament-powered ion source uses negatively biased tantalum filaments which
get sputtered by the positive ions in the plasma. The sputtered tantalum ends up
on the plasma chamber walls, forming a thin tantalum layer and this tantalum
layer plays an important role on the H™ production and stripping in the plasma
[44]. Firstly, the coating reduces the emission of H atoms from the plasma elec-
trode, which leads to a reduction in stripping of the H™ ions that are produced
in the plasma volume. The second effect is the increase in the density of vibra-
tionally excited hydrogen (H3(v")) by recombinative desorption on the chamber
walls, which leads to a higher volume production of H™ ions through dissociative
attachment. Figure 4.30 presents the H™ beam current with time starting with a
clean plasma chamber in the TRIUMF licensed filament-powered volume-cusp ion

source, which shows how the beam current is affected by the tantalum coating.
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Figure 4.30: H™ beam current extracted from the TRIUMF licensed filament-
powered ion source with a clean plasma chamber. The arc current was
set at 20 A, the arc voltage was set at 120 V, the gas flow was set
at 15 sccm, the plasma electrode voltage was at 3.6 V, the extraction
electrode voltage was at 3.08 kV and the beam energy was set at 30
keV.

From Figure 4.30, there is a clear increase in H™ beam current for the first hour
of operation due to the plating of the plasma chamber walls with tantalum. The
increase in beam current then plateaus after about 3 hours. This shows that the H™
beam current depends on the tantalum thickness and the effect is independent of
the thickness above a certain value. The hybrid RF-powered ion source design does
not have any tantalum on its plasma chamber walls and is thus one of the reasons
why the beam current to power efficiency is lower with the RF-powered ion source
than it is in the filament powered version.

To verify if the benefits of tantalum on the plasma chamber walls are still
present with the RF-powered ion source, a tantalum coating was deposited on the
plasma chamber walls of the hybrid RF-powered ion source. This was done by
running the filament ion source at an arc current of 20 A, an arc voltage of 120 V
and a H; gas flow of 15 sccm for two hours to deposit tantalum on all of the plasma
chamber surfaces. The system was then vented to atmosphere and the back plate
of the ion source was changed to the RF window. The system was pumped down
again, with a total time under atmosphere of about 15 minutes.

Various tantalum coatings in the RF-powered ion source were tested. First,
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the performance of the RF ion source with the tantalum coating the entire plasma
chamber wall surfaces was tested to 3.5 kW of RF power. The ion source was then
cleaned, the same tantalum coating was re-applied, but only the coating on the
plasma electrode was kept, the coating on the rest of the plasma chamber body was
removed. Finally, the performance of the ion source was also examined by running
the ion source at an RF power of 2.5 kW for 10 hours with the same coating as
applied earlier. Figure 4.31 presents the performance of the hybrid RF-powered
ion source for i) a clean ion source without any Ta (Clean), ii) a new Ta coating in
the ion source (Fresh) iii) an old Ta coating (Old) and iv) only the plasma electrode

coated (Plasma).
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Figure 4.31: a) H™ beam current and b) e/H™ ratio as a function of the RF
power for (i) a clean plasma chamber (Clean), (ii) one with a fresh Ta
coating deposited on the entire plasma chamber (Fresh) (iii) one with
a Ta that has been running with the RF power set at 2.5 kW for 10
hours (Old), and (iv) one with a Ta coating on the plasma electrode
only (Plasma). The gas flow was set at 15 sccm and the beam energy

was set at 30 keV.

The results clearly show the improvements resulting from the Ta coating
(Fresh) versus no Ta coating (Clean). This is evident at 3.5 kW of RF power with
10,1 mA of H™ beam extracted for a fresh Ta coating, compared to only about 8.1
mA for the clean plasma chamber. The difference seen at lower RF power for the
Old coating is thought to be due to improper tuning of the impedance matching net-

work, leading to higher power losses in the tuning circuit. Every configuration with
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some Ta coating saw improvements over the bare copper plasma chamber. Similar
co-extracted electron currents were observed with a fully-coated chamber as with
only the plasma electrode coated. This supports the theory that the Ta adsorbate
helps reduce the stripping of the negative ions close to the plasma electrode, where
it is thought that most of the ions are produced, since the lower H™ stripping rate
in the plasma would also lead to a lower electron density. The difference in beam
current between the fully coated and only the plasma electrode coated could be
explained by a higher H; * (V") population from the larger Ta surface area seen in
a fully coated plasma chamber and this is more evident at RF powers of more than
2 kW.

A decrease in beam current with the aging of the Ta adsorbate was observed.
Figure 4.32 presents the beam current reduction over time, starting with a fresh Ta

coating.
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Figure 4.32: H™ beam current degradation with time after coating the RF ion
source plasma chamber with a fresh coat of Ta. The RF power was set

at 2.5 kW, gas flow was set at 15 sccm and the beam energy was set at
30 keV.

There are two potential explanations for the decrease seen. The erosion of the
coating by the sputtering from the plasma particles could bring the Ta thickness
under the minimum for optimum ion source performance and would lead to a de-
crease in the beam current. Or, it could be caused by a contamination of the coating

by the hydrogen and impurities in the plasma. Further testing is required to deter-
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mine if thicker Ta coatings would prevent the gradual beam current reductions, in
order to utilize this RF-powered ion source for prolonged industrial applications.
From the analysis presented in this section, there is a clear advantage to have
some tantalum on the plasma chamber walls. Tantalum filaments are chosen in the
filament-powered ion source for this exact reason. The following section will focus

on improving the magnetic confinement of the RF-powered ion source.

4.6.2 Magnetic Confinement

As stated previously, one of the reasons the hybrid RF-powered ion source is less
efficient than the TRIUMF licensed filament-powered volume-cusp ion source is
that the RF ion source does not have any confinement magnets on its back plate.
Therefore, the electrons are free to flow to the back plate which results in some
power loss. To improve the plasma confinement in the back of the ion source,
Sm;Cor7 magnets were added to the back of the ion source as depicted in Figure
4.33. By adding 10 magnets a maximum dipole field in the center ring of about 50
G could be achieved, while about 30 G was achieved with 6 magnets. Figure 4.33
also presents the magnetic field obtained along the central axis of the ion source

for the two configurations tested.
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Figure 4.33: a) Schematic of the RF ion source with an added dipole made of
Sm,Coy7 added 20 mm behind the RF window. b) Measured magnetic
field along the central axis for two configurations tested.

The hybrid RF-powered ion source was tested with the two magnet configura-
tions presented in Figure 4.33. The results are presented with the results from the

original configuration without any additional magnets in Figure 4.34.
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Figure 4.34: H™ beam current for the various magnet configurations. The gas
flow was set at 15 sccm and the beam energy was set at 30 keV.

As can be seen in Figure 4.34, the addition of the dipole field causes an increase

in the extracted beam current and as the field strength is increased, there’s an in-
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crease in H™ beam current. This is due to an increase in the plasma confinement in
the back of the plasma chamber and thus an increase in the power efficiency of the
ion source. Thus, the addition of the magnets on the back plate of the ion source
is a simple and effective method to improve the power efficiency of the ion source
and increase the beam current. The following section will present efforts that are

made to remediate the RF window heating issues.

4.6.3 Window Temperature

The main setbacks in the development of the new hybrid RF-powered ion source
were the fractures of the AIN RF window, which happened twice. The first fracture
occurred when the new ion source was first brought above 2 kW, one week after the
first RF ion source measurements were taken. The failure happened at 2.6 kW and
caused a major vacuum breach which damaged the downstream turbo-molecular
pump’s inner housing. The window was replaced with a proper AIN window as
the previous window was made of Macor, which is a machinable grade of AIN and
has a lower thermal conductivity than pure AIN. But, there was a second failure of
the window one year after the first incident. The ion source had more than 50 days
of operation with this new window, including the 9 hour test at 2.5 kW that was

presented in Figure 4.32. Figure 4.35 presents the AIN windows after the failures.
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Figure 4.35: Photograph of the RF window after a) the first failure on August
8™ 2016 and b) the second failure on September 2nd 2017,

Burn marks from sparking between the antenna turns can be seen in Figure
4.35a. One can also clearly see that the two windows are of different color, the first
being made of Macor and the second out of pure AIN.

Along with the lack of confinement on the RF window, the current design
doesn’t include any cooling directly on the window. The window is only cooled via
the cooled copper flange on which it is mounted. From the analysis of inductively
coupled plasmas, the power deposited into the plasma falls off exponentially with
a characteristic distance of the skin depth, which is only a few centimeters for most
plasmas. For a planar configuration like the one used in the ion source, this means
that most of the power will be deposited in the plasma close to the RF window, and
this will thus cause the window to get hot.

Figure 4.36 presents the temperature of the window and of the O-ring around
the edge of the window at various RF powers. The temperature was measured
with thermocouples taped to the center and the edge of the window to obtain the
Window and O-Ring temperatures respectively. The accuracy is poor since the
thermocouples are not embedded into the material, so these measurements are used
as an indication of the heat transferred to the RF window. Figure 4.36 also presents
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the temperature profile of the window measured with an infrared (IR) camera. The
temperature profile could only be taken after the ion source was turned off, so there
is a delay of about 30 seconds between when the ion source was running and the
temperature measurement. Furthermore, the temperature measurement profile was
not calibrated with position.
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Figure 4.36: a) Measured window and O-ring temperature as a function of the
RF power. b) Temperature profile measured with an infrared camera
30 seconds after the ion source had been running at 1.5 kW.

In Figure 4.36a, the temperature is linear with RF power and extrapolating to
higher RF powers reveals that the center of the window would get to about 600
°C at 4 kW of RF power. The copper surrounding the window is cooled, so stays
at a temperature of around 30 °C, which creates a large thermal gradient across
the window. The temperature profile obtained gives a maximum temperature that’s
lower than the actual operation temperature since the IR photo was taken about 30
seconds after the ion source had been turned off. The temperature is maximum
close to the center of the window, but there a slight offset towards the bottom.
The reason for this is unknown, as the theoretical analysis of inductively coupled
plasmas with planar antennas showed that the plasma should be concentrated in a
ring centered in the middle of the window.

Thermal simulations of the ion source were completed in Solidworks [115]. A

screenshot of the simulation results for an input power of 3 kW is shown in Figure
4.37.
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Figure 4.37: Thermal simulation results obtained with SolidWorks. The in-
put power was set at 3 kW and the water temperature was set at 20°C.

From the thermal simulations, the maximum temperature obtained on the win-
dow was about 380 °C. The temperature profile also makes evident the large ther-
mal gradient observed on the outer edge of the window. The measured stress mea-
sured on the window with the thermal simulation was at more than 500 MPa, while
the flexural stress of AIN is around 200 MPa [116].

It is this therefore important to reduce the temperature gradient across the win-
dow. The vacuum seal is done with an O-ring, which cannot be at more than about
200°C, so the whole window will have to be cooled. A new cooling system has
been designed with a water jacket surrounding the window, adding direct cooling
to the aluminum nitride window. A model of the cooling jacket is shown in Figure
4.38.
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Figure 4.38: Model of the RF window water cooling water.

The new water cooling jacket has not yet been tested, but it is thought to allow
for the ion source operation up to the full power of the RF amplifier (5 kW). This
would lead to a more stable ion source operation without any window failures and

which should lead to higher extracted H™ beam current.

4.7 Conclusion

RF powered ion sources with external antennas are valid options for ion implanter
applications because there are no contaminants added to the plasma chamber that
could get sputtered by the positive ions in the plasma chamber, migrate through the
vacuum system and contaminate the implanted wafers. The RADIS ion source, li-
censed from the University of Jyviskyld, was tested with acetylene as the injection
gas for the extraction of negative carbon ions. The negative ion beam extracted
from the RADIS ion source was too low for the goal of 1 mA C~ or 0.5 mA
C, ., however, these experiments gave insight into the nature of the sparking seen
while extracting negative ions from an acetylene plasma, and confirmed that this
RF powering technique can be used for a negative carbon ion source.

As a result of the RADIS ion source carbon experiments, a new RF-powered
ion source was developed that uses the extraction system and ion source body of
the TRIUMF licensed filament-powered ion source coupled to the back plate, RF
antenna and impedance matching system of the RADIS ion source. Furthermore,

when comparing the beam current density per RF power, the newly developed ion
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source can still extract about 50% higher beam current densities. When comparing
with the filament-powered ion source, the total H™ beam current and the power
efficiency were lower in the RF-powered ion source. The reason for the beam
current differences were identified and improvements to the ion source design were
proposed. The new RF-powered ion source developed is an interesting option for
many H™ applications, such as for cyclotrons and tandem accelerators since it has
no consumable parts and it can achieve H™ beam currents that are comparable to
what can be extracted from the filament-powered ion source. The new RF-powered
ion source was cited by two review publications on H™ ion sources [31, 32], and
led to two publications [117, 118].

The next chapter will present the performance of the new hybrid RF-powered
ion source for the extraction of negative carbon ions. This ion source is a viable
candidate to be used in ion implanter systems since no impurities are added to the

plasma chamber.
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Chapter 5

Extraction of Negative Carbon
Ions with the RF-Powered Ion
Source

Chapter 5 presented the development of a new hybrid design RF-powered H™ ion
source which is an interesting ion source for H™ applications since high H™ cur-
rents can be extracted and the ion source does not have any consumable parts,
leading to much longer operational lifetimes than filament-powered ion sources.
Furthermore, the RF-powered ion source developed also does not add any contam-
inants to the plasma, so it is a valid option for ion implanter applications. This
chapter describes the experiments and analysis that was undertaken with the new
hybrid RF-powered ion source towards meeting the negative carbon ion beam pro-
duction requirements for semiconductor ion implantation.

First, the performance of the RF-powered ion source with acetylene as the in-
jection gas will be presented. This includes analyzing the negative ion current,
the co-extracted electron current, the emittance and the beam composition as a
function of the different ion source parameters and comparing the results with the
filament-powered ion source to determine how the plasma generation technique
affects the beam extracted out of the ion source. Then, optical emission spectrom-
etry will be used to analyze the plasma species in the ion source as a function of

the ion source parameters. Finally, the focus will be on improving the stability of
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the extraction system to reduce the glitch rate, as the beam stability is the limiting
factor in the performance of the ion source. Extraction geometry modifications,
extraction simulation and magnetic configuration analysis will be included in this

section.

5.1 Ion Source Performance

This section will focus on the analysis of the performance of the new hybrid RF-
powered ion source for the extraction of negative carbon ions. The dependence of
the beam current, the co-extracted electron current, the beam composition and the
emittance on the gas flow and the RF power will be described. The beam properties
will also be compared with results obtained in Chapter 3 with the filament-powered
ion source.

Acetylene, purchased from Air Liquide with a purity of 99.99%, was used as
the injection gas in the hybrid design RF-powered ion source. The ion source was
as described in Section 4.4. A plasma could easily be generated with about 400
W of RF power, which is much lower than what was seen with hydrogen in the
same ion source. At 11.4 eV [119], the ionization energy of acetylene is lower than
hydrogen’s ionization energy of 13.6 eV [120]. This means that the lower electric

fields are needed to ionize the gas and start the plasma.

5.1.1 Beam Composition

This section studies the composition of the beam extracted out of the ion source
by comparing it with results obtained with results with the filament-powered ion
source, as was seen in Section 4.1.1. From the results in Chapter 3, it is expected
that H-, C,, C;H™ and C;H, will be the main negative ions extracted from the
hybrid RF-powered ion source when acetylene is used as the feed gas.

The beam composition was measured with the mass spectrometer presented in
Section B.3.2. The entrance and exit slits of the mass spectrometer were set at
10 mm and a 3 mm circular aperture was positioned at the end of the ion source
vacuum box to limit the beam current going through the spectrometer. A typical
spectrometer scan obtained with the hybrid RF ion source is presented in Figure
5.1.
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Figure 5.1: Spectrometer scan obtained with acetylene as the injection gas in
the RF-powered ion source. The RF power was set at 500 W, the gas
flow was set at 10 sccm, the beam energy was set at 30 keV, the plasma
electrode was set at 0 V and the extraction electrode was set at 1.5 kV.

From Figure 5.1, there is a much lower C;H, beam component with the RF-
powered ion source than there is with the filament-powered ion source, as was
seen in Figure 3.2. C;H, ions are believed to come from surface production in the
plasma since the volume production processes require the molecule to split when it
produces a negative ion [83]. The main difference between the plasma wall surface
of the filament-powered and the RF-powered ion sources is that there is no tantalum
film on the plasma chamber walls of the RF-powered ion source. Tantalum has a
lower work function (4.25 eV) than copper (4.65 eV) [121], but this is not enough
of a difference to explain the difference in Co;H, current. There are other factors
such as the sticking probability of the incident particle and the inhomogeneity of
the surface that will influence the surface production of negative ions [122]. These
factors explain why the relative CoH,, production is about three times larger in the
filament-powered ion source.

The reduced CoH, component obtained in the RF-powered ion source leads to
an increased relative composition of C;, which is helpful for the negative carbon ion
source goal. This is an additional advantage to using the RF-powered ion source
for the production of negative carbon ion beam. The next section will present the

maximum beam current that was extracted by increasing the RF power.
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5.1.2 RF Power

In general, the beam current extracted out of the ion source increases with the
input power, so the properties of the RF-powered ion source were measured as a
function of the input RF power. Furthermore, it was shown in Chapters 3 and 4 that
the glitch rate is dependent on the input power, with an increased glitch rate seen
as the input power increases, so particular attention will also be paid to the glitch
rate in this section.

The beam current extracted out of the hybrid RF-powered ion source was mea-
sured with the Faraday cup located 480 mm downstream of the plasma electrode.
The total extracted beam current was found to increase with the RF power, with a
greater relative increase seen with higher gas flows. As usual, the extraction was
very unstable as there was frequent sparking on the extraction electrode, and the
frequency of the sparking increased with the RF power to a rate of between 4000
and 5000 glitches per hour at 600 W of RF power. The total beam current as a

function of the RF power for various gas flows is presented in Figure 5.2.
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Figure 5.2: Total beam current (all species) as a function of the RF power
for various gas flows. The bias voltage was set at 30 kV, the plasma
electrode voltage was set at 0 V and the extraction electrode voltage
was optimized at every measurement.

A maximum total beam current, consisting of all the species presented in Figure
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5.1, of 0.82 mA was obtained at 600 W and 19 sccm of gas flow. This corresponds
to a C; beam current of about 0.27 mA, which is more than half of the goal of 0.5
mA and is considerably more than what was extracted out of the filament-powered
ion source, which was 0.1 mA. The ion source parameters for this maximum cur-

rent tune are presented in Table 5.1.

Parameter Value
Total Beam Current 0.82+0.04 mA
Forward RF Power 600+5 W
Reflected RF Power 13425 W

Bias Current 2.6+0.05 mA
Bias Voltage 30+0.1 kV

Extraction Electrode Current 78+4 mA
Extraction Electrode Voltage 1.8+£0.1 kV

Plasma Electrode Current 0+0.1 A
Plasma Electrode Voltage 20.0+0.1V
Gas Flow 19.0£0.2 sccm
X Steering Current 0+0.1 A
Y Steering Current 0+0.1 A

Table 5.1: Maximum beam current tune obtained with the hybrid ion source
with acetylene.

From Figure 5.2, one can see that there is no saturation of the beam current
up to 600 W, thus increasing the RF power even further would yield higher beam
current. However, the maximum RF power that could be tested was limited by fre-
quent sparking on the extraction electrode, which made the beam current measure-
ment impossible. This was also seen in the TRIUMF licensed filament-powered
ion source and in the RADIS ion source when acetylene is used as the injection
gas. Improving the stability of the extraction system would allow the ion source to
be operated to higher RF power and will lead to higher beam currents, this will be
the focus of Section 5.3.

The gas flow into the ion source also had a large impact on the beam current
extracted, with higher beam currents extracted with higher gas flows, which is the
same effect that was seen with the filament-powered ion source. In the filament-

powered ion source, this increase in beam current with gas flow was due to a lower-

128



ing of the electron temperature which led to higher negative carbon ion production
rates through dissociative electron attachment of acetylene. Along with the nega-
tive ions, it is also interesting to study the co-extracted electrons. In the filament-
powered ion source, the co-extracted electron current was much higher with acety-
lene than it was with hydrogen, and this was also the case with the RF-powered ion

source, as can be seen in Figure 5.3.
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Figure 5.3: Co-extracted electron current as a function of RF power for vari-
ous acetylene gas flows. The bias voltage was set at 30 kV, the plasma
electrode voltage was set at 0 V and the extraction electrode voltage was
optimized at every measurement.

From Figure 5.3, there is an increase in the co-extracted electron current with
the RF power. This is due to an increase ionization rate in the plasma as the RF
power is increased, which leads to an increase in the electron density in the plasma
chamber. There is also a decrease in the electron current with gas flow. The same
effect was seen in the filament-powered ion source, and the Langmuir probe study
showed that the decrease was due to a decrease in the electron density in the plasma
with the gas flow.

As presented in the previous section, there are four main negative ion compo-
nents (H™, C,, CoH™ and C;H,) in the beam extracted out of the RF-powered ion

source when acetylene is used as the injection gas. The relative beam composition
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for the four main constituents as a function of the RF power for a gas flow of 19

sccm is presented in Figure 5.4.
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Figure 5.4: Relative beam composition as a function of the RF power for a
gas flow of 19 sccm. The bias voltage was set at 30 kV, the plasma
electrode voltage was set at 0 V and the extraction electrode voltage
was optimized at every measurement.

From Figure 5.4, there is a slight increase in C, and a decrease in C;H™ as
the RF power is increased. Previous studies [83] have showed that there is no
large difference between the production cross sections of C; and C;H™. Thus, the
hypothesis is that the change in the relative population with the RF power is not
due to change in the volume production through dissociative electron attachment,
but it is due to the difference in surface production. The higher RF power leads
to a higher dissociation of acetylene and a higher C, density in the plasma, which
leads to higher C;, current.

The maximum C, beam current extracted out of the ion source was of 0.27 mA
at an RF power of 600 W and an acetylene gas flow of 19 sccm. However, at these
settings, the beam stability was much worst than the goal of less than 10 glitches per
hour, at more than 4000 glitches per hour. The maximum beam current extracted

is not limited by the RF power but by the stability of the extraction system.
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5.1.3 Gas Flow

This section will focus on the effect of gas flow on the properties of the beam

extracted. As was seen in Figure 5.2, there is an increase in the total negative beam
extracted with gas flow and this was also seen with the TRIUMF licensed filament-
powered volume-cusp ion source. Figure 5.5 shows the effect of gas flow on the

total beam current and on the beam composition for a constant RF power of 500

W.
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Figure 5.5: a) Total beam current for various acetylene gas flows and b) rel-
ative beam current of the four main component of the beam (H™, C;,
C,H™, CoH;). The RF power was set at 500 W for the measurements,
the bias voltage was set at 30 kV, the plasma electrode was set at 0 V and
the extraction electrode voltage was optimized for every measurement.

The beam current is highly dependent on the gas flow, and in the filament-

powered ion source this increase in beam current with gas flow was attributed to an

increase in the production of the negative carbon ion species due a decrease in the

electron temperature at these gas flows. From Figure 5.5b, there is also an increase

in the C; and C;H™ currents with gas flow which suggests that the increase seen is

due to an increase in the production of these ions in the plasma through dissociative

electron attachment reactions from a lowering of the electron temperature and/or

an increase in the neutral density.

From 5.5b, there’s a slight decrease in the relative H™ current, which was also
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seen in the filament-powered volume-cusp ion source. The decrease in H™ current
is due to higher H™ stripping rates at the higher pressures, this is seen in the H™
ion source.

One can conclude that higher gas flows are favorable for the production of
negative carbon ions. This tendency was also seen in the filament-powered ion

source.

5.1.4 Beam Emittance

The maximum normalized 4-RMS emittance for the target ion implanter applica-
tion was set at 1 mm-mrad, and in Chapter 3 the emittance of the beam extracted
out of the filament-powered ion source was shown to be between 0.6 mm-mrad and
0.9 mm-mrad. Since the RF-powered ion source uses the same body and extraction
system as the filament-powered ion source, it is expected that the emittance will
be similar. Any difference in the emittance can be attributed to differences in the
plasma close to the extraction region of the ion source.

The emittance of the total beam (all species) was measured with the emittance
scanner in Figure B.16 scanning in the y direction and located 368 mm downstream
from the plasma electrode. An example of an yy’ phase space of a beam extracted
from an acetylene plasma with the RF-powered ion source is presented in Figure
5.6.
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Figure 5.6: yy’ phase space scan obtained with the RF power set at 400 W
and the gas flow set at 19 sccm. The bias voltage was set at 30 kV, the
plasma electrode was at 0 V and the extraction electrode voltage was set
at 1.5 kV. The 4-RMS emittance ellipse is shown in blue.

Normalized 4-RMS emittance values between 0.6 mm-mrad and 1.0 mm-mrad
were typically obtained, which is slightly higher than what was measured with the
filament-powered ion source, but it is still below the goal of 1 mm-mrad.

The goal of having a C, emittance of less than 1 mm-mrad is thus met with the

hybrid RF-powered ion source.

5.2 Plasma Analysis

The production of negative ions in acetylene plasma is highly dependent on the
plasma parameters [83]. Furthermore, when compared to hydrogen plasmas, there
are many more species in the plasma that could influence the production and the
destruction of the negative ions. It is thus important to study the composition of the
plasma as a function of the ion source parameters to determine which configuration
optimizes the production of C; ions. Thus, optical emission spectroscopy was used
to study the acetylene plasma generated by the RF-powered ion source.

This section will present the optical emission spectroscopy analysis that was
done with the hybrid RF-powered ion source when acetylene was used as the in-

jection gas. The different peaks that were identified will first be presented, then
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these peaks will be used to compare the different species population inside the

plasma as a function of the ion source parameters.

5.2.1 Optical Emission Spectroscopy

Optical emission spectroscopy was performed in the hybrid RF-powered ion source
through the extraction aperture, using the configuration that was presented in Fig-
ure B.21.The fiber was attached to the end of the emittance scanner head and the
head was moved in the beamline until a signal was observed on the spectrome-
ter. The light was coupled in the fiber through an optical collimator, the fiber was
connected to an optical vacuum feedthrough and the light was collect in the spec-
trometer via another fiber outside the vacuum chamber.

Figure 5.7 shows the observed spectrometer scan obtained at 5 sccm of acety-

lene gas flow and 400 W of RF power.
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Figure 5.7: Optical emission from an acetylene plasma created with the RF-
powered ion source with an RF power of 400 W and a gas flow of 5
sccm. The ion source and the electrodes were not biased for this exper-
iment.

From Figure 5.7, the dominant peaks at 656 nm and 486 nm are the two first
lines from the Balmer series of hydrogen [123], which indicates that there’s a large

density of atomic hydrogen in the plasma. The peak at 431 nm corresponds to the
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A% A—X? I1 (0—0) of CH [124]. The peak at 516 nm corresponds to one of the
Swan peaks of the C, complex. The Swan system of C; constitutes multiple peaks
between 400 and 650 nm [124]. Furthermore, there seems to be a continuum with
a peak between 500 nm and 600 nm. When the integration time is increased and
the dominant peaks are saturated, this continuum becomes more obvious, as can be

seen in Figure 5.8.
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Figure 5.8: Spectrometer scan of figure 5.7 with a longer integration time,
saturating the peaks and showing the continuum.

One possible explanation for this continuum is that it is from the hot incan-
descent carbon particles in the plasma [96], and thus should follow a blackbody
radiation curve at the temperature of the gas particles. The blackbody radiation

curve as a function of wavelength is given by

=2t 5.1)

=7 ,
exp <;£<CT> —1

where h is Planck’s constant, ¢ is the speed of light, A is the wavelength, k is
Boltzmann’s constant and 7 is the temperature of the body. Equation 5.1 was fitted
to the continuum region of Figure 5.8 and the resulting fit is plotted in Figure 5.9.
From Figure 5.9, the fit is poor since the curve has a much wider peak than what
is seen in the plots. Furthermore, the temperature fitted of 8050 K is much higher

than gas temperature values quoted in the literature for similar plasmas, where it
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Figure 5.9: Blackbody radiation equation fitted to the continuum of the spec-
trum of Figure 5.8. A temperature of 8050 K was used for the fit.

is usually less than 4000 K [96]. The continuum is most likely due to the B-X
transition of C,H as described by [125]. The continuum obtained resembles what
is seen in the ion source, there’s a quick increase between 430-470 nm and a slow
drop at more than 550 nm.

From the analysis presented here, the relative population of different species in
the plasma can be estimated by an optical emission spectroscopy analysis. The next
section will describe how the species population are dependent on the different ion

source parameters .

5.2.2 Species Analysis

By comparing the relative intensities of the different peaks, it’s possible to com-
pare the various populations in the plasma. The C,, H and CH populations are
monitored by comparing integral of the spectral lines at 516 nm, 486 nm and 431
nm respectively. The chosen peak was Hg instead of Hy since it’s of comparable
intensity to the other dominant peaks. The relative CoH population is estimated
by integrating a spline fit of the continuum. The relative peaks were measured as
the gas flow and the RF power were varied. The results are presented in Figure
5.10. The values obtained are normalized, so the graphs are only used to show the

trends in the population as the ion source parameters are changed, and not absolute
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changes.
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Figure 5.10: Relative intensity of various species for a) various gas flows and
b) various RF powers. The RF power was set at 400 W in a), while the
gas flow was set at 10 sccm in b).

From Figure 5.10, as the gas flow is increased, there is an increase in the C,
signal and a decrease in the H signal. This decrease in the H population can also
be seen in the beam composition presented in Figure 5.5, where there is a clear
decrease in H™ current and an increase in CoHy ions at higher gas flows. The CH
population is constant at the various gas flows. Trace amounts of CH™ beam are
detected out of the ion source.

There is an increase in the H population and a decrease in the C, population
with increasing RF power. As the RF power increases, the increase in H can be ex-
plained by an increase in the dissociation of the acetylene molecule by the increase
in electron density and temperature that is associated with the increase in RF power
(CyHy+e — CyH+H+e). This would lead to an increase in the H population. It is
expected that the C, population increases in a similar fashion, but the difference is
due to the fact that two H atom would be produced for every dissociated acetylene
molecule (CoHy+e — Cr+2H+e).

From the analysis presented in this section, some of the populations follow

the trends seen in the beam composition analysis. For example, the H™ current
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decreases with the gas flow and increases with the RF power, and the same trend
was seen with the H population with the optical emission spectroscopy analysis.
However, the C, and C,H populations seen in this analysis don’t follow the beam
composition values as well as the dependence with the RF power. The negative
ions produced by surface production are expected to follow the population den-
sities seen with optical emission spectroscopy, thus the C, and C,H population
differences seen are explained by the fact that the production of these ions is also
dependent on the volume negative ion process.

The main problem associated with optical emission spectroscopy is that the
signals obtained are averaged over the line of the sight through the plasma. This is
problematic for the highly non-uniform plasma that’s created in the ion source and

adds to the uncertainty in the OES population density results.

5.3 Beam Stability

Ion implanters have stringent beam stability requirements since the dose implanted
in the wafers is directly proportional to the beam current. Thus, to ensure that the
implanted dose is uniform across the wafers, the beam current has to be stable. For
this project, a goal of less than 10 glitches per hour was set, where a glitch consists
of any beam current deviation of more than +5% of the nominal beam current.
The stability of the extraction of negative ions with an acetylene plasma was
first seen as an issue in Chapter 3 when the TRIUMF licensed filament-powered
volume-cusp ion source was used with acetylene. Stability issues were also seen
with the RADIS ion source in Chapter 4 and with the hybrid RF-powered ion
source presented in this Chapter. The main issue stems from electrical breakdowns
on the extraction electrode of the ion source. This section will present how the
extraction system and the plasma were studied to reduce the glitch rate in the ion
source. The original extraction system and how it performs will first be presented,
then the effect of bias voltage and the aperture sizes on the glitch rate and the beam
current will be shown. Finally, the magnetic filter field will be changed to reduce

the co-extracted electron current and reduce the glitch rate.
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5.3.1 Initial Beam Stability

Initial experiments with all three ion sources tested as part of this Thesis work
showed that there were important instabilities in the beam current when acetylene
was used. Figure 5.11 presents the beam current with time with acetylene used in

the RF-powered hybrid ion source.
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Figure 5.11: Beam current stability with acetylene in the RF-powered ion
source. The RF power was set at 500 W, the gas flow was set at 10
sccm, the bias voltage was set at 30 kV, the plasma electrode was set
at 0 V and the extraction electrode was set at 0.7 kV.

From Figure 5.11, it is evident that the glitch rate is much higher than what is
acceptable for implantation applications. The glitch rate is close to 1000 glitches
per hour. Furthermore, some of the glitches persist for more than a second and the
beam current falls to zero.

The glitches in the beam current are caused by voltage breakdowns on the ex-
traction electrode. The extraction electrode is commonly biased between 1 kV and
3 kV above the ion source potential. Figure 5.12 presents the extraction electrode
voltage (Vex;) along with the beam current as a function of time when acetylene is
used in the RF-powered ion source.
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Figure 5.12: Beam current and extraction electrode voltage stability with
acetylene in the RF-powered ion source. The RF power was set at
500 W, the gas flow was set at 10 sccm, the bias voltage was set at 30
kV, the plasma electrode was set at 0 V and the extraction electrode
was set at 0.7 kV.

From Figure 5.12, the drop in beam current is caused by the extraction voltage
instabilities and that some of the glitches seen in the extraction electrode volt-
age are not seen in the beam current. This is explained by the low sampling rate
(10 Hz) of the PLC, which can not measure any fluctuations of less than 100 ms.
Furthermore, some of the glitches in the extraction electrode voltage are positive,
which indicates that the electrode was sparking to ground potential instead of the
ion source potential.

These instabilities were not seen with H™, as can be seen in Section B.2.2.
Furthermore, there are no issues with the electrodes holding voltage when there is
no plasma in the ion source and the purity of the gas used was at 99.99%, so the
instability is most likely not due to impurities in the plasma. The issue must thus
be caused by the acetylene plasma or the beam that’s extracted from the plasma.
The following sections will present experiments that were performed to determine

how the glitch rate was reduced.

5.3.2 Extraction Geometry

The geometry of the extraction system will first be studied to determine where the

electric field is maximum. The extraction system of the original ion source design
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is composed of a plasma electrode, an extraction electrode and a ground electrode.

The geometry of the extraction system is presented in Figure 5.13.
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Figure 5.13: Schematic of the extraction system in the original ion source
design. Taken from [23].

The protrusion of the extraction electrode and the short spacing between it and
the plasma electrode (2.7 mm) creates a high electric field. IBSimu simulations
were used to find the electric field in the extraction. The results are presented in
figure 5.14.
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Figure 5.14: Magnitude of the electric field from a beam extraction simula-
tion in IBSimu [77] of the extraction system. The electrodes are pre-
sented in blue, with the plasma electrode set at 30 kV, the extraction
electrode set at 26.5 kV and the ground electrode set at 0 V.

A safe limit of 5 MV/m is often taken to ensure that the extraction system will
hold the proper voltage [126], and from Figure 5.14 the electric field is below this
value. Thus, the sparking is not caused by the high electric field alone, which
is not surprising since H™ ions can safely be extracted with this extraction system.
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However, the electric field is maximum on the tip of the extraction electrode, which
makes this a high risk area for sparking.

The initial design of the ion source extraction system uses a 13 mm diameter
plasma electrode aperture with a 9.5 mm extraction electrode aperture. This size
difference places the extraction electrode in a vulnerable position for beam strike.
When an ion strikes an electrode, there is a release of secondary electrons that will
be accelerated by the strong electric field in the extraction system which could lead
to avalanche discharges. Additionally, the striking of the extraction electrode could
also produce positive ions which will be accelerated to the plasma electrode and
start an avalanche discharge from this collision [127].

IBSimu simulations of the extraction system were done to examine whether
there was any beam strike on the electrodes. For the simulations, 0.75 A/m? of Cy
ions were simulated, which corresponds to an extracted beam current of about 0.1
mA with a plasma electrode aperture diameter of 13 mm. Figure 5.15 presents the

results of the simulation for two different extraction geometries.
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Figure 5.15: Beam extraction simulations for a) the original, 13 mm plasma
and 9.5 mm extraction aperture, configuration and b) a 13 mm plasma
and 14 mm extraction aperture configuration. 0.75 A/m? of C, is sim-
ulated with the ion source biased at —30 kV and the extraction elec-
trode at 1 kV.

From Figure 5.15a, there is significant beam strike on the extraction electrode
if the plasma meniscus is not optimized with the right highly concave curvature.
When the size of the extraction aperture was increased to be larger than the plasma
aperture, the simulations predict that the beam is extracted through the system
without ever striking the extraction electrode, even if the plasma meniscus shape is
not optimized.

The diameter of the extraction electrode aperture was increased and the diam-
eter of the plasma electrode aperture was decreased to test whether this would lead
to a reduced glitch rate. Several different configurations were tested experimen-
tally with an RF power of 500 W and an acetylene gas flow of 30 sccm. The results

are presented in the table 5.2.
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& plasma & extraction Vplasma Vextraction g::tteCh gilrren t
(mm) (mm) V) (kV) h) (mA)

13 9.5 20 1.5 ~1100 0.055

13 16 20 1.5 ~700 0.057

8 14 20 1.5 ~150 0.017

10.5 14 20 1.5 ~390 0.060

10.5 16 20 1.5 ~410 0.036

Table 5.2: Ion source stability for various electrode aperture sizes.

From Table 5.2, there is a decrease in the glitch rate when the ratio of the
diameter of the plasma electrode over the extraction electrode aperture diameter
decreases. The lowest glitch rate is observed when a 8§ mm plasma electrode aper-
ture is used with a 14 mm extraction electrode aperture. However, as the size of
the plasma electrode decreases, so does the C, beam current.

Figure 5.16 presents the relation between the glitch rate and the ratio of the

aperture size of the plasma electrode and the extraction electrode.
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Figure 5.16: Glitch rate as a function of the ratio of the plasma electrode
aperture over the extraction electrode aperture.

From Figure 5.16, there is a linear dependence when the ratio of the aperture
size of the plasma electrode and the extraction electrode is less than 1.

With the larger extraction electrode aperture and smaller plasma electrode aper-
ture the glitch rate is still high, even though the simulations show that the beam
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does not strike the extraction electrode with these geometries. The sparking be-
tween the electrodes must thus be caused by additional phenomena. Furthermore,
to maintain a higher beam current but still keeping the glitch rate low, a configu-
ration with a 10.5 mm plasma electrode aperture diameter with an extraction elec-
trode aperture diameter of 14 mm was identified as a good compromise. The next

section will focus on how the bias voltage on the ion source affects the glitch rate.

5.3.3 Bias Voltage

From Figure 5.14, the highest electric field region is between the extraction and
ground electrodes, as the electric field in this region is created by the bias voltage.
It is thus expected that reducing the bias voltage will lead to lower glitch rates since
it will reduce the electric field in the extraction region. For the target ion implanter
application, a beam energy as low as 10 keV can be used, thus the performance
of the ion source was studied at various bias voltages. Figure 5.17 presents the
glitch rate and the beam current for various bias voltages with a 10.5 mm diameter

plasma electrode aperture and a 14 mm diameter extraction electrode aperture.
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Figure 5.17: Glitch rate and total beam current extracted from the RF-
powered source at various bias voltages. The RF power was set at 350
W, the gas flow was set at 15 sccm, the extraction electrode voltage was
set at 2 kV and the plasma electrode was set at 20 V. The configuration
with Zplasma = 10.5 mm and & exgraction = 14 mm was used.
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Since the extraction electrode voltage was set to 2 kV for all the measurements
in Figure 5.17, the extraction was not optimized for every bias voltage and the
maximum beam current extracted was at 10 kV. The reason for the reduction in the
glitch rates with the lower bias voltages is the reduced electric field seen between
the extraction and the ground electrodes at the lower bias voltages. This suggests
that some of the breakdowns occur between these two electrodes and explains why
the glitch rates are still high when the risk of beam strike on the extraction electrode
is eliminated.

By modifying the extraction geometry and reducing the bias voltage the glitch
rate was dramatically reduced. However, it is still too high, especially at higher
RF powers. The following section will present how the plasma parameters can be

changed to further improve the beam current stability.

5.3.4 Gas Flow

Increasing the gas flow in the TRIUMF licensed filament-powered ion source lead
to a lower electron density in the plasma, as was shown in Figure 3.16, which
leads to lower co-extracted electron currents, as was shown in Figure 5.3. With the
RADIS ion source, it was shown that increasing the electromagnetic dipole filter
field in the plasma reduced the co-extracted electron current, and it also reduces the
glitch rate. Thus, it is believed that the lower co-extracted electron currents seen at
higher gas flows could lead to lower glitch rates.

Figure 5.18 presents the beam current, co-extracted electron current and glitch
rate as a function of the RF power for various gas flows. The extraction configu-
ration used a 10.5 mm diameter plasma electrode aperture and a 14 mm diameter

extraction electrode aperture and the bias voltage was set at 10 kV.
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Figure 5.18: a) Beam current, b) co-extracted electron current and c) glitch
rate as a function of the RF power for various gas flows. The bias volt-
age was set at 10 kV, the plasma voltage was set at 20 V, the extraction
electrode was optimized for every measurement and the configuration
with @ pjasma = 10.5 mm and Zexgraction = 14 mm was used.

From Figure 5.18, the difference in glitch rate with gas flow is small, but is
noticeable at low RF power. The biggest change in glitch rate is seen with the RF

power. However, from Figure 5.18 a, the greatest increase in beam current is seen
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with an increase in the gas flow, as was noted in previous sections. Furthermore,
the increased gas flow leads to an important reduction of the co-extracted electron
current, which comes for a decrease in the electron density close the extraction
region of the plasma chamber.

The co-extracted electron current has an effect on the glitch rate, and reducing
the co-extracted electron current leads to lower glitch rates. The next section will

thus focus on the dumping of the co-extracted electrons.

5.3.5 Extraction Simulations

As was seen with the RADIS ion source in Section 4.1 and in the previous sec-
tion, higher co-extracted electron currents are correlates to higher glitch rates. The
dumping of the electrons in the extraction system was thus studied to determine
how the electron dumping could be improved to reduce the sparking on the extrac-
tion electrode.

IBSimu was used to model the extraction of the negative carbon ions and the
dumping of the co-extracted electrons. The goal is to find a configuration that
properly dumps the electrons between the two extraction electrode apertures while
minimizing the negative ion beam losses along the extraction system. As seen
in previous simulations (Figure B.31), the electrons are dumped on the front face
of the extraction electrode, while the original ion source design has the electrons
dumped between the two apertures of the extraction electrode. The reason for this
difference is that the magnetic filter field in the plasma chamber extends into the
extraction region, deflecting the co-extracted electrons before they reach the ex-
traction electrode. To reduce the magnetic field between the plasma and extraction
electrodes, the magnetic field in the ion source and the extraction system with the
first set of dipoles in the extraction electrode removed was modeled in Opera [128].
The beam extraction simulation results for this configuration are shown in Figure
5.19.
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Figure 5.19: IBSimu simulations of a) the original extraction configuration
and b) a modified extraction configuration with the first set of magnets
removed from the extraction electrode aperture. The simulations were
done at a bias voltage of 10 kV and an extraction electrode voltage of
1.5 kV. 0.1 mA of C; and 30 mA of electrons were simulated. Mag-
netic field on the central axis for c) the original configuration and d)
the modified configuration.

As can be seen in Figure 5.19, removing the first dipole from the extraction
electrode prevents the electrons from being dumped on the front face of the extrac-
tion electrode, where the electric field is maximum. The new magnetic configura-
tion was tested. The glitch rate and the beam current as a function of the RF power
for various gas flows for the two magnetic configurations in Figure 5.19 is plotted

in Figure 5.20.
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Figure 5.20: a) Glitch rate and b) C, beam current measured with the orig-
inal magnetic configuration and without the first set of magnets. The
gas flow was set at 20 sccm, the bias voltage was set at 10 kV and
aperture diameters of 10.5 mm and 14 mm were used for the plasma
and extraction electrodes respectively.

From Figure 5.20, the glitch rate is lower with the modified magnetic configu-
ration, while the beam current is almost unaffected. The glitch rates obtained are
still higher than the goal, even for low RF powers. But, improving the electron
dumping location leads to lower glitch rates, so the hypothesis is that reducing the
total co-extracted electron current will also lead to a lower glitch rate. This will be

studied in the following section.

5.3.6 Magnetic Filtering

The analysis with the RADIS ion source presented in Section 5.3.4 revealed that
increasing the magnetic filter field strength leads to an important reduction in the
glitch rate when the ion source was operated with acetylene. This section will focus
on the study of the magnetic filter field in the RF-powered RF ion source. The goal
is to understand how the electrons are affected by the magnetic filter field and to be
able to predict which magnetic configuration will lead to the largest reduction in
co-extracted electrons, while not affecting the total negative ion beam current out
of the ion source.

The TRIUMF licensed volume-cusp ion source has a permanent magnet filter
configuration, so the filter field can only be modified in discreet steps and the ion
source has to be disassembled to modify the magnetic filter field. An example of

how the magnetic field configuration can be modified to increase the magnetic filter
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effect is presented in Figure 5.21.

a) Original Configuration b) Configuration C
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Figure 5.21: a) Schematic of the original and b) a modified permanent mag-
net configuration in the TRIUMEF ion source. The schematic depicts
only half of the circumference with the bottom of the schematic corre-
sponding to the plasma electrode end. The opposite magnetic configu-
ration is found on the opposite side of the plasma chamber, forming a
dipole.

Several magnetic field configurations were simulated in Opera [129]. The y
component of the magnetic field (By) along the central axis of the ion source was
calculated and is presented in Figure 5.22 for the various configurations tested.
The magnetic field configurations were later measured on a translation bench with

a Hall probe, with good agreement between the simulations and the measurements.
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Figure 5.22: Measured B, for the various magnetic configurations tested. The
7z = 0 corresponds to the location of the plasma electrode and the neg-
ative z represent the inside of the ion source while the positive z values
depict the extraction region.

As can be seen, the configurations tested have an increasingly larger and longer

magnetic dipole, which is expected will reduce the co-extracted electron current.

The integral of B, inside the plasma chamber (z = 0 mm to z = —100 mm) for
the various configurations is presented in Table 5.3 to quantify the strength of the
dipoles.
Configuration | Field Integral (T-mm)
Original 0.46
A 1.52
B 1.94
C 2.60
D 3.29
E 3.61

Table 5.3: Various magnetic configurations studied.

To study the effect of the magnetic field configuration on the electron trajecto-
ries, electron tracking simulations were undertaken to determine how the electrons
are distributed in the plasma chamber and how the magnetic filter field affects the
trajectories of the electrons. To simulate the trajectories of the electrons, 5000 elec-

trons were generated randomly in the ion source’s plasma chamber. The particles’
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initial velocities were chosen to follow a Maxwell-Boltzmann distribution with a
temperature of 3 eV, which is similar to the value obtained with Langmuir probe
measurements in Figure 4.29, and the initial direction of travel was set randomly.
The particles were tracked for 1 us, or until the particles hit one of the plasma
chamber’s surfaces, and the time step was set at 1 ns. Figure 5.23 presents the lo-
cation of the collisions on the outer surface of the ion source for a simulation with
5000 electrons in the original magnetic configuration. In Figure 5.23, the collision

locations are compared to burn marks seen in the ion source.
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Figure 5.23: a) Simulated collision location on the cylindrical plasma cham-
ber wall obtained with electron tracking through the standard config-
uration magnetic field. The angle 6 = 0 is chosen as the x axis. b)
Photograph of the burn marks in the plasma chamber.

From Figure 5.23, the electron tracking simulations properly predict where the
electrons collide with the plasma chamber walls. However, the simulation does
not include collisions which have an important effect on the electron trajectories.
Collisions allow electrons to drift across the magnetic field lines.

From the simulations, it is possible to obtain the electron density at various
points in the ion source. The electron density was calculated along z by measuring
the total number of intersections with planes along the central axis of the plasma
chamber, giving a prediction of the electron density along the z axis of the ion
source. This will give an indication of the effectiveness of the magnetic filter field

at reducing the electron density in close to the plasma electrode. The results are
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presented in Figure 5.24.
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Figure 5.24: Electron density along the plasma chamber for various magnetic
field configurations as calculated with electron tracking simulations.
5000 electrons with an initial temperature of 3 eV were used for the
simulations, the plasma electrode is at z = 0 and the back plate is at
z=—150.

From Figure 5.24, the increase in the magnetic filter field has a significant effect
on the electron distribution close to the plasma electrode. For every configuration
with a larger magnetic field integral than the original configuration there is large
decrease in the electron density between 5 mm and 40 mm from the plasma elec-
trode. The electron density at the plasma electrode is expected to be incrementally
lower with every incremental increase in the magnetic field integral. However, the
simulations predict that most of the configurations have a similar electron density
distribution. When the motion of individual electrons in magnetic field configu-
ration that have a larger filter field strength than the original configuration is ana-
lyzed, one sees that there is a strong magnetic mirror effect everywhere the field is
above a threshold value of about 100 Gauss.

From Figure 5.22, there is a large increase in the distance in the magnetic
field area away from the plasma electrode for configurations A to E. This can be
seen by looking at a cross-sectional view of the electron density in the ion source.
Figure 5.25 presents zy cross sections of the electron density for two magnetic

configurations.
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Figure 5.25: zy cross section of the simulated electron density with a) the
original magnetic configuration and b) magnetic configuration B. The
magnetic field on axis is overlaid on both plots. The plasma electrode
is at z = 0 and the back plate is at z = —150.

From Figure 5.25, the electrons follow the magnetic filter field lines and this
creates a low electron density area close to the plasma electrode. The low electron
density region is larger when the filter field extends deeper into the plasma chamber
(z < —20 mm). However, the analysis is incomplete since the simulation does
not take into account the collisions between the particles. The multiple collisions
would allow more electrons to drift across the magnetic filter and reach the plasma
electrode. This would lead to a much higher electron density close to the plasma
electrode for every magnetic configuration.

To test the simulations, magnetic field configurations were implemented in the
ion source and the electron density was measured along z in the plasma chamber.
To measure the electron density in the plasma, the Langmuir probe, as described
in Section B.4.9, was used. A probe with a 5 mm tip length and 1.6 mm tip di-
ameter was inserted in the plasma through the extraction aperture while the ion
source and the electrodes were not biased. A plasma was generated in the plasma
chamber with 600 W of RF power and with 20 sccm of gas flow. The results of the
measurements are presented in Figure 5.26.

From Figure 5.26, for the original magnetic configuration, the electron density
decreases slightly from the plasma electrode, while an increase in the electron den-
sity was expected from the simulations. For magnetic configurations B and D, the
electron density is lower close to the plasma electrode than it was for the origi-

nal configuration. The electron density is also relatively constant up to 40 mm for
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Figure 5.26: Electron density along the plasma chamber for various magnetic
field configurations as measured with the Langmuir probe. The RF
power was set at 600 W and the acetylene gas flow was set at 20 sccm.
A position of 0 mm corresponds to the plasma electrode

configuration B and up to 70 mm for configuration D. From the simulation results
presented in Figure 5.24, the electron density was expected to only be low up to
about 40 mm for both configurations B and D. The difference between the Lang-
muir probe results and the simulation is explained by the lack of electron collisions
in the simulations. Electron collisions allow the electrons to drift across the mag-
netic field lines, creating a higher electron density close to the plasma electrode.

From Figure 5.26, the larger magnetic filter field does indeed reduce the elec-
tron density close to the plasma electrode. This is what was to be achieved because
a decrease in the co-extracted electron current is needed to achieve a lower glitch
rate.

The performance of the ion source with acetylene was tested with the vari-
ous magnetic fields of Figure 5.22. The total beam current, co-extracted electron
current and glitch rate as a function of the RF power is presented in Figure 5.27.

From Figure 5.27b, the increased magnetic filter field reduces the co-extracted
electron current as predicted and, from Figure 5.27c, the glitch rate is in general
lower with the larger fields. The exception to this is configuration E, which has
the lowest co-extracted electron current but does not have the lowest glitch rate.

Further IBSimu simulations need to be performed to determine whether improper
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Figure 5.27: a) Total beam current, b) co-extracted electron current and c)
glitch rate as a function of the RF power for various magnetic config-
urations. The bias was set at 10 kV and the gas flow was set at 20
sccm.

electron dumping is causing the high glitch rates seen. The optimum magnetic
field configuration to reduce the glitch rate was configuration D. The field strength
is large enough to reduce the co-extracted electron current, but not too strong as to
impede the dumping of the electrons, as was seen with configuration E. The glitch

rate was lowest for configuration D, with glitch rates of less than 50 glitches per
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hour achieved for RF power of less than 500 W, which is the best glitch rate that
could be achieved.

The C, beam current is also highly affected by the magnetic filter field strength.
There seems to be an optimum magnetic dipole field strength for configuration C.
The optimum magnetic filter field strength for the production of negative carbon
ions is combines the optimum electron temperature (about 2.5 eV [83]) while max-
imizing the electron density to maximize the frequency of negative ion production
reactions. For configuration D, which is the optimum magnetic configuration to
reduce the glitch rate, the production of C; is not optimize, with a maximum C;
current of 48 LA obtained.

The study done to reduce the glitch rate led to a great decrease in the glitch rate
seen. Unfortunately, the best glitch rate obtained is still higher than the goal of less
than 10 glitches per hour, and the C;, beam current extracted with this configuration
was of less than 50 pA, which is an order of magnitude from the semiconductor

implantation goal of 0.5 mA of C, .

5.4 Conclusion

The newly developed hybrid RF-powered ion source is a valid option for ion im-
plantation application since it does not use any low affinity metals like cesium and
it does not have any metal contamination from filaments. Acetylene was used in
the RF-powered ion source and a maximum beam current of 0.27 mA of C, was
extracted. However, the stability of the extraction was poor, giving a glitch rate
of more than 1500 glitches per hour. The stability of the ion source is the limit-
ing factor in increasing the beam current, thus reducing the glitch rate is the most
important aspect of the ion source.

Several experiments were completed to identify the nature of the voltage break-
downs seen on the extraction electrode and to determine how the glitch rate could
be reduced. Increasing the aperture size of the extraction electrode and reducing
the bias voltage on the ion source significantly reduces the glitch rate. Addition-
ally, modifying the magnetic field in the ion source and in the extraction system
reduced the co-extracted electron current and improved the dumping of the elec-
trons, which led to a further reduction of the glitch rate. About 50 glitches per hour
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could be achieved with the modifications to the ion source, which is higher than the
goal but considerably lower than the initial results. Furthermore, the extracted C;
beam current was 50 A with the new configuration, which is considerably lower
than the goal set. The work done to improve the stability of the extraction of the
negative carbon beam was the subject of a poster presentation at the Negative lon

Beams and Source conference in September 2018 [33].
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Chapter 6

Conclusion

The purpose of this Thesis work was to develop a negative carbon ion source to be
used for ion implantation in implanters that utilize tandem accelerators to acceler-
ate the ions to their final energy. The main drawback of the ion sources currently
used is that they rely on low affinity metals, such as cesium, to produce the nega-
tive ions. The use of these metals poses a contamination risk to the wafers that are
implanted, as the metals can migrate through the system. Volume-cusp ion sources
were identified as a good candidate to replace the current technology as these ion
sources do not rely on the use of low electron affinity metals and reliably produce
several milli-amperes of H™ ions. The Thesis work thus focused on the study of
the production and the extraction of negative carbon ion beams from volume-cusp
ion sources. The goal was to achieve up to 1 mA of C~ or 0.5 mA of C,, with an
energy between 10 keV and 30 keV, a beam stability of less than 10 glitches per
hour and a normalized emittance of less than 1 mm-mrad.

To complete this study, a test facility that allows for the proper study of the
beam characteristics and the plasma in the ion source had to be designed and de-
veloped. The Ion Source Test Facility (ISTF) was commissioned as a first step of
the work. The facility allows for ion sources to be tested up to an energy of 30 keV,
and the beam diagnostic devices include an emittance scanner, a mass spectrometer
and a Faraday cup. To study the plasma in the ion source, a Langmuir probe system
and an optical emission spectroscopy system were developed as part of this Thesis.

The ISTF was commissioned with a filament-powered H™ volume-cusp ion source
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licensed from TRIUMEF, which was shown to produce up to 18 mA of H™ beam
current.

The filament-powered ion source was the first ion source studied for the extrac-
tion of negative carbon ions. Multiple gases were identified as potential candidates
to be used as the injection into the ion source to produce the high negative carbon
ion current needed for the ion implanter application. Acetylene proved to yield the
highest current of C; , and no other gas yielded considerable amounts of C™ or C; .
Up to 0.1 mA of C; current could be extracted out of the filament-powered ion
source, which is 20% of the goal. The beam current was found to be limited by the
beam stability and not the power into the plasma, which indicates that higher beam
currents could be achieved if the beam stability can be improved. The beam sta-
bility issue arises from frequent electrical breakdowns on the extraction electrode
which led to glitch rates of more than 1000 glitches per hour, which is more than 2
orders of magnitude higher than the Thesis goal of less than 10 glitches per hour.
Furthermore, the filament-powered technology used is inadequate for the target ion
implanter application as the filament introduces a metal impurity into the plasma
chamber, as can be seen by the sputtered tantalum coating on the plasma chamber
walls after operation.

The contamination issue seen with the filament-powered ion source led to the
development of an RF-powered ion source that uses an external antenna, since there
are no contaminants introduced into the plasma chamber with these ion sources.
The RF-powered ion source developed is a hybrid design between the TRIUMF
licensed volume-cusp ion source and the RADIS ion source developed by the Uni-
versity of Jyviskyld. The ion source uses the RF antenna and backplate system
of the RADIS ion source coupled to the body and extraction system of the TRI-
UMF ion source. The development work was undertaken with H™, and up to 8 mA
were extracted at an RF power of 4 kW, which is a considerable increase in H™
beam current when compared to the 1.5 mA that was achieved with the RADIS ion
source, upon which the new RF ion source design is based. The beam current to
power efficiency of the RF-powered ion source is lower than the filament-powered
version, and the difference is due to the lack of confinement in the back plate of
the RF ion source, to the absence of a tantalum coating on the plasma chamber

walls and to RF power losses outside of the plasma chamber. Modifications to the

162



RF-powered ion source showed that the addition of confinement on the back of the
plasma chamber and the addition of a thin tantalum coating on the plasma chamber
walls improved the performance of the ion source with more than 10 mA of H™
extracted from the ion source.

Since the RF-powered ion source developed does not use any consumable parts
that could contaminate the system, the ion source is a good candidate for the extrac-
tion of negative ions for ion implantation applications. Up to 0.27 mA of C, was
extracted when the RF ion source was used with acetylene. As with the filament-
powered ion source, the beam current was limited by beam stability and not by the
input power into the plasma. There were frequent voltage breakdowns on the ex-
traction electrode, which led to high glitch rates, so the study focused on reducing
the glitch rate caused by the unstable extraction system. The glitch rate was sig-
nificantly reduced by changing the size of the apertures, increasing the magnetic
filter field to reduce the co-extracted electron current, reducing the bias voltage
and improving the electron dumping. A glitch rate of less than 50 glitches per
hour could be achieved, but the C, current was of only 50 pA with this extraction
configuration.

The final results obtained for the lowest glitch rate configuration are presented

in Table 6.1 along with the initial goals.

Parameter Value Desired Value Obtained
Beam Current a rilApa(f?CClE (I)Irhg.;f;iﬂ())(;n(jz) 0.05 mA of C;
Beam Kinetic Energy 10-30 keV 10 keV
Normalized 4 RMS Emittance <1.0 mm-mrad 0.71 mm-mrad
Beam Current Stability < +0.5% +0.1%
Glitch Rate < 10/hour ~ 50/hour
Metal Vapour Contamination 0 0

Table 6.1: Goals and values achieved for the negative carbon volume-cusp
ion source.

From Table 6.1, the goals for the negative carbon ion source that was developed
were not all met. However, significant improvements to the stability of the ion

source were made and important insights into the production of negative carbon
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ions, such as the production mechanisms and the optimum ion source magnetic
configuration, were gained through this Thesis work. Furthermore, the work led
to the development of an RF-powered ion source that produces high H™ current
densities and is a significant improvement to the ion source on which it was based.
Since the ion source does not have any consumable parts, the lifetime of the ion
source is substantially longer than filament-powered ion sources, and it is thus
an interesting option for H™ applications, such as cyclotrons that use an external
injection system and Boron Neutron Capture Therapy (BNCT) applications.

For the developed negative carbon ion source to be used for ion implantation,
the stability of the extraction system will have to be further improved so the input
power, and thus the beam current, can be increased. The extraction system should
be re-designed using the findings of this study, which includes testing different
materials, further increasing the size of the apertures and experimenting with the
configuration of the insulators between the electrodes. Additionally, the materials
used in the ion source would also have to be changed to further reduce the contam-
ination risk in the ion implanter. The copper plasma chamber walls and electrodes
should also be replaced to materials that are less prone to sputtering, such as tanta-
lum or graphite. Finally, the long-term performance of the ion source should then
be tested to determine how the carbon deposits in the plasma chamber affect the
RF power transmission into the plasma chamber and how it influences the stability
of the extraction system.

The most pressing development to the RF-powered H™ ion source is the cool-
ing of the RF window to prevent window failures and increase the power to the full
5 kW of the RF amplifier and thus increase the beam current. In addition, further
developments include experimenting with a tantalum plasma chamber and plasma
electrode, as this study showed that tantalum sputtered onto copper led to a 25%
increase in beam current. Using tantalum instead of copper could also lead to a
reduction in the sputtered material on the AIN window, as the copper walls could
be detrimental to the performance of the ion source after a prolonged period. Addi-
tionally, experiments on the dimensions of the ion source’s plasma chamber should
be undertaken, as the theoretical study of inductively heated plasmas showed that
the power density in the plasma is concentrated close to the RF window. A shorter

plasma chamber might lead to a more efficient production of H™ ions as the popu-
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lation of vibrationally excited H, would be higher close to the extraction region of
the ion source. Finally, long term tests with the RF ion source will also have to be

completed before the ion source can be used for an industrial application.
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Appendix A

Additional Background Theory

A.1 Plasma Frequency

Oscillation of charges inside the plasma occurs when a particle is disturbed from its
neutral position. If a group of charges displaced by a distance dx in the x direction
is considered, the x component of the electric field (E,) created by this charge
movement will be described by

p _ nedx

E. =" x= Al
X 8Ox & s ( )

where p is the charge density, & is the permeability of free space, n is the parti-
cle density and e is the electric charge. Newton’s third law is now used with the
Lorentz force to predict the movement of the charged particles.

d*8x ne’

m— o = eE, = 8—05)6 (A.2)

Equation A.2 represents a simple harmonic motion. The plasma frequency [34]
is introduced as a)g = ;’OL;, which represents the time scale of the plasma. It is
species dependent and inversely proportional to the mass, so the electrons have the
highest plasma frequency of all the different species in the plasma. In order to be
able to use plasma physics to describe the behavior of the plasma, the average time

between collisions must be larger than the plasma cycle time, this can be described
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as
0,7 > 1, (A.3)

where 7 is the mean time between collisions.

A.2 Collisions

Various collision processes occur in a plasma including, but not limited to,
electron-neutral, electron-ion and ion-neutral. The processes can be described with
a random-walk concept, where the movement of the particles arises from the sum
of a large number of small changes in momentum, resulting in a chaotic motion.
Nevertheless, the collision frequency and the mean free path for each process can

be loosely defined. The mean free path, A, for a process is given by

A=, (A.4)

where n is the particle density and o is the cross section of the specific process.
Each interaction possible has a specific cross section. The collision frequency, f;,
is given by

fe =nvo, (A.5)

with v the particle’s velocity. The different collision frequencies in the plasma vary
greatly between the kind of interactions and can be on the order of kHz to GHz
[34].

A.3 Multiple Ionization

More than one electron can be stripped from a neutral, forming a multiply charged
ion. The ionization number can be as high as the number of electrons in the neutral
particle. The ionization potential increases with the ionization degree since as the
electrons are removed, the screening of the nucleus from the other electrons de-
creases. Thus, it takes more energy to ionize the ions further. Figure A.1 presents
the ionization potential for degrees of ionization from 1 to 10 for every element up

to copper.
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Figure A.1: Ionization potential for the first 10 charged states for elements
up to copper [130].

From Figure A.1, as the atomic number increases, the ionization potential in-
creases slightly, but there is an exception when the electrons form stable orbitals.
For example, Li has the lowest ionization potential for the +1 ionization state, but
the ionization potential greatly increases for the +2 state since Li™ has a full 1s
orbital. Furthermore, as the charge state of the ion increases, so does the ionization
potential, with more than 100 V needed to ionize most atoms to a charge state of
+6.

Multiply ionized ions can be created in two ways. Either the ion is created in
one interaction with the electron, or the ion is created by multiple successive inter-
actions with different electrons. Both mechanisms require higher electron temper-
atures than is required for singly charged ions. High temperature plasmas, such as

the ones created in ECR ion sources, yield highly charged ion densities.

A.4 Debye Length

Plasmas can be considered uniform and quasi-neutral however, under a certain
distance, the electric field from a single particle is not shielded by the bulk of the
plasma and the quasi-neutrality condition is not established. The lower limit of
quasi-neutrality is referred to as the Debye Length [34]. This value can be derived
from basic electromagnetic and statistical physics. Poisson’s equation states that

the electric potential is related to the charge density by the Laplacian:

V2 = —gﬂo, (A6)

183



where ¢ is the electric potential, p is the charge density (p = ¢ -n with g being
the charge of the species and n being the particle density) and & is the vacuum
permeability. From basic statistical mechanics, an ensemble of ry charged particles
in an electrical potential will follow a Maxwell-Boltzmann distribution [34]. Thus

at position (x,y,z), the density will be given by:

T (A7)

n(x,y,z) = nopexp (—

where e is the elementary charge, k is the Boltzmann constant and 7 is the temper-
ature. Applying this relation to A.6:

—1 eo ep ep

v? :—[—n eex (—)—n eex (—)—i—n eex <—>}, A.8

¢80 eeexp\ i, ) ~rmeexp () e (A.8)

where T;, T, and T), represent the electron, negative ion and positive ion tempera-

tures and n,, n, and n, denote the electron, negative ion and positive ion densities.

For simplicity, one can assume that n, > n, and Z = 1 for the positive ions, thus

from quasi-neutrality, n, ~ n, = n. If it is assumed that 7, = T},, Equation A.8

simplifies to

ne ) ) 2ne ed
Vip=— (—)— (——) =— h(—) A9
¢ £ <exp kr) P kT & Sk A9)
Expanding in a Taylor Series and assuming that the potential is much smaller than

the thermal energy of the particles (% < 1), Equation A.9 simplifies to

2ne?

V2 ~
¢ &kT

$. (A.10)

This is a linear second order differential equation. The constant before the potential

on the right hand side of the equation has the units of inverse distance squared. The

&kT

Debye Length is thus introduced as Ap = o [34] and equation A.10 becomes

V2 =2A50. (A.11)
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Equation A.11 can be solved by assuming spherical symmetry in the solution, so
that the equation is solved in spherical coordinates and the angular dependent terms
are eliminated. The equation becomes

10 ( 23¢> 0% 20¢

- _ T i 2
r2 or g or or: ' ror 2459- (A.12)

Solving equation A.12 with the initial conditions ¢ (o) = 0 and ¢(0) = ¢y,

\ﬁr)'

o(r) :%eXp(_K (A.13)

Equation A.13 indicates that the potential created by a single charge falls exponen-
tially with a characteristic length of the Debye Length in a plasma. This effect is
referred to as the plasma shielding. The Debye Length increases when the charge
density decreases, since there are fewer particles to create the shielding effect, and
the Debye Length increases with an increased particle temperature, since the par-
ticles are more mobile. For the quasi-neutrality of a plasma to be valid, the size of

the area studied needs to be larger than the Debye Length of the plasma.

A.5 Plasma Sheath

The plasma sheath is the region between the bulk of the plasma and the chamber
walls. The following section will present the development of the theory behind
plasma sheaths.

The potential as a function of x close to the plasma chamber walls can be cal-
culated. x = 0 is set in the bulk of the plasma, where ¢ = ¢, = 0 so that the wall
is floating at a negative potential. It is assumed that the ions start at x = 0 with an
initial velocity vy and collisions will be neglected for this analysis. Conservation

of energy gives

ml-v(x)2 B miv(z)

2 2

with v(x) is the velocity and ¢ (x) is the potential. The conservation of ions gives

ed(x), (A.14)

novo = n;(x)v(x), where n;(x) is the ion density along x. Combining it with equation
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A.14 leads to

—1/2
26¢> . (A.15)

ni(x) =no (1 E—
To obtain a relation for n,, the fluid momentum equation is used and it is assumed
that the magnetic field is in the x direction only [48],

e kT, on,

vy -
V) = -2 F
ot Vv me © men, Ox’

(A.16)

where E| is the electric field. Assuming the system is at equilibrium (V = const,

Equation A.16 becomes

kT, 0
C g = Kl O (A.17)
M, M, OX
Using the relation E; = —g—ﬁ and integrating, an expression for n, can be found:
He = g exp <:gf) (A.18)
e

with ng the electron density in the bulk of the plasma. Using the particle densities

calculated, Poisson’s equation now reads

%9  eng ) 2e¢ -1/2
-— = — — | —({1- . A.19
ax* g (exp <kTe> ( miv(z)) > (A19)
From equation A.19, which requires
ed e \ 1/?
1— A.20
exp ( kn) < ( miv%) (A20)

to get a decreasing potential to the wall. This leads to the following condition:

[kT,
Vo > 4] —. (A.21)
m;

The Bohm velocity [48] can be defined as vg = ’% Therefore, the ions initial
velocity will be higher than the Bohm velocity at x = 0. The potential at x = 0

will be slightly below the plasma potential since the ions’ velocities are above the

186



Bohm velocity. It will equate to

kT,

9(0)=ps =", (A.22)

which is half of the electron temperature in volts. This region is known as the
pre-sheath [48].

Equation A.19 can be solved numerically to find the potential distribution along
the wall and the different densities. The electron and ion densities are presented in

Figure A.2 along with the electric potential.
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Figure A.2: Representation of a) the electric potential and b) the ion and elec-
tron density close to the wall of the plasma chamber.

A.6 Particle Motion in a Magnetic Field

The motion of individual particles in a magnetic field will be studied in this section.

The magnetic force on a particle with velocity v in a magnetic field Bis given by
F =gV xB. (A.23)

The force is perpendicular to the particle’s motion, which leads to a circular motion
of radius
r=— (A.24)



where v is the component of the velocity that’s perpendicular to the magnetic field
and B is the magnitude of the magnetic field. The angular frequency of the rotation

of the particles, @, is given by
_4B

m

o (A.25)

It is independent of the particle’s velocity and is directly proportional to the mag-
netic field. The movement of the particle in the direction that is parallel to the
magnetic field is unaffected, so the particle’s motion will be a helix with the center
of the helices following the magnetic field lines. The center of the rotation is known
as the guiding center and it will travel parallel to the magnetic field at a velocity
Vge = V||, Where v is the component of the velocity parallel to B. A schematic of a
particle’s motion in a uniform magnetic field with V- B # 0 is presented in Figure
A3

B

-

Ygc,

Figure A.3: Schematic of a particle motion in a uniform magnetic field with-
out any electric field.

If there’s an electric field in addition to the magnetic, there’s an additional

drifting term. The equation of motion becomes

d_' = —
md—‘; = g(E+7xB). (A.26)

The analysis is simplified by defining the velocity i =V — (EXBﬁ [34]. The guid-

ing center will move at a velocity of

- . ExB
Vge =V|b+ —p7—

(A.27)

where b is a unit vector in the direction of B. The motion of an electron where
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E xB#0and V- B # 0 is presented schematically in Figure A 4.
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Figure A.4: Schematic of a particle motion when E x B # 0.

If the magnetic field is not uniform, an additional drifting term that is pro-
portional to the gradient of B arises. This comes from the fact that the radius of
curvature of the helix will be smaller on the side of the orbit where the magnetic
field is larger. There will be a net drift in the B x VB direction. A schematic of the

drift of a particle in a non-uniform magnetic field is presented in Figure A.5.
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Figure A.5: Schematic of a particle motion in a non-uniform magnetic field.

A.7 Charge Exchange Ion Sources

Charge exchange ion sources are a common type of negative ion source that use
low electron affinity vapour chambers to transfer electrons to a positive particle
beam [14, 131]. Such an ion source is used in a certain class of ion implanter
systems that use tandem accelerators [17]. The main disadvantage of using these
ion sources in implanter systems is that they require alkali or alkaline earth vapours
to create the negative ions. These vapours will migrate through the vacuum system

and will contaminate the wafers in the implanter station.
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This type of ion source first uses a positive ion source at the injection. The pos-
itive ion beam created is transported through a vapour comprised of low ionization
energy molecules or atoms. The negative ions are formed either by a one or two
step process. For the one-step process, alkaline earth vapours, such as magnesium,
calcium, strontium or barium are used. Two electrons are transferred to the positive

ions to form the negative ions, as described by
AT +Mg — A~ +Mg?t, (A.28)

where A is the species that becomes the negative ion. Species with higher electron
affinities, such as chlorine, are preferred for the production of negative ions with
the one-step process. The two-step process sees the positive ion first be neutralized
then transformed into a negative ion. Alkali metals, such as sodium, potassium,
rubidium and cesium, are thus preferred for the two-step process. Negative helium,
which has a lifetime of about 18 us [132] can be produced using the two-step

process with cesium [43]. The process is described by the following equations.
He" +Cs — He+Cs™, (A.29)

He+Cs — He +Cs™. (A.30)

A.8 Surface Ion Sources

Surface ion sources, such as Penning [47] or Magnetron [133] types, rely on the
interaction between the wall of the plasma chamber and particles in the plasma
to produce the negative ions. Negative hydrogen ions are often produced through
this process. There is the direct transfer of electrons between the surface to the
hydrogen atom leaving the surface. The work function of the metal surface is
commonly more than 4 eV, so the transfer of the electron to the hydrogen is not
efficient. However, as the hydrogen approaches the surface, its affinity level lowers
to a level where the electron can tunnel to the hydrogen [44]. A low work function
material, such as cesium, can be used on the walls to improve the transfer of the

electrons to the hydrogen by lowering the work function of the surface.
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A.9 Child-Langmuir Law

The following analysis will focus on the theoretical study of a beam being accel-
erated between two electrodes. The electric field created by the potential on the
electrodes is responsible for the force accelerating the particles. As particles are
accelerated between the electrodes, there is an opposing potential created by the
charge of the particles. One would thus expect there to be an upper limit to the
total beam that can be accelerated between the electrode at a certain potential. This
space charge limited extraction is known as the Child-Langmuir Law [79].

A one-dimensional system of two electrodes separated by a distance d with an
electric potential V between them, and a beam starting at z = 0 with no velocity
(¥ =0) is considered. ¢(z=0) =0 and ¢(z =d) =V, where ¢ is the electric
potential and z is the position along the beam axis. The continuity equation gives
the current density of the beam, J, J = pv = const, where p is the charge density
and v is the particle’s velocity.

The velocity of the particles is found by considering the conservation of energy.

The conservation of energy reads

mv2

—_ = A.31
, =49, (A.31)
where m is the particle’s mass and ¢ is the particle’s charge. The Poisson equation

for the 1-D system is

2
& __p_ T |m (A32)
dz? & &\ 2q¢

with p the charge density and J the current density.

With J = 0, the electric potential will be linear between the plates and the
electric field will be constant, but as the current density increases, the electric field
at z = 0 will decrease until it will be 0. This will be the maximum current, J,x, that
can be extracted between the plates. Equation A.32 can be solved by integration

with the boundary conditions ¢(z = 0) =0 and % |Z:0 =0 to yield
4 2 1
(33 (max \ 3 (29 3

- () (%) )
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Substituting x = d so that ¢(d) =V, the maximum current density that can be

extracted at voltage V is given by

4 [2qV32
Jmax - §8() Z 7 . (A34)
The extracted current is proportional to V3/2. The perveance, P [79], can be define
as
1 4 2g ma?
P=am =580\ 5, (A35)

with a the radius of a circular aperture. The perveance is dependent only on the
geometry of the system and on the properties of the particles accelerated.

Figure A.6 plots a schematic representation of the beam current as a function
of the potential applied to the electrodes. For low voltages, the beam is extraction
limited and will follow Eq. A.35 as the plasma density is high enough to enable
the maximum current to be extracted. However, as the voltage on the electrode
increases, there is a saturation of the beam current as the plasma cannot supply
the particles needed to reach extraction limited extraction. Figure A.6 schemati-
cally presents the case with two different plasma powers (P, and P,), leading to

saturation of the beam current at different values.

— P 1=pVv3e?
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Figure A.6: Schematic representation of the Child-Langmuir law for a beam
extracted from plasmas with two different powers.

As can be seen in Figure A.6, increasing the potential on the electrode will lead
to an increase in the beam current, but there is a limit set by the density of ions in

the plasma.
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The Child-Langmuir law can be extended to include beams with 2 extracted
species, such as the case of H™ ion sources where the extracted beam can include
co-extracted electrons. If two species, m; and m;, are extracted beam current given

by I} = @l and I, = (1 — o) Iy, 0 < @ < 1, then the Child-Langmuir law becomes

4 [2q V372
=g A.
Jrot 980 A (A.36)

2

mege = (0ty/my + (1 — o) /my)". (A.37)

with

A.10 Electrostatic Steering

For lower energy beams (< 1 MeV), electrostatic plates can be used to steer the

beam. Figure A.7 represents a particle being deflected with electrostatic plates.

() — —

L

Figure A.7: Deviation of a particle with charge ¢, mass m and energy V by a
uniform electric field created by parallel plates of length L and separa-
tion d.

An effective length, L.g, for the parallel plates is defined as

/ Edz = EypoLett. (A38)

Where E is the electric field along the z direction and Ejy,x is the maximum electric
field value, which will be the electric field in the center of the plates. The electric
field created by the biased plates in Figure A.7 is given by Enux = %. Using

Newton’s third law, the acceleration in x is calculated from the electric force F, =
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quaX,
dizx _ qEmax _ qAV
dr? m md

Since the particle’s longitudinal velocity is constant through the plates, the vari-

(A.39)

ation in v, is given by Av, = @ 0 = AVV;‘ = @ is to be calculated. Using
equation A.39,
o — IAVLei _ GAV Letr AV Legy (A.40)

dmv: — 2dE;  2Vod '

with the kinetic energy Ej} = %mvg and Vp which corresponds to the energy of the
particle divided by the charge (from the conservation of energy, gV = Ej).

From equation A.40, one sees the equation is independent of the mass of the
particle. This is a useful result since it means that a beam of multiple species with
different masses, but the same charge state, can be steered uniformly without any
species separation. The main drawback seen with electrostatic steering is that the
potential required to steer a beam becomes impractical if the beam energy is high.
For example, for parallel plates with L. = 10 cm separated by 5 cm, more than 1
MYV would be needed to deviate a 10 MeV beam more than 10°.

A.11 Magnetic Steering

An alternative to electrostatic steering is to use magnetic fields. A magnetic dipole
that creates a uniform magnetic field By, perpendicular to the particle’s motion, as

presented in Figure A.8, is considered.

O50

Figure A.8: Deviation of a particle with charge g, mass m and initial velocity
Vo by a uniform magnetic field of strength By (directed into the page).
p is the radius of curvature of the particle.

The particle will have a circular motion in the plane perpendicular to the mag-
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netic field. This can be seen by analyzing the forces on the particle. The magnetic
force is given by
F = gvy X By, (A.41)

with F the force acting on the particle, ¢ the particle’s charge, vy the velocity of

the particle and B) the magnetic field. But since vy and By are perpendicular,
o 2

[Vo| = const and |By| = const, the magnetic force will be a centripetal force (%)

and the motion will be circular. Equation A.41 can be written as

2
F = qvoBy = 0. (A.42)
P
The magnetic field can be isolated,
1 [2mV,
By = — |0 (A.43)
p q

where V) = %, as defined in Section A.10. From equation A.43, the magnetic

field required to steer a beam is much more achievable than with the electrostatic
case. In the example from the Section A.10, Leg = 10 cm and 6 = 10°, which
gives a radius of curvature of p ~ % = 57 cm. Using equation A.43, a magnetic
field of about 0.78 T is required to deviate a beam of 10 MeV protons at this
radius of curvature. Iron magnets can easily achieve more than 1 T with copper
conductor [134], so the magnetic field required could easily be achieved with a
room temperature electromagnet.

Magnetic dipoles are also used as mass spectrometers since the radius of cur-
vature of the particles is dependent on the mass-to-charge ratio (p = %%) of the
particles. A schematic of a mass spectrometer with a dipole magnet is shown in
Figure A.9.

The beam is first collimated by the entrance slit, it is then bent 90° by a dipole
magnet through the second slit and into the Faraday cup. The current in the dipole
magnet is increased so that the beam is swept through the system while separating
and measuring the different components in the Faraday cup. Assuming the dipole
magnet is not saturating, the magnetic field will be directly proportional to the

current [134], and a plot of the Faraday cup current as a function of the magnet
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Faraday

Collimator
Signal

Figure A.9: Schematic of a mass spectrometer using a dipole magnet, two

slits and a Faraday cup. The figure presents a beam composed of H™,
C and C;.

current will give peaks at currents corresponding to the different species in the

beam. From equation A.41, B ~ %, the peaks can be identified and the relative

composition of the beam can be calculated.
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Appendix B

Development, Construction &
Validation of the Ion Source Test
Facility

As part of the development of a negative carbon ion source, an ion source test
stand was fabricated. This work involved the D-Pace [22] team and shall be used
by the team for their product development. The author’s main contributions in the
development of the Ion Source Test Facility (ISTF) were in the installation of the
auxiliary system (electrical, cooling, controls, gas) and in the commissioning of the
facility with H™. This appendix will first describe the facility in detail and it will
then present the TRIUMF licensed filament-powered volume-cusp H™ ion source
[23, 135] as the baseline ion source for the ISTF.

This appendix will also present the diagnostic devices and methods that were
used during this Thesis project and confirm they are appropriate for the Thesis
topic. These include the baseline ion source equipment read-back parameters as
well as the beam diagnostic devices that were part of the initial ISTF design, which
includes an emittance scanner and a mass spectrometer. After assessing the di-
agnostic tools that were available in the baseline system, it was clear additional
plasma diagnostic tools would be needed as part of the Thesis work to analyze how
the ion source parameters affect the carbon rich plasmas. The design, implemen-

tation and testing of a Langmuir probe system and an optical spectroscopy system
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are presented in this Appendix as important Thesis contributions.

To validate the ISTF, the ion source and the diagnostic devices, the perfor-
mance of the components of the system was tested with H™ beam. This appendix
will present validation measurements of the TRIUMF licensed filament-powered
volume-cusp ion source and compare the results to Kuo et al [23]. Then, all of
the diagnostic tools presented were validated by operating them with the same
ion source, and the performance was analyzed using computational tools. Finally,

baseline D™ measurements obtained with the ion source are presented.

B.1 Ion Source Test Facility

All the experiments conducted for this Thesis work were ultimately done at the
ISTF. The design, development, construction and validation of the ISTF was nec-

essary to complete prior to undertaking negative carbon ion experiments.

B.1.1 Design & Construction

The ISTF was installed in the testing and quality control area of the Buckley Sys-
tems [136] facilities in Auckland, New Zealand. The TRIUMEF licensed filament-
powered volume-cusp H™ ion source that D-Pace used as the baseline at the ISTF
can extract singly-charged negative ion beams with an energy of up to 30 keV. The
ISTF was thus designed with a maximum operational voltage of 30 kV. A large
Faraday cage was designed to leave room for modifications to the system. A spec-
trometer system was included to allow the beam composition analysis of beam for
particle species with masses up to Fe. Figure B.1 presents a representation of the
ISTFE.
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Figure B.1: CAD model of the ISTF showing the beamline and the auxiliary
systems. The Faraday cage is on the right side of the figure and the ion
source is located in the cage. The figure presents the beamline including
the spectrometer system, Faraday cups and an emittance scanner. The
CAD model also shows the vacuum system and the power supply racks.

The construction of the system started in July 2015 and the first phase of con-
struction was completed in October 2015. The first phase included the construction
and design of the system up to the spectrometer. This included the Faraday cage,
the filament-powered ion source along with all of its power supplies and controls,
the vacuum system, the cooling water system, the gas system, a fixed Faraday cup
and an emittance scanner. A photograph of the ISTF on the first day of construction

as well as a photograph of the system after stage 1 is presented in B.2.
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Figure B.2: a) Photograph of the ISTF on the first day of construction and b)
Photograph of the ISTF after the completion of stage 1.

The second phase of construction took place during March 2016. The main
addition to the system was the spectrometer system, which consists of a 90° bend-
ing magnet, two high precision slits and a Faraday cup. A short beamline was
also added to connect the ion source vacuum box to the spectrometer system. A

photograph of the ISTF after phase 2 is presented in Figure B.3.

Figure B.3: a) Photograph of the ISTF after Phase 2.

The author’s specific contributions to this phase of the project included: (i) im-
plementation and development of an arc current control algorithm for the filament-
powered ion source, (ii) installation and testing of the safety interlock system, (iii)
commissioning of the vacuum system, including simulating the vacuum system

pressure as a function of gas flow, (iv) installation of the cooling water system, (v)
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installation of the gas system and (vi) commissioning the facility with the TRIUMF
licensed filament-powered H™ ion source.

B.1.2 Beamline

This section will briefly present the layout of the ISTF’s beamline. Detailed infor-
mation regarding the individual components will be presented in Section 3.3. A

schematic of the beamline is presented in Figure B.4.
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Figure B.4: Schematic of the ISTF beamline.

The baseline ion source at the ISTF is the TRIUMF licensed filament-powered
volume-cusp H™ ion source. The ion source is biased at a high negative poten-
tial (normally 30 kV) and is located in the Faraday cage. The front plate of the
ion source serves as the first electrode, and will hereby be denoted as the plasma
electrode. The plasma electrode is used as z = 0 of the beamline. An emittance
scanner is mounted in the y scanning direction in front of the Faraday cup, with
the front slit of the scanner located 368 mm downstream of the plasma electrode.
A pneumatic Faraday cup is located 480 mm downstream of the plasma electrode.
To restrict the beam current to the mass spectrometer, a 3 mm diameter aperture is
placed 557 mm from the plasma electrode. The beam then drifts 1248 mm to the
entrance slit of the mass spectrometer system. The mass spectrometer is composed
of two slits, a 90° dipole magnet and a fixed Faraday cup. The slits are located 500
mm from the effective edges of the dipole magnet, while the Faraday cup is 259

201



mm downstream of the exit slit. All the distance values quoted have an error of 1

mim.

B.1.3 Vacuum System

The vacuum is achieved with two turbo-molecular pumps each with a pumping
speed of 1700 L/s for hydrogen. The pumps have a port diameter of 250 mm and
are backed by dry scroll pumps. The pumps are located in two distinct regions
in the vacuum chamber creating a differential pumping configuration through the
ion source’s ground electrode aperture. The upstream region is the ion source
area, and it includes the ion source and its extraction system. The pressure in this
region is considerably higher than the rest of the system since this is where the
gas is introduced in the system. This is also the region with the most vacuum
interfaces, which introduces a higher potential for leaks and has an overall higher
outgassing rate. The upstream region is where the bulk of the pumping occurs. The
downstream region is at a lower pressure since there is no direct gas load in this
region. This region includes the beam diagnostic area, housing the Faraday cup,
the emittance scanner, and the mass spectrometer. The downstream turbo pump is
located on the downstream portion of the vacuum box and there aren’t any pumps
in the mass spectrometer region, thus the pressure is higher in this region.

The vacuum pressure is monitored by two wide range vacuum gauges which
accurately measure vacuum pressures down to 1-10~° Torr. One is located in the
upstream region and the second is in the beam diagnostic area. A schematic of a
cross sectional view of the vacuum box is presented in Figure B.5, showing the

upstream and downstream regions, without the mass spectrometer.
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Figure B.5: Schematic of the cross section of the vacuum box and the ion
source, showing the upstream and downstream vacuum regions.

Without any gas load, the base vacuum pressure is between 6-10~7 Torr and
1-107% Torr in the upstream area, between 7-10~% Torr and 2-10~7 Torr in the
downstream area and between 1-10~° Torr and 3-10~° Torr in the mass spectrome-
ter region. When gas is added to the system, the pressure increases in every region,
but the increase is most pronounced in the upstream region, where the pressure
reads up to 6-10~3 Torr for 32 Standard Cubic Centimeters per Minute (sccm) of
H; gas injected in the ion source. The pressure in the ion source is not measured,
but previous studies show that the pressure in the ion source is between 1-10~2 Torr
and 3-10~2 Torr [23].

To obtain an estimate of the pressure in the ion source, a simulation of the vac-
uum system with Molflow+ was completed [137]. Molflow+ is named for molec-
ular flow, the condition when the molecular mean free path is long compared to
geometrical size, so collisions between particles are neglected. Particles travel in-
dependently making this physics suitable for Monte Carlo simulations. Gravity is
also neglected, and only diffuse gas-surface interactions are considered. Molecu-
lar trajectories are assumed rectilinear, and desorption and reflection directions are
both computed. Transmission probabilities and other vacuum related properties
have been checked against exact computations for ideal structures such as tubes,

and its errors are very small at ~0.01% [138].
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A number of key physical properties were entered in the program such as:
(i) the actual 3D physical geometry, (ii) opacity (probability that a molecule go-
ing through a facet will interact with it), (iii) sticking factor (probability that a
molecule hitting a facet will be absorbed), (iv) volumetric pumping speed, and
(v) outgassing rate. The opacity was set to 1 and the sticking factor was set to
0 on every surface, indicating that particles are reflected off of the surfaces. The
outgassing rate of the different surface materials were first estimated from known
values from the literature and the system was set running without any gas flow until
the pressure in the different areas of the vacuum system were found. The pressures
in the model were then compared to actual measurements from the vacuum gauges
in the upstream and downstream regions, and the parameters were adjusted until
the simulated pressure matches the measured pressure in both regions. It was found
that an outgassing rate of 3-10~"mbar-L/s in upstream region and 5-10~®mbar-L/s
in the downstream region replicated the pressures seen in the system. The higher
outgassing rate seen in the upstream region is due to the larger number of o-ring
seals in this region. Once this was achieved, a gas load was added to the ion source
to simulate the injection of H into the ion source. The gas load was varied to sim-
ulate a range of gas flows commonly used in the ion source. Figure B.6 presents
a snapshot of the simulation with the particles inside the vacuum chamber as well
as the calculated pressure in the ion source as a function of the gas flow in the ion

source, as calculated from the Molflow+ model.
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Figure B.6: a) Snapshot of the Molflow+ [137] model used to calculate the
pressure in the vacuum system. b) Calculated pressure in the ion source
obtained with Molfow+ and pressure measured in the upstream vacuum
region as a function of the H, gas flow.
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The pressure values in the ion source compare well with previous values pub-
lished in the literature of 10-30 mTorr [23]. The pressure also drops significantly
along the beamline as soon as the beam leaves the extraction area. Figure B.7

presents how the pressure varies along the beamline in the vacuum system.
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Figure B.7: Simulated pressure along the beamline with a simulated H, gas
flow of 30 sccm.

B.1.4 Electrical System

The baseline ion source used at the ISTF can extract singly-charged ion beams at
a maximum beam energy of 30 keV. The ISTF was thus designed with a floating
high voltage platform that has a maximum holding voltage of 30 kV. The electrical
infrastructure is divided into two sections, the high voltage and low voltage areas.

The low voltage section is at ground potential. A £30 kV power supply capa-
ble of producing up to 40 mA of current is in the low voltage cabinet and it biases
the high voltage area of the ISTF up to —30 kV. The main Programmable Logic
Controller (PLC), which is used to control the ISTF, is located in the low volt-
age area. The beam diagnostic tools, as well as their power supplies and controls
hardware are also located in the low voltage area of the ISTF.

The high voltage area is enclosed in a grounded Faraday cage. The ion source
and all of its power supplies and controls are located on the electrically floating
platform inside the Faraday cage. A second PLC is located in the Faraday cage and
it communicates with the main PLC at ground potential with a fiber optic cable to
ensure electrical isolation of the platform. AC power to the high voltage area is
done with a 20 kVA isolation transformer with a maximum holding voltage of 40
kV.
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B.1.5 Water Cooling

Two separate cooling water systems are used at the ISTF. A De-Ionized (DI) water
system was implemented to cool the devices that are at bias potential, such as the
ion source body, back plate and its electrodes, and it is also used in the Faraday
cups. The DI water system is cooled by a standard cooling water system through
a heat exchanger. The DI cooling water system has an entrance pressure of 70 psi
and can provide up to 20 L/s of water flow. A standard water cooling system is
used for the rest of the components, such as the turbo-molecular vacuum pumps,
the spectrometer magnet, the XY steering magnet and the emittance scanner. The
water is cooled with a cooling tower located outside of the building. The standard
cooling water system has an entrance pressure of 90 psi and can provide up to 40

L/s of water flow.

B.2 Filament-Powered Ion Source

D-Pace’s baseline ion source at the ISTF is a filament-powered volume-cusp H™
ion source that was licensed from TRIUMF [23,135]. The ion source was designed
to produce more than 15 mA of DC H™ beam at an energy of 30 keV with a

normalized 4-RMS emittance of less than 1 mm-mrad.

B.2.1 Plasma Chamber

The cylindrical copper plasma chamber has a diameter of 100 mm and a length
of 150 mm. Plasma confinement is done with 10 rows of Sm;Co;7 magnets in a
Halbach array [139] around the circumference of the plasma chamber. The cusp
array configuration is replaced to form a dipole close to the extraction region of the
plasma chamber, creating a virtual dipole. The permanent magnet configuration
used to create the multicusp configuration and the dipole field is presented in Figure
B.8.
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Figure B.8: a) Permanent magnet array around the plasma chamber, the top
of the diagram corresponds to the back plate, while the bottom corre-
sponds to the plasma electrode. b) 3D model of the baseline magnetic
configuration in the TRIUMF licensed H™ ion source.

The back plate of the ion source has 4 rows of alternating North and South
facing magnets to add to the plasma confinement in the back of the ion source. The
plasma is generated by thermionic emission of four half-circle tantalum filaments
located near the center of the back plate of the plasma chamber. The shape of
the filaments cancels the magnetic field created by the current circulating through
the filaments since the current in the two opposite half circles flow in the same
direction. This prevents any E x B drift of the electrons in the plasma by ensuring
that the center of the plasma chamber is magnetic field free. The filaments are a
consumable part of the ion source and they need to be replaced after about 5000

mA:-h of operation. A photograph of the filaments is presented in Figure B.9.
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Figure B.9: Tantalum filament configuration used in the TRIUMF licensed
filament-powered volume-cusp ion source.

The filaments are biased between —80 V and —150 V relative to the ion source
body, becoming the cathodes of the plasma chamber. The arc current is the electron
current that comes from the filaments and reaches the plasma chamber walls, which
acts as the anode. The arc current represents the main power input in the ion
source’s plasma, with about 4 kW needed to generate a plasma that can produce
enough H™ to extract 15 mA. A filament current between 150 A and 250 A is
needed to generate a hydrogen plasma, depending on the age of the filaments. The
current needed for higher arc currents (>10 A) is lower than what is needed at
lower arc currents (<10 A) as the plasma self heats the filaments at higher powers.
The current in the filaments has to be actively controlled to keep the arc current
constant since the self-heating of the filaments makes the relation between the arc
current and the filament current highly non-linear [140]. A schematic of the ion
source and the wiring of the filaments and the electrodes is presented in Figure
B.10.
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Figure B.10: Schematic of the wiring of the TRIUMEF licensed ion source.

B.2.2 Arc Current Stabilization

An important scientific contribution to the ISTF design and implementation was
achieved as a part of this Thesis work. This was the development and implementa-
tion of an arc current stabilization algorithm, which resulted in a technical publica-
tion [140]. For steady operation, it’s important to have a stable arc current since it
impacts the power into the plasma and is thus closely related to the beam current.
However, the arc current is a passive parameter that depends on filament current
flowing through it and there’s a non-linear relation between the arc current and the
filament current. This is caused by the self-heating of the filament by the plasma
at higher arc powers. Furthermore, the arc current to filament current relation is
highly dependent on the gas flow, gas species, filament aging, plasma confinement,
chamber dimensions, etc. The relation between the filament current and the arc
current for a new filament and one that has been running for about 450 mA-hours

is presented in Figure B.11.
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Figure B.11: Relation between the arc current and the filament current for
various beam currents for a new filament and one that had been run-
ning for about 450 mA-hours. The arc voltage was set at 130 V and
the hydrogen gas flow was set at 15 sccm.

An algorithm therefore needs to be developed and implemented to keep the
arc current and the beam current stable by controlling the filament current. A
Proportional-Integral-Derivative (PID) control algorithm was implemented with
the filament current as the controlled variable and the arc current as the feedback

variable [140]. The control function can be expressed as

Lp(t:) = Ip(tio1) +u(ti), (B.1)

where
de(t)

dr ’

and where K, K; and K; are non-negative constant referred to as the proportional,

u(t) = Kpe(t) + K; /0 e()dt' + K, (B.2)

integral and derivative terms and e(¢) is the error between the arc current set point
and the actual value (e(t) = I,(t) — Iyt) Where I, is the arc current and Iy is the arc
current set point. The parameters K,,, K; and K; need to be tuned for the specific
system.

Since the measurement is discretized, the derivative in Eq. B.2 is approximated
by the average error variation between the two closest error points. The integral
is approximated by the sum of the errors. In order to eliminate the risk of over-
compensating for the integral term, the integral is taken for the last 10 000 points
that were recorded by the PLC system. The time interval between consecutive

measurements was set at 10 ms, so the integral was taken over 100 s.
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Proper tuning of the PID parameters is the key to reducing the arc current
error. The control loop is dominated by the proportional term, while the integral
term corrects for long term offsets. The derivative term reduces the oscillations
around the set point and is usually only needed for fast applications. The three PID
tuning parameters serve different purposes; K), sets the sensitivity to the set point.
K; sets the sensitivity to long term error since the error is integrated over time.
K, compensates for the speed of the convergence, helping reduce the oscillations
around the set point.

Since the generation of a plasma with a filament is highly non-linear, the PID
parameters depend on the arc current set point. At low arc currents (less than 5 A),
the behavior is more predictable and the control algorithm could properly control
the arc current with just the proportional term, which was set to K, = 50. At
higher arc current set points, it becomes necessary to include the other integral and
derivative terms and the proportional term needs to be lowered. For an arc current
between 5 A and 20 A, setting K, = 30 and K; = 5 gives good stability. Above
20 A of arc current, an added derivative term helps improve stability along with a
lower proportional term. At I, = 24.6 A, the algorithm worked best with K}, = 15,
Ki=10and K; = 1.

To evaluate the algorithm, the arc current was set at I, = 24.6 A. The arc
voltage was fixed at 130 V and the H; gas flow was at 15 sccm, then the ion source

was set running for an hour. The results are presented in Figure B.12.
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Figure B.12: Variation of the arc current (blue) and of the H™ beam current
(red) for It = 24.6 A. The arc voltage was set at 130 V and the gas
flow was set at 15 sccm.
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Over 60 minutes of operation, a root mean square error in the arc current of
0.058 A was obtained which yielded an H™ beam current of 10.16 mA with a root
mean square error of 0.025 mA on the Faraday cup. The maximum peak-to-peak
variation was £0.76% for the arc current and +0.45% for the beam current. One
will notice that the deviation is larger for the arc current than for the beam current.
This is explained by the fact that H™ ion production is a slower process and thus
less affected by the electron current to the chamber walls. The results obtained
prove that the algorithm developed can efficiently control the arc current and thus

the beam extracted out of the ion source.

B.2.3 Extraction System

The TRIUMF licensed ion source has a three electrode extraction system. A
schematic of the system is presented in Figure B.13. The first electrode is the
aperture forming the front end of the cylindrical plasma chamber, and it’s com-
monly named the plasma electrode. It is biased positively at a few volts above the
plasma chamber potential and the baseline ion source has a plasma electrode with

a circular aperture with a diameter of 13 mm.
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Figure B.13: Schematic of the extraction system of the filament-powered ion
source [23].

The second electrode is located 2.7 mm downstream from the plasma electrode,
it is called the extraction electrode. It is biased at around 1-3 kV above the ion

source potential. Since it’s the first electrode outside the plasma chamber, the ex-
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traction electrode will create the electric field that will shape the plasma meniscus.
Thus, the potential on this electrode needs to be tuned as the ion source settings are
varied and the plasma densities and temperatures change. The extraction electrode
has two apertures separated by 8 mm, the first aperture has a diameter of 9.5 mm
and the second aperture has a diameter of 14 mm. Between the two apertures are
two magnetic dipoles of opposite polarity, created by two sets of SmyCo;7 mag-
nets. The first dipole is oriented in the same direction as the dipole in the plasma
chamber, the second dipole is oriented in the opposite direction. This magnetic
field is used to deflect the co-extracted electrons from the beam and the nominal
design was set to have the electron dumped between the two apertures of the ex-
traction electrode. This is an important feature of the ion source since it keeps the
electrons from reaching ground potential, preventing the ion source’s bias power
supply to overload with current. The bias power supply at the ISTF can generate a
maximum current of 40 mA, and the electron to H™ ratios commonly seen in this
ion source are of about 4-5. This equates to about 60-75 mA co-extracted electrons
with 15 mA of H™ beam. The extraction electrode’s power supply needs to be able
to handle this electron current, but the voltage requirements are lower, with a max-
imum of about 4 kV. The power supply used at the ISTF has a maximum voltage of
7 kV with a maximum current of 150 mA, which is higher than the usual electron
current at full power [23]. The magnets in the extraction electrode, along with the
rest of the extraction system can be seen in Figure B.14.

The final electrode is the ground electrode, which is at laboratory ground po-
tential. It is located 13 mm from the second aperture of the extraction electrode and
it has an aperture diameter of 14 mm. About 100 mm downstream of the ground
electrode is an XY steering magnet, which is made of two electromagnet dipoles
oriented in orthogonal directions to steer the beam in the two transverse directions.

Both the XY steering magnet and the ground electrode can be seen in Figure B.14.

213



Ground
Extraction  Flactrode

Electrode ov

Plasma
Electrode
—-30kV Steerers

\

Extraction
Electrode
Magnets

Figure B.14: Schematic of the cross section of the extraction system with the
beam.

B.2.4 1Ion Source Parameters

When operating the ion source, several parameters can be tuned to vary the beam
current and the emittance. Some parameters vary the plasma properties, such as the
arc voltage and current, while other parameters vary the properties of the extracted
beam, such as the extraction electrode voltage and the XY steering currents. Table
B.1 lists all of the ion source parameters, their range available and their error bars.

The tuning procedure to maximize the beam on the Faraday cup is as follows.
Once the arc current is stable at the desired set point by way of the stability algo-
rithm presented in section B.2.2, the extraction electrode voltage is tuned until a
maximum current is read on the Faraday cup. Then, the plasma electrode voltage
is tuned to again achieve the maximum. The voltage on the extraction electrode
is then again varied to ensure that the beam current obtained is indeed maximum,
and if it is varied, the plasma electrode voltage is also tuned a second time. The
voltage on the electrodes is tuned until the beam current is maximized. Finally, the

XY steering magnets are tuned to guarantee that all of the beam is centered.
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Parameter Operating Range Error Bars
Arc Current Upto50 A +0.1 A
Arc Voltage Upto 200 V +0.1V
Filament Current (Auto-Adjusted) Upto 400 A +05 A
Filament Voltage (Passive) Upto10V +0.1V
Gas Flow Up to 32 scem for Hy | 0.05 sccm
Bias Voltage Up to 30 kV +0.05 kV
Bias Current (Passive) Up to 40 mA +0.05 mA
Plasma Electrode Voltage Uptod40V +0.05V
Plasma Electrode Current (Passive) Upto20 A +0.05 A
Extraction Electrode Voltage Upto 8 kV +0.01 kV
Extraction Electrode Current (Passive) Up to 150 mA 40.1 mA
XY Steering Current Upto5S A +0.1 A

Table B.1: Filament ion source parameters and the accuracy with which each
parameter can be set. The parameters that are not tunable are labeled as
passive.

As the arc power is increased, the voltage on the extraction electrode needs
to increase as well since there is a higher H™ and electron density in the plasma
which requires a higher electric field to achieve a proper plasma meniscus. The
plasma electrode voltage also needs to increase since the increased power will also
increase the electron temperature and thus the plasma potential.

Some of the read-backs from the power supplies and control equipment con-
nected to the ion source can be used as diagnostics to obtain information about
either the extracted beam or the plasma in the ion source. The TRIUMF licensed
filament-powered volume-cusp H™ ion source parameters, their available range and
error bars are presented in Table B.1. The effect of the parameters on the ion source
performance, as well as the information on the plasma or the beam extracted that

can be gained from all of the ion source parameters are presented below.

i. Arc Current: The arc current controls the power that’s introduced into the
plasma. The arc current is a measure of the electron flux off of the filaments,
so one expects the arc current to be directly proportional to the electron den-
sity in the plasma. Furthermore, the electron temperature is also dependent

on the arc current as it directly controls the power in the plasma. Increasing

215



ii.

iii.

iv.

Vi.

the arc current usually leads to an increase in H™ beam current, but if the
gas flow is not high enough, increasing the arc current will not lead to higher

beam currents because the neutral density will be too low.

Arc Voltage: Along with the arc current, the arc voltage also controls the
power into the plasma chamber. The arc voltage sets the voltage between
the filament and the walls of the plasma chamber. It thus sets the energy of
the primary electrons emitted from the filaments. Increasing the arc voltage
will lead to more ionization, since the ionization of the gas in the ion source
is highly dependent on the electron energy, it will also lead to an increase
in the electron temperature. Generally, increasing the arc voltage leads to
an increase in beam current, but the effect is not as dramatic as with the arc
current. The arc voltage is usually set between 80 V and 150 V and not

varied.

Filament Current: The filament current is controlled by the feedback algo-
rithm that keeps the arc current stable, so it is not set by the user. However,
the magnitude of the filament current changes as the filaments age, with a

decrease in filament current seen with time.

Filament Voltage: The filament voltage is passive, it depends on the fila-
ment current, which is controlled by a feedback algorithm.

Gas Flow: The gas flow directly controls the pressure in the ion source.
A higher pressure is needed at higher arc currents since the beam current
saturates if the pressure in the ion source is too low. However, for low arc
currents, it is advantageous to use a lower gas flow as the higher pressures

lead to increased stripping of the H™ ions.

Bias Voltage: The bias voltage sets the energy of the beam. The TRIUMF
licensed filament-powered volume-cusp ion source was designed to properly
extract beams at an energy between 22 keV and 30 keV, thus the bias voltage
is usually set between —22 kV and —30 kV to ensure that the H™ is properly
extracted. The bias voltage is usually not varied and is set by the beam

energy needed for the specific application.
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Vii.

viii.

iX.

Bias Current: The bias current is a passive variable, it is composed of 1) the
negative ion beam that travels from the ion source to ground potential, ii) the
leakage current through the cooling water or through bleed resistors and iii)
the back streaming positive ions that travel from ground potential to the ion
source. Thus, the bias current increases with the negative ion current and it
is commonly about 30% to 50% higher than the negative ion current. If the
bias current is much higher than the negative ion current measured on the
Faraday cup, this most likely indicates that there is considerable beam loss

on the ground electrode.

Plasma Electrode Voltage: The plasma electrode voltage is usually set at
a few volts above the plasma chamber body. For optimum extraction of H™
ions, the plasma electrode is set close to the plasma potential [141]. This is
done to eliminate the potential well that’s created by the plasma potential and
the potential on the extraction electrode. Thus, the plasma electrode voltage
is an estimate of the plasma potential close to the extraction region of the
plasma when the plasma electrode voltage is optimized for the extraction of
H~™.

Plasma Electrode Current: The plasma electrode current is a passive vari-
able that measures the electron current to the plasma electrode. Since the
plasma electrode is in the plasma chamber, the plasma electrode current
increases with the arc current as there is an extra flux of electrons to the
electrode. The plasma electrode current is commonly between 20% to 60%
of the value of the arc current. There is a big variability because the plasma
electrode current is also dependant on the plasma electrode voltage. A higher
voltage leads to a higher current as the potential on the electrode will deplete
the plasma from the electrons in this region. This will also lead to a lower

co-extracted electron current.

Extraction Electrode Voltage: The extraction electrode voltage sets the
electric field needed to properly extract negative ions from the plasma cham-
ber. The optimum extraction electrode voltage is 1) above the space-charge

extraction limited region, which is set by the Child-Langmuir law [79] as
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seen in Section 1.7.1, and ii) gives the optimum plasma meniscus shape to
properly extract the negative ions through the extraction system. Figure B.15
presents simulations of the extraction of negative ions at various extraction

electrode voltages.
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Figure B.15: IBSimu [77] simulation of the extraction of H™ ions through the
extraction electrode for an extraction electrode potential of a) 2 kV, b)
3 kV and c¢) 4 kV. The electrode are presented in blue, the beam is in
red and the equipotential lines are in green. A current density of 100
A/m? was used.

From Figure B.15, one sees how the extraction electrode shapes the plasma
meniscus. A larger extraction electrode voltage leads to a more convex
plasma meniscus shape. The optimum plasma meniscus shape depends on
the specific extraction system, but the extraction electrode voltage needs to
increase to maintain the plasma meniscus shape if there’s an increase in the

ion density in the plasma.

xi. Extraction Electrode Current: The extraction electrode current is an ap-
proximation of the co-extracted electron current out of the ion source. There
are two set of permanent dipole magnets on the extraction electrode, that de-
flect the electrons onto the electrode. However, there could be some negative
ion beam losses on the electrode, which will also be included on the current
seen by the power supply.

xii. XY Steering Current: The XY steering is used to correct any offset seen by
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the beam. There is a strong magnetic field in the extraction region which is
used to deflect the co-extracted electron out of the beam. The magnetic field
integral along the beam path is not equal to zero in the y direction, which will
give an offset to the beam in the x direction. Some current on the X steering

magnet is also commonly needed.

B.3 Diagnostic Equipment

Along with the read-back of the power supplies controlling the ion source, there are
additional beam diagnostic equipment on the baseline ISTF. These devices include
an emittance scanner, a Faraday cup and a mass spectrometer system. These de-
vices will be assessed for their appropriateness for the Thesis work and presented
in this section.

In order to properly study the plasma in the ion source for the production of
negative carbon beams, it was essential to develop special plasma diagnostic tools.
It was important, therefore, to develop and implement a Langmuir probe and an
Optical Emission Spectroscopy (OES) system as part of this Thesis work. The the-
ory behind these devices, their development, their implementation and validation
at the ISTF will be presented here.

B.3.1 Emittance Scanner

The beam quality of the beam extracted out of the ion source is an important param-
eter to measure since it determines whether the beam can be transported through
the beamline. This section will first present how the emittance is measured at the
ISTFE. Validation emittance and phase space distribution measurements with the
TRIUMEF licensed H™ ion source will be shown in the following section.

The process of measuring the transverse emittance of a particle beam comes
down to measuring the I(x,x’) and/or I(y,y") distributions of the beam, as pre-
sented in Section 2.11.1. There are different methods that can be used to measure
such a distribution, but for this research project, an Allison type emittance scanner,
licensed from TRIUMF, was used [142]. A schematic of this type of emittance
scanner is presented in Figure B.16. It is composed of two slits separated by par-

allel, electrically biased, plates. The beam enters the first slit and is deflected by
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the electric field created by the plates. For a certain potential on the plates, charged
particles with the right entrance divergence angle will be deflected by the elec-
tric field created by the plates, fly through the second slit and be detected by the
Faraday cup. By scanning the potential on the plates, it is possible to scan the
divergence angles of the beam. The process is repeated at various positions along
the transverse direction to obtain a 2-D distribution of signal corresponding to the
(x,x’) phase space. A second emittance scanner in the other transverse direction

would then be needed to measure the (y,y’) phase space.

a) Deflector
Plates, AV Faraday
\“-\ Cup |
Particle
Trajectory ™.
_-.x"
b)

Figure B.16: a)Schematic of an Allison emittance scanner and b) photo of
the scanner used.

The divergence of a particle being detected by the Faraday cup for the geometry
shown in Figure B.16 and for a potential difference of AV on the parallel plates can
be calculated [142]. The divergence of a beam with energy Vp = % in volts (Ej
is the kinetic energy of the beam and g is the absolute value of the charge of the

particles in the beam) entering the emittance scanner’s Faraday cup is given by
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The divergence is directly proportional to the voltage on the plates and inversely

x (B.3)

proportional to the beam energy.
The parameters of the emittance scanner used in this Thesis study are presented
in Table B.2.
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Parameter Value

AV 1kV
Ly 76 mm
d 4.0 mm
0 1.6 mm

Ly,=L;+286 | 79.2 mm

Table B.2: Emittance scanner parameters.

This gives it a maximum deflection angle of x|, = 97 mrad for a beam energy
of 30 keV. The emittance scanner has a maximum scanning range of 130 mm, a
spatial resolution of 0.1 mm and an angular resolution of 2 mrad for a beam energy
of 30 keV. The error in the position and divergence angle measurements will lead

to an error in the calculated 4-RMS emittance which was defined as

eruts =/ (72) () — ()2 (B.4)

in Section 1.11.2. Due to the complexity of the relation between x and x’ with
the emittance, the propagation of the error can not be calculated accurately. How-
ever, the error on the emittance can be estimated by adding the relative error of
each measurement. Assuming a full extension of 65 mm the relative error in x is
0.15% while the relative error for a divergence angle of 97 mrad is of 2.1%. Using
Equation B.4, the relative error on the emittance is estimated to be 4.4%.

A ring biased at a voltage of —100 V is placed in front of the Faraday cup to
prevent secondary electrons to exit the Faraday cup and give a false current reading.
The current is read with a pico-ammeter, allowing precise measurement of beam
currents from pA to tens of mA.

The emittance scanner is located in the downstream portion of the ion source’s
vacuum box. The front slit of the emittance scanner is located 368 mm downstream
from the plasma electrode. The emittance scanner can be mounted in the x or the y
direction, but it was mounted in the y direction for all of the phase space scans and
emittance values presented in this Thesis.

The TRIUMF licensed filament-powered volume-cusp H™ ion source, which is
the baseline ion source at the ISTF, commonly produces beams with a width of less

than 60 mm and a divergence of less than 50 mrad at a beam energy of 30 keV [23]
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at the emittance scanner location. The emittance scanner used has an operating
range that is larger than this, thus the phase space of the beam extracted out of
the ion source will be properly measured by the emittance scanner. The emittance

scanner is deemed appropriate for the measurements to be undertaken.

B.3.2 Mass Spectrometer System

Since the purpose of this Thesis project is to study the production of negative car-
bon ions from volume-cusp ion sources and the beams extracted for this study will
contain multiple species, it is important to have a precise beam composition mea-
surement system. This section will present the mass spectrometer system used.
Some high mass ions will be extracted out of the ion source, since some of
the gases tested, such as acetylene, are known to polymerize [143]. Thus a high
precision spectrometer system was designed for the ISTF with a maximum ion
mass separation of 57 a.m.u. The spectrometer system is composed of two high
precision slits, a 90° dipole magnet and a Faraday cup. The system was designed
with 500 mm between the upstream slit and the entrance dipole pole edge, and
500 mm between the exit dipole edge and the downstream slit. A model of the

spectrometer system is presented in Figure B.17.

Effective
Edges
200
Dipole
Magnet

Slits

Figure B.17: Model of the spectrometer system showing the slits, dipole
magnet and Faraday cup. The pole profile is shown in green and the
nominal beam path is shown in red.
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The dipole magnet was designed with the parameters in Table B.3.

Parameter Value
Bend Angle (0) 90°
Effective Length (L.fy) 300.0 mm

Effective Bend Radius (R.7r) | 190.99 mm
Entrance Pole Face Angle () 31.7°

Exit Pole Face Angle () 31.7°
Pole Gap 50 mm

Peak Magnetic Field 1.15T
Energy Resolution 1:626

Table B.3: Analyze magnet parameters.

With these parameters, the analyzer can bend a beam of masses up to 57 a.m.u.
through a bend angle of 90° with a bend radius of 190.99 mm. The pole profile
was chosen to be Rogowski [144] so that the effective length is equal to the pole
length. A plan view of the model of the poles is presented in Figure B.18.

Figure B.18: Plan view cross section of the analyzer magnet model.
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To achieve a total species separation between species of mass 56 a.m.u. and
57 a.m.u., the slit widths are set at 1 mm. Since carbon has a mass of 12 a.m.u.,
the resolution of the mass spectrometer is sufficient to properly measure the C™
and C; ion components from CH™ and C;H™. However, the performance of the
mass spectrometer magnet will ultimately be dependent on the precision of the
machining and the installation of the magnet on the beamline. For the size of the
pole, the machining tolerance are of 0.1 mm, which leads to an error on the pole
angle of about 0.7°. Furthermore, the installation of the magnet in the beamline

has a tolerance of about 1 mm.

B.3.3 Langmuir Probe

The baseline ISTF does not include any plasma diagnostic tools. It is important
to measure the plasma parameters such as the electron temperature and the elec-
tron density since the cross section for the negative ion reactions are often highly
dependant on the electron temperature. It was thus crucial to develop a Langmuir
Probe system as part of this Thesis work to analyse the plasma.

Langmuir probes are used to measure the plasma potential (¢,), the electron
density (n.) and the electron temperature (7,) in the plasma [145]. A Langmuir
probe consists of a metal probe, commonly made of tungsten or tantalum, that is
inserted in the plasma. Only the tip of the probe is exposed, the rest of the probe is
covered by an insulating material such as ceramic. Since the probe is inserted into
the plasma, this is an invasive measurement technique and it is possible that the
measurement affects the results obtained. The voltage on the probe is swept and
the current is measured.

A typical I-V obtained with a Langmuir probe is presented schematically in
Figure B.19.
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Figure B.19: Schematic of a I-V curve for a Langmuir probe.

The curve is separated in three distinct zones. When the probe is biased to a
high positive voltage (zone C), the probe collects most electrons in its vicinity and

the probe current is saturated. The current on the probe can be described by [145]

| T\ /2
Ip:eAne<8k ) , (B.5)

4 m

where e it the electron charge, A is the probe area, n, is the electron density, k is
the Boltzmann constant, 7, is the electron temperature and m is the electron mass.

When the probe voltage is lowered below the plasma potential, the current
falls rapidly as only the electrons with an energy that is higher than the plasma
potential will reach the probe (zone B). The plasma potential, V,, can be found by
calculating where the curvature of the /-V curve switches from positive to negative.
The floating potential, Vy, is defined as the potential where the current on the probe
is zero.

The electron energy distribution of most laboratory created plasmas follow a
Maxwell-Boltzmann distribution with a temperature of a few electron-volts. So

as the probe voltage is varied around the plasma potential, the /-V curve of the

226



Langmuir probe can be expressed by the following exponential equation [146]:

1/2 _
I = eAn, <2ka;;> exp <— e(VZTV)> (B.6)

The electron temperature (7,) is found by fitting the I-V curve of the probe with
equation B.6. The electron density (n,.) can be found by measuring the current on
the probe at the plasma potential, once the electron temperature has been calcu-

lated. From equation B.6, at V =V,

1, (2nm 1/2
"e:efx( T ) , (B.7)

where I, is the current on the probe at the plasma potential.

When the probe is biased a at low negative potential (zone A), only the positive
ions in the plasma are collected, so the current measured is negative. Since the ions
are not as mobile as the electrons, the ion current will be lower than the electron
current.

A Langmuir probe was fabricated with a tantalum wire and a ceramic sleeve
to act as an insulator. The outer diameter of the ceramic was of 3.18 mm and the
diameter of the tantalum wire was 1.6 mm. The probe was fabricated so that it had
an exposed tip length of 5 mm, which creates a collection area of 27.1 mm?. A
second probe was also created with a 90° bend to allow for measurements 30 mm
off the central axis of the probe. This second probe also has an exposed probe tip
of 5 mm. The probe was inserted in the plasma through the extraction aperture and
was electrically connected to an electrical feed-through in the downstream section
of the vacuum box. It was then connected to a bipolar power supply, allowing the
measurement of the current-voltage characteristics of the probe. The probe was
mechanically connected to a metal rod which was inserted in the vacuum chamber
via a mechanical feed-through, allowing for the movement of the probe along the
central axis of the source. The insertion of the Langmuir probe through the extrac-
tion aperture prevented plasma parameters measurements while beam is extracted
from the ion source. A schematic of the Langmuir probe system is presented in
Figure B.20.
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Figure B.20: a) Photograph the 90° Langmuir probe and b) schematic of the
Langmuir probe system.

There is an error of +1 mm in all three spatial dimensions for the position of the
probe tip furthermore, the tip has a length of 5 mm which adds an additional error
to the plasma measurements location. The power supply connected to the probe
can generate £40 V, which spans the different zones in Figure B.19 and allows for
the calculation of the electron density and temperature. The current and voltage on
the probe are measured with a multimeter with a current measurement accuracy of

1% and a voltage measurement accuracy of 0.1%.

B.3.4 Optical Emission Spectroscopy

One of the main disadvantages of Langmuir probes is that it is an invasive plasma
diagnostic technique, because the probe is inserted directly in the plasma. Fur-
thermore, Langmuir probes do not give any information on the different species
in the plasma, which is crucial information for the multiple species that are found
in carbon rich plasmas since the injection gases are composed of multiple atoms.
For these reasons, it was essential to design and implement an Optical Emission
Spectroscopy (OES) system at the ISTF.

OES is a non-invasive plasma diagnostic tool that can be used to obtain various
plasma parameters [123]. The technique analyzes light emitted from the plasma,
which mostly comes from the transition of electronically excited states from par-
ticles in the plasma. The most basic, yet very useful tool of optical spectroscopy
is to identify species in the plasma and to compare their relative populations. As a

particle transitions from an excited electronic state to a lower energy state, a photon
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of energy corresponding to the energy difference between the two states is emitted.

The wavelength (1) of the photon emitted is related to the energy by

hc

A= T (B.8)
where & is Planck’s constant, ¢ is the speed of light and E is the energy of the
photon. The intensity of the signal is directly proportional to the population density
of the excited state. One can show that the peak area is directly proportional to the
particle density in the plasma [123]. Thus, the relative population of the species
in the plasma can be compared by comparing their relative line intensities. This is
an important parameter to study for the case of the plasmas studied in this project
because these plasmas are composed of multiple species, yet the extraction of one
specific ion is to be maximized. Comparing the relative peak intensities of these
different species allows for the study of the effect of the ion source parameters on
the different populations.

Optical emission spectroscopy can also be used to determine the electron den-
sity and the electron temperature in some plasmas. The method consists of adding
a small amount of argon to the plasma. The ratio of the spectral lines at 480 nm and
488 nm is used to determine the electron density [147]. The absolute line density
of the 750 nm spectral line is used to determine the electron temperature, since
its excitation coefficient is well known and is highly dependent on 7, [114]. The
temperature of the gas in the plasma can also be determined with optical emission
spectroscopy [148]. There will be some Doppler broadening of the emitted emis-
sion, and by using a high resolution spectrometer, one can estimate the temperature
of the gas by measuring the broadening effect.

One of the main disadvantages of using OES is that the results are averaged
over the line of sight of the optical system. For example, if the line of sight of the
optical system is through the central axis of a cylindrical plasma chamber, the re-
sults will be a weighted average over the entire length of the plasma chamber. If the
plasma is non-uniform, such as is the case for volume-cusp H™ ion sources, there
will a large variation of the plasma parameters in the plasma. This will increase the
error on the measurements made.

An optical emission spectroscopy system was implemented at the ISTF as part
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of this Thesis work. Since the ion source’s plasma chamber doesn’t have any ra-
dial view ports, the only option was to use the extraction aperture as the viewing
window for the OES system. As discussed in the previous paragraph, this will lead
to an increase in the error since the results are averaged over a non-uniform plasma
volume.

An optical spectrometer was chosen (Ocean Optics HR 2000+) due to its large
bandwidth (200 nm - 1100 nm). The spectrometer has a resolution of about 1 nm,
which adequately allows for the proper identification of the major spectral lines,
however it is not high enough to measure the Doppler broadening of the different
peaks. Light is coupled to the spectrometer through optical fibers. A fiber connects
the spectrometer to an optical feed-through and a second optical fiber connects
the feed-through to an optical collimator to collect light from the plasma. The
collimator is connected to the bottom of the emittance scanner, allowing for it to
be moved it in and out of the line of sight of the plasma. There is no beam being
extracted when the collimator is in the beamline. A schematic of the setup used is

presented in figure B.21.
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Figure B.21: Schematic of the optical emission spectroscopy setup.

The optical emission system developed is adequate for the purpose of this The-
sis work because the resolution of the system is sufficient to accurately identify the
main spectral peaks from the plasma and the bandwidth is large enough to identify

a large spectrum of peaks.
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B.4 Validation Measurements

Once all the components of the ISTF were installed and commissioned, the first ex-
periments performed were to obtain baseline H™ measurements with the TRIUMF
licensed ion source. These measurements were critical to validate that the ISTF
was completely operational and performs to Kuo et al. [23] original design speci-
fications prior to proceeding to negative carbon experiments. The performance of
the ion source as a function of the arc parameters and the gas flow will be presented
in this section and is compared to the original measurements made by Kuo et al.
[23].

After the ion source system was validated, the ion source was used to verify the
performance of the emittance scanner by analyzing the phase space as a function of
the different ion source parameters. To properly analyze the phase space scans ob-
tained with the emittance scanner, magnetic field and beam extraction simulations
were undertaken. A detailed presentation of the code and the models used as well
as the results obtained and their comparison to the measurements are presented.
The mass spectrometer system was then validated by measuring the composition
of the beam extracted out of the H™ ion source. The following sections present
how the plasma electrode potential and the extraction electrode potential affects
the extracted H™ beam. Finally, the ion source was used to validate the Langmuir
probe and the optical emission spectroscopy system that were developed as part of
this Thesis work.

B.4.1 Arc Current and Gas Flow

The main power input to the ion source’s plasma is through the arc current. The first
ion source measurements were thus to measure the H™ beam current as a function
of the arc current for various gas flows. The ion source is designed to output more
than 15 mA of H™ beam current, but Kuo et al. [23] showed that the ion source
could output up to 18 mA at 5 kW of arc power.

The arc current was varied at various gas flows and the H™ beam current was
measured on the Faraday cup located 480 mm downstream of the plasma electrode.
For each measurement, the voltage on the extraction and the plasma electrodes is

tuned to maximize the beam current on the Faraday cup. The XY steering magnets
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are also tuned to maximize the beam current. The results are presented in Figure
B.22.
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Figure B.22: H™ beam current as a function of the arc power for various Hy
gas flows. The beam energy was set at 30 keV, the arc voltage was
set at 120 V, and the plasma and extraction electrode voltages were
optimized for every measurement. The Kuo et al. data is taken from
[23].

From Figure B.22, the increase in power leads to an increase in beam current
until there is saturation of the beam current, and at lower gas flows the saturation
occurs at lower powers. The saturation happens at lower arc currents for the lower
gas flows since the lower H, density in the ion source leads to a lower production
of H™ ions in the plasma. At lower arc powers, the beam current is higher at lower
gas flows. This effect is explained by a lower stripping rate caused by the lower
pressure in the ion source, leading to a higher density of H™ ions in the plasma. As
the power increases, the production rate of the H™ increases faster than the total
destruction rate, resulting in a higher H™ current.

The data obtained is consistently lower than what was found by Kuo et al. [23].
The beam out of the ion source is divergent and is similar in size to the Faraday
cup at the measurement location, so it is believed that the difference seen is due
to more beam spill at the ISTF. There is no indication of how the beam current
measurements were completed in the measurements presented in [23], it is thus

difficult to accurately compare the two measurements. Measuring the beam current
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with an additional focusing element between the ground electrode and the Faraday
cup, or with a larger Faraday cup, would show whether there is some beam loss due
to the high divergence of the beam. This was not done due to cost considerations.
Nevertheless, a maximum H™ beam current of 18 mA was obtained with the
TRIUMF licensed filament-powered volume-cusp H™ ion source at the ISTF as

part of this Thesis work. The tune details are presented in Table B.4.

Parameter Value
H™ Beam Current 18.0+£0.2 mA
Bias Voltage 30.0+£0.1 kV
Bias Current 24.940.2 mA
Arc Voltage 120.0£0.1 V
Arc Current 47.5+0.1 A
Extraction Electrode Voltage 3.8£0.1 kV
Extraction Electrode Current 127+1 mA
Plasma Electrode Voltage 3.8+0.1V
Plasma Electrode Current 21.1£0.1 A
H, Gas Flow 19.5£0.2 sccm
Filament Voltage 0.9 V+0.2
Filament Current 3541 A
X Steer Current 0.8+0.1 A
Y Steer Current 1.6+0.1 A
Upstream Pressure 4.6+0.5x10~ Torr
Downstream Pressure 6.2-+0.5x10~° Torr

Table B.4: 18 mA Tune Details.

Since 18 mA of beam current was obtained, which is the maximum obtained
by Kuo et al. [23], the TRIUMF licensed ion source and the ISTF can be confirmed
as it meets the design specifications sufficiently for the purpose of this Thesis. The
difference seen with arc power is small, and the purpose of this Thesis work was
not to replicate the results of Kuo et al. [23] exactly.

The co-extracted electron current is another important ion source parameter
since the maximum co-extracted electron current is limited by the current capabil-
ities of the extraction electrode power supply and the co-extracted electron current
is an approximate representation of the electron density in the plasma close to the

extraction region. Figure B.23 presents the co-extracted electron to H™ beam cur-
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rent ratio for the measurements presented in Figure B.22.
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Figure B.23: Co-extracted electron to H™ beam current as a function of the
arc power for various gas flows. The beam energy was set at 30 keV
and the arc voltage was set at 120 V, and the plasma and extraction
electrode voltages were optimized for every measurement. The Kuo
et al. data is taken from [23].

An electron to H™ ratio of less than 5 is obtained for the ion source operation
between 1 kW and 4 kW of arc power and a minimum ratio of 2.67 is found at
operation parameters of 720 W of arc power and 10 sccm of gas flow. The ratio is
high for low arc powers and higher gas flows, due to the low H™ current yields at
these settings. As the arc power increases, the H™ beam current increases and the
ratio decreases. The co-extracted electron current is also higher for lower gas flows
as the electron density is higher at lower ion source pressures. A low e/H™ ratio is
important since the electrons contribute to the space charge between the two first
electrodes, which can cause emittance growth.

The data by Kuo et al. [23] is consistently lower than the data obtained, which
is partially explained by the lower H™ beam currents that were measured at the
ISTE. Nevertheless, the difference between the measurements obtained and those
obtained by Kuo et al. [23] is small and the e/H™ ratio achieved is below 10 for
most ion source tunes, so the system performs close enough to the specifications

for the purpose of this Thesis.
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B.4.2 Arc Voltage

As stated in the previous section, the arc voltage is thought to increase the electron
temperature in the plasma chamber since it increases the energy of the primary
electrons emitted from the filaments. Increasing the arc voltage also increases the
arc power into the ion source, so it is expected that an increase in arc voltage will
lead to an increase in H™ beam current. Figure B.24 presents the dependence of

beam current and the e/H™ on the arc voltage.
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Figure B.24: a) H™ beam current and b) e/H™ ratio as a function of the arc
current for various arc voltages. The beam energy was set at 25 keV,
the gas flow was set at 15 sccm, and the plasma and extraction elec-
trode voltages were optimized for every measurement.

There is an increase in beam current with arc voltage below 110 V but above
this voltage the arc voltage does not have an effect on the H™ beam current. At
higher arc currents, the dependence is even less pronounced, since there’s beam
saturation above a certain arc power, as was seen in Figure B.22. At low arc cur-
rents, the lower arc voltages yield considerably higher e/H™ ratios, which is due
to lower beam currents observed. But, at higher arc current the effect is reversed
which is explained by a higher electron density and/or temperature in the plasma.

From the data, the optimum arc voltage for H™ beam production is above 110

V since beam current yields are not higher above this value.

B.4.3 Emittance Measurements

The following section serves as a validation of the emittance scanner at the ISTF as

well as an analysis of the phase space of the beam as a function of the various ion
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source parameters. The effect of the emittance on the different ion source parame-
ters is presented and computational tools are used to explain the effects seen. The
normalized 4-RMS emittance of the extracted H™ beam from the TRIUMF licensed
filament-powered volume-cusp ion source is commonly between 0.4 mm-mrad and
0.6 mm-mrad. Figure B.25 presents the normalized 4-RMS emittance for the mea-

surements presented in Figure B.22.
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Figure B.25: Normalized 4-RMS emittance of the H™ beam extracted out of
the ion source as a function of the arc power for various gas flows. The
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