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Abstract

Negative ion beams have wide-ranging applications from acceleration in cyclotrons for
medical radioisotope production to areas where tandem accelerators are leveraged. The
fields in which tandem accelerators are used include nuclear structure research, environ-
mental studies, materials characterization, medical treatments and ion implantation in
semiconductor devices. A commercially important case where negative helium ions are
utilized is in the semiconductor industry where they are conventionally created by double-
charge exchange ion sources using metallic vapours (typically Alkali’s). These metallic
vapours lead to challenges such as contamination, electrical shorts, and maintenance dif-
ficulties. In an effort to overcome the significant disadvantage of metallic vapour charge
exchange, this thesis will firstly investigate the production of negative helium ions using a
non-metallic charge exchange method in which negative hydrogen ions will be impinged
upon neutral helium gas. A charge exchange cell is developed for this project which in-
cludes an electrostatic accelerator to accelerate newly produced negative ions from the
target gas. The main objective focuses on negative helium ion production but the method
is applied to different gas targets including H2, CO2, and O2 with the goal of accelerating
and measuring negative ions that are the products of these targets. This approach aims
to avoid the significant contamination issues from the metallic vapour double-charge ex-
change method and explore novel methods for negative ion production via charge transfer.
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Chapter 1

Introduction

Ion beams are widely used in a multitude of industries from material science to environ-
mental sciences, nuclear structure analysis and many medical applications [1]. In partic-
ular, negative ion beams are found to be useful when higher energy direct current (DC)
beams are required. These high energy beams can be created using a tandem accelerator
which strips two electrons from an incident negative ion beam with a positive potential
electrode in order to double the energy of the ion beam [2]. A diagram of a simplified
tandem accelerator is shown in figure 1.1.

Figure 1.1: Diagram of tandem accelerator

The use of tandem accelerators allows ion beams to reach high energies without the
need for pulsed acceleration. This method of acceleration is important in many indus-
tries and research areas such as surface analysis, which uses techniques like Rutherford
Backscattering Spectrometry (RBS) and Particle Induced X-Ray Emission (PIXE) to de-
termine the elemental composition of different materials [3]. Tandem accelerator are also
useful in accelerator mass spectrometry (AMS) which is a common method for separat-
ing rare isotopes from a material [4]. A widely used industrial application of negative ion
beams leveraging tandem accelerators is ion implantation for semiconductor devices [5].
Ion implantation is a multi-billion dollar industry that uses ion beams to change the dop-
ing profile of different semiconductors in order to create precisely tuned micro-electronic
devices [6]. Typical negative ion beams used for this application are boron, arsenic and
phosphorus [7], but, high energy light ions such as hydrogen and helium are implanted
in power electronic devices for improved capabilities related to the switching response
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and breakdown voltages of the resulting transistor products [8]. A common method for
producing the negative ions used for this application is through a charge transfer with an
alkali or alkaline earth metal vapour [9]. In this method, positive (1+) ions are passed
through a vacuum region, with injected metallic vapour, at an energy of a few tens of
keV where a collision takes place between the incident beam and the vapour target [10].
During these collisions, two electrons are transferred from the alkali or alkaline earth
metal atoms onto the incident positive (1+) beam to form a negative (1-) ion beam of
the same species which is extracted from the charge transfer region [11]. The issue with
this technique for negative ion production is that the metallic vapours used for charge
exchange can cause contamination issues in the implanter systems. The vapours have
been known to transport through the system and deposit onto the semiconductor devices
causing detrimental impurities and rejected devices. These vapours can also coat vacuum
surfaces causing arcing or shorting issues in electrostatic components and can pose dif-
ficult maintenance issues as they are combustible substances [12]. If these negative ions
can be formed without using a metallic vapour medium it would eliminate the contami-
nation and maintenance issues associated with this particular method of ion production.
Negative ions such as helium are almost exclusively formed using the charge transfer
process described above [13]. For this project it will be explored to see if negative ions
can be formed by using D-Pace’s TRIUMF licensed volume-cusp H− ion source [14] to
create negative ions through charge exchange. An incident H− beam will be passed into
a vacuum region of inert non-metallic gas in an attempt to transfer the extra electron from
the hydrogen beam onto the target gas. Due to the important commercial applications of
producing negative helium ions without metallic vapour contamination, helium was cho-
sen as the first target to study. The hypothesized general charge transfer reaction is shown
in equation 1.1.

H−+He → H+He− (1.1)

Different readily available non-metallic, non-toxic gases will be studied after helium
is thoroughly explored as a target option. The other targets may not have known commer-
cial applications but will give novel measurements for their collision with an incident H−

beam under the given conditions. After a potentially successful electron transfer from the
incident H− beam, the resulting negative ion beams will be accelerated by an in-vacuo
electrostatic accelerator and the resulting beams will be differentiated using a mass spec-
trometer system. Figure 1.2 shows a basic diagram of the experimental setup and the ion
beam transport and creation throughout the system using the helium target gas as an ex-
ample. The experimental setup will be descried in greater detail in Chapter 3. Note that
the energies associated with the ion beams in figure 1.2 are example values and can be
adjusted.

This method follows an example set by Doupé and Litherland [15] where a negative
copper ion beam (Cu−) was incident on inert ICl gas to produce the following collisional
reaction: Cu− + ICl → Cu + ICl−∗ → Cu + I + Cl−. This charge transfer process of
negative beams incident on neutral gases has not been extensively studied compared to
the negative (1-) ion beam production from positive (1+) ions, but it has been explored by
a few researchers. Groups such as Bailey and Mahadevan [16], Hasted and Smith [17],
Muschlitz [18], Bardsley [19], Gupta and Melton [20], and Esaulov et. al. [21] have all
studied the electron detachment from negative ion beams due to collisions with different
inert gas targets and have measured the cross-section of any charge exchange through the
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Figure 1.2: Overview of experimental setup and ion beam path (all measurements in mm)

nature of the electron detachment and measure of the electrons emitted from the colli-
sions. None of these experiments reported the production of negative helium ions. Apart
from Doupé and Litherland, it is not known that there have been any other attempts to
re-accelerate these negative ion beams that are formed through collision with incident
negative beams as a way of measuring conversion efficiency. Thus, this project presents
a novel innovative technique for the production of negative ions that has never been ex-
plored.

This thesis will study the interaction between H− ion beams at tens of keV on non-
metallic neutral gases. An attempt to accelerate and measure any newly produced neg-
ative ion beams using this inventive new technique will be made and the any resulting
conversion efficiencies will be recorded. The interaction between the H− ion beams and
different neutral, non-metallic, non-toxic gases He, H2, CO2, and O2 will be studied with
the goal of creating negative ion beams in a charge transfer cell that can be accelerated
and detected. The magnitude of any resulting negative ion beam current values will be
reported.

The following list is a road-map of the thesis and what will be included throughout.

1. Chapter 1 discusses the relevance and motivation of the research which is pursued
and a brief summary of the previous research performed in this area of study.

2. Chapter 2 goes through background theory of relevant topics associated with this
study, largely focusing on negative ion formation and mass separation which will
be important in understanding the experimental method and explaining results.

3. Chapter 3 gives a detailed description of the experimental setup and the design
work that went into the construction of the charge exchange cell which includes an
electrostatic accelerator and custom removable Faraday cup.
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4. Chapter 4 presents the method in which the H− collision experiments were per-
formed as well as the respective results.

5. Chapter 5 summarizes the findings of this thesis and the lessons learned from ex-
ploring the field of charge exchange as well as future work which could be per-
formed to further investigate this topic.

Throughout the duration of this thesis project I conducted a thorough literature re-
search on charge exchange ion sources and relevant theory. Using the knowledge gained
from this research I worked on the development of a novel method for producing negative
ions through charge transfer. I designed, manufactured, constructed, and tested a charge
exchange gas cell which included an electrostatic accelerator and a custom Faraday cup
for beam current measurement. I also developed controls programs to easily adjust the
experimental parameters of the test setup. I learned how to operate D-Pace’s Ion Source
Test Facility which included tuning the TRIUMF licenced H− ion source which was used
as the driver for the experiment. I developed a vacuum system simulation for the beamline
of the experimental setup in order to approximate the pressure of the system in regions
which did not contain vacuum gauges. I then conducted numerous experiments using
multiple gas targets (He, H2, CO2, O2) in order to test the novel method for negative
ion formation using the H− ion source driver. I made numerous modifications to the gas
cell/electrostatic accelerator in order to make them more robust and suited for high beam
power experiments. Finally, I compiled the data gathered and developed theories for the
interesting results found.
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Chapter 2

Negative ion formation

2.1 Ion sources
Ion sources are classified as devices that produce extracted beams of ions [9]. Most are
composed of two main components, the plasma source and the extractor. The plasma
source is a region where electrons, neutrals, positive ions and negative ions are formed
and confined. The desired ions are extracted from the plasma source using a series of
lenses with different potentials in order to focus the ion beam and filter out any electrons
or unwanted ions. A basic image of a simple ion source is shown in the image below.

Figure 2.1: Basic diagram of a negative ion source

Ion sources are typically named based on the method in which ions are formed in the
plasma. Examples of common ion formation techniques are, electron impact ionization,
photoionization, field ionization, surface ionization, and ion impact or charge exchange
ionization [9]. The parameters of these plasmas are crucial to the effective formation of
ions, the two most basic characteristics being the temperature and density of the plasma
[22]. In general, plasmas are quasi-neutral meaning that the overall charge of the plasma
at any given time is approximately neutral. If we consider particles with different charges
Q j (...-2, -1, 0, +1, +2...), and different densities for all particles species in the plasma n j
(electrons-ne, ions-ni, neutrals-nn) then the following expression gives a general condition
for a plasma [22].

∑Q jn j = 0 (2.1)
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2.2 Charge exchange
Negative ions sources are typically classified by three different source types; surface pro-
duction, volume production, and charge exchange. Surface production sources rely on
electron transfer from the conduction band of a metal surface. Volume production sources
utilize the attachment of electrons from a plasma to the prospective negative ion species.
Negative ions produced from charge exchange ion sources gain electrons through free
particles such as free electrons, gas atoms or molecules, or metallic vapours [11]. Tra-
ditionally, charge exchange negative ion sources leverage a positive ion source in order
to pass a positive ion beam (Y+) through a target vapour (X), in order to produce the
following conversion [23].

Y++X → Y +X++∆E1

Y +X → Y−+X++∆E2
(2.2)

The negative ions are thus produced by a two-step charge exchange where positive
ions gain two electrons from the target vapour by two different collisions. The ∆E compo-
nents of the reactions shown in equation 2.2 represent the energies produced, or required,
for the charge transfer to be complete, this is also known as the mass (or energy) defect of
the collision. The mass defect is simply the change in energy states for both the projectile
and target summed together.

∆E1 = E(Y+)+E(X)−E(Y )−E(X+)

∆E1 = Ei(Y )−Ei(X)

∆E2 = E(Y )+E(X)−E(Y−)−E(X+)

∆E2 = EA(Y )−Ei(X)

(2.3)

The difference in energy between positive ions and their ground states equates to the
ionization energy (Ei) of that species whereas the difference in energy between a negative
ion and its ground state is the electron affinity (EA) of the species. In general, a mass
defect close to zero results in an increased cross-section and a much higher probability
of charge exchange [24]. The charge transfer between an ion and target atom/molecule is
classified as being either resonant or non-resonant. Resonant charge transfer occurs when
the projectile (Y) and the target (X) are the same species at their ground states, hence a
mass defect ∆E1 of zero and a high probability for charge transfer. Non-resonant charge
transfer occurs when the projectile (Y) and target (X) are different species resulting in a
non-zero mass defect value ∆E1. The cross-sections for non-resonant charge transfer can
be extremely small if the mass defect values for the collision are too large. In the case
of equation 2.2, if Y = X a resonant charge exchange would occur for the neutralization
in the first step of the reaction, which would have a very large cross-section. However,
negatively ionizing the projectile in the second step of the reaction would not yield a large
cross-section as the mass defect ∆E2 takes the difference between the electron affinity
and ionization energy. This collision would result in a much smaller cross-section as
these values would be inherently different. Therefore, optimal production of negative
ions using this method is carried out with different species that will minimize the mass
defects for both steps in the charge exchange process, this is called near-resonant charge
exchange [25] and is classified as a charge exchange reaction with a mass defect less than
1 eV [26]. It should be noted that for near and non-resonant reactions, the impact speed of
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the projectile ion greatly effects the cross-section of the interaction. Massey proposed that
for certain reactions if the projectile is approaching the target slowly the internal motion
of the target’s state is able to adjust so that an electronic transition doesn’t take place
[26]. This projectile speed range which forbids charge transfer is called the ”adiabatic
region”. The conditions for this adiabatic region as hypothesized by Massey are outlined
by equation 2.4.

a|∆E|
hv

≫ 1 (2.4)

The arguments of equation 2.4 are as follows; a is the ”adiabatic parameter” which
is defined as the effective distance at which interactive forces act between the colliding
particles, ∆E is the mass defect of the prospective charge transfer, h is Planck’s constant,
and v is the relative velocity of the incident particle. Other researchers such as Fogel
[27] and Grüebler [28] have explored the optimal incident particle velocity in which the
cross-section of the charge exchange collision for different particles is maximized. From
Massey’s criterion, they have proposed that the optimal incident particle velocity vmax is
reached when equation 2.4 approximately evaluates to 1.

a|∆E|
hvmax

≃ 1 (2.5)

The experimental results from this prediction somewhat agree with the criterion but
it is seen as more of a guideline for effective charge transfer. In the case of charge ex-
change from an incident negative ion onto a neutral vapour target, such as the single-step
charge exchange outlined by Doupé and Litherland [15], the mass defect of the reaction is
minimized (cross-section is maximized) when the electron affinities of the projectile and
target are similar. The calculation of ∆E is outlined in equation 2.6.

Y−+X → Y +X−+∆E

∆E = E(Y−)−E(Y )+E(X)−E(X−)

∆E = EA(X)−EA(Y )

(2.6)

From this sub-section, it can be gathered that it is important that both the mass de-
fect of the collision is minimized and the projectile has a velocity that is outside of the
adiabatic region.

2.2.1 Example: He− production
A negative ion which is commonly formed using a charge exchange ion source is the
metastable negative helium ion He−. He+ ions (Y) are passed through an alkali or
alkaline-earth metal vapour target (X) to form He− as in equation 2.2. An important
detail about this transition is that the intermediate neutral He is not in the ground state
(1s2)1S but is in an excited triplet state of helium (1s2s)3S which has an energy of 19.77
eV [24]. This metastable state of helium has a positive electron affinity of 0.0774 eV
which allows for the formation of a metastable negative ion (1s2s2p)4P [29]. Since he-
lium is the projectile, and the energy level of He+ is 24.6 eV, from the ground state [30],
the value of Ei(Y ) in equation 2.3 is 4.8 eV. The ionization energy range of alkali metals
(Ei(X)) is between 3.89 eV and 5.39 eV [24] which would result in an energy defect ∆E1
(eqn. 2.3) no greater than 0.91 eV, this would be classified as a near-resonant transition.
As for the second transition from neutral energetic He to He−, the energy defect ∆E2
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takes the difference between the electron affinity of He (0.08 eV) and the ionization en-
ergy of the alkali target (Ei(X)). This value would equate to 4-5 eV, but, for this system,
it is theorized by Main that a Coulomb interaction factor must be accounted for which
happens to have a value of a few eV creating a near-resonant charge transfer [24]. It has
been outlined by Hasted and Lee [31], and Grüebler [28], that the value of ∆E is actually
a composition of different integrative forces which are largely dependent on the type of
collision. A breakdown of the mass defect is shown in equation 2.7.

∆E = ∆E∞ −Ec −Ep −Ex (2.7)

∆E∞ is the mass defect for infinite Coulomb separation which is commonly the dom-
inating value of calculation for mass defect and is governed by the changes in energy of
the projectile and targets from the collision as outlined in equations 2.3 and 2.6. Ec is
the coulomb interaction which has a significant value in the experiments performed by
Main [24] as described above but is typically not reported in other experiments focusing
on minimizing mass defects for increased cross-sections for charge exchange. Ep is the
polarization interaction of the species, while Ex is the excitation energy of the reaction
products. It should be noted that Hasted and Lee consider a screen interaction ESC as
part of the mass defect arguments instead of the excitation energy, this discrepancy is not
well defined but both terms seem to be negligible in calculations carried out in the litera-
ture. Considering this definition of the calculation of the mass defect for negative helium
production, the alkali medium allows for near-resonant charge transfer for both collisions
and will produce a large cross-section and a relatively high conversion rate for the overall
reaction. Figure 2.2 shows the different energy states of helium and the transitions which
are possible from one state to another.

Figure 2.2: Transitional states of helium and their corresponding energy levels for a
double charge transfer reaction [24].

Figure 2.2 shows all the states of He+ ions, neutral helium states, and He− ions. The
notation of these states refers to the location of the electrons and whether the electrons
are configured in a singlet, doublet, or triplet state. For example, (1s2s)3S tells us that
one electron is in the ground (1s) shell, the other electron is in the valence (2s) shell, and
they are oriented in a triplet configuration with both electrons in the S subshell. Triplet,
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refers to the electrons having a parallel quantum spin (S = 1), whereas singlet refers to the
paired electrons having an anti-parallel spin (S = 0) and a doublet states that there is an
unpaired electron in the configuration [32].

In order to understand the meaning behind the particle energies when explaining
charge exchange ion sources, a brief description of important concepts in charged par-
ticle dynamics will be discussed.

2.3 Charged particle beam energy
The rest energy of an object E0 is described through the mass-energy equivalence which
was developed and proposed as a general principle by Albert Einstein.

E0 = mc2 (2.8)

This energy is considered to be the total energy of the object or system when it is not
in motion in it’s frame of reference [33]. When an object is in motion, the total energy is
a summation of the rest energy and the object’s kinetic energy.

Etot = E0 +Ekin (2.9)

It is common in the field of accelerator physics to refer the kinetic energy of a charged
particle beam simply as the ”energy”, this is not to be confused with the total energy of
the particles. Another common theme in accelerator physics is to use units of electron-
volts (1 eV = 1.602×10−19 Joules). These units of eV are typically accompanied by the
speed of light (c) when dealing with values of mass and momentum, for example, when
dealing with values of mass 1 MeV/c2 = 1.79×10−30 kg, and 1 MeV/c = 5.36×10−22

kg m/s when working with momentum. It should be noted that when an object’s speed v
approaches the speed of light, the mass of the particle increases and the kinetic energy is
determined by scaling the rest energy using the Lorentz factor γ .

γ =
1√

1− v2

c2

(2.10)

Ekin = (γ −1)mc2 (2.11)

The momentum of an object p is determined by the energy-momentum relationship
outlined in equation 2.12 [40].

pc =
√

E2
tot −E2

0 (2.12)

Using the relations given in this section one can determine the momentum and total
energy of a charged particle beam given the kinetic energy and particle species.

It is important that charged particle beams are well focused when being directed to-
wards targets for charge exchange in order to produce high conversion rates. In the next
sub-section, ion optics are discussed to explain ion beam steering and manipulation.
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2.4 Ion Optics
Ion beams are manipulated by electric and magnetic fields seeing as they are charged
particles and are subject to electric and magnetic forces. Electric fields can be used to ac-
celerate, focus, and steer beams, whereas magnetic fields are only able to focus and steer.
The magnetic force on a charged particle acts perpendicular to the direction of motion and
thus can only steer or focus and not accelerate. This is made clear through equation 2.13
where the magnetic force is calculated by a cross-product between the magnetic field and
velocity of the particle.

F = q(v×B) (2.13)

The force acting on a charged particle from an electric field is calculated using equa-
tion 2.14.

F = qE (2.14)

Clearly, the force from an electric field is independent of the direction of motion of
the particle. Thus, electric fields can be used for both acceleration and steering/focusing.
This being said, electric fields are only a good steering/focusing option when low energy
particles are considered. For example, a 1 MeV beam of protons requires a magnetic field
strength of 0.14 T in order to be bent by 90° over a 1 m distance which is a very reason-
able value for commonly sourced permanent and electromagnets. However, an electric
field strength of 1.94 MV/m would be required to achieve the same force, which is an un-
reasonable potential to obtain over a distance of 1 m with common power supplies. Thus,
electric fields are typically used for acceleration and magnetic fields used for focusing
and steering. Particle beam acceleration is performed using many different techniques
and is typically grouped into two categories, Direct Current (DC) acceleration and Radio
Frequency (RF) acceleration. RF acceleration uses RF waves to distribute and shift elec-
tromagnetic fields to accelerating cavities or electrodes [34]. The main advantage to RF
acceleration is that they are capable of providing the same amplitude of acceleration to
a particle many times over the course of transport to create higher energy beams and are
not limited by the maximum capabilities of a voltage generator. However, this form of
acceleration can only yield bunches of particles and is incapable of providing a consis-
tent stream of beam due to the wave nature of the frequencies used for electromagnetic
modulation. DC acceleration is much simpler in that it uses a fixed electric field provided
by a direct current voltage generator to accelerate particles from one electrode to another.
The disadvantage to this form of acceleration is that the particle beam energy is greatly
limited by the potential provided by the voltage generator. Equation 2.15 gives the equa-
tion for the energy of a particle with charge q passing through a single-ended electrostatic
accelerator over a potential V .

E = qV (2.15)

Common DC generators only reach tens to hundreds of kV and sophisticated gener-
ators reach a maximum around a few MV [35], thus, these energies are limited to low
MeV ranges. Therefore, it is more practical to use electrostatic accelerators for applica-
tions which require non-bunched constant low energy beams.
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Electrostatic accelerators use different types of accelerating lenses such as tube lenses
and aperture lenses. Tube lenses allow for drift periods within the lens and have a fo-
cusing effect on the exit of the lens and a defocusing effect on the entrance of the lens
[35]. Aperture lenses are thin conducting plates with an aperture for particle transport,
the plates are set at different potentials that create an electric field between lenses. Given
two electric field gradients E1 and E2 where E2 is further downstream of E1, the lenses
are accelerating and focusing if E2 > E1 and decelerating and defocusing if E2 < E1 [35].

The next few sub-subsections give an explanation of some key concepts which are
integral in the understanding of particle beam optics.

2.4.1 Emittance and brightness
The emittance of a beam is a very important specification and refers to the particle beams
”size” in a phase space. The phase space is a two dimensional space which spans the
physical position of the particle in the beam on one axis with respect to it’s momentum in
that axis. We are typically interested in the ”x” and ”y” emmitance of a beam if the particle
is travelling in the ”z” direction. This information tells whether the beam is converging or
diverging, and how much physical space the beam occupies in the ”x-y” plane. In terms of
optics, a beam with smaller emittance value is more desirable as it would occupy a smaller
physical space and have a smaller variation in size as it travels through a beamline. This
would allow the beam to be passed through apertures in a beam line with little loss. It
should be noted that the total emmitance of a beam is conserved and that focusing a
beam only reduces the emittance in one plane, thus, increasing the emmitance value in
the transverse plane. The emittance of a beam is ultimately minimized at the source of
the particle beam.[36] Figure 2.3 shows an example of a phase space ellipse, this is the
effective area in the position-momentum plane and is, by definition, the emmitance value.

Figure 2.3: An example of a diverging beam ellipse in the x-axis. The units of this plot
are arbitrary. [37].

In addition to emittance, the brightness of a particle beam is also an important metric
which gives quantitative value to the quality of the beam. The brightness of a beam (B)
is related to the the emmitance (ε) through the beam current (I) and wavelength of the
associated particles (λ ) through equation 2.16.
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B =
I

λε
(2.16)

Thus, to increase the quality of the beam based on the measurement of brightness,
beam current must be maximized and emmitance must be minimized. [36]

2.4.2 Space charge and perveance
On the topic of beam quality, it is important to to have an understanding of self-fields such
as space charge which can cause detrimental beam degradation through mechanisms like
energy loss, phase, and frequency shift. Space charge is a phenomena which is seen in
particle beams that can be explained through the Coulomb force and the magnetic force
produced by a current. If particles of the same charge are travelling in one direction in a
confined space (a beam), the particles will be repelled by by the Coulomb force, but, they
will also be attracted by the magnetic fields induced through the current they produce.
Ultimately, the Coulomb force is dominating unless the particles are moving at the speed
of light (in which the forces cancel) [38]. On the topic of charge exchange ion sources,
the space charge effect can be combated by injected gas in the area of beam formation,
this causes ionization of opposing charged particles which would attract the particles of
the objective ion beam to the beam center, reducing the emittance. The effect that space
charge has on a charged particle beam can be quantified using a value called perveance.
Perveance (P) of an electron beam can be calculated by the beam current (I) and energy
(U) in equation 2.17.

P =
I

U3/2 (2.17)

Thus, a low energy beam would have a high perveance value and a greater space
charge effect and can benefit from the injection of residual gas to produce a higher quality
beam.

The next sub-section will explain the concept of mass spectrometry which is used to
differentiate ion beams formed with different masses and energies.

2.5 Mass spectrometry
In a charge exchange ion source many different negative and positive ions can be formed
depending on the target vapour and the primary incident beam species [39]. In order to
differentiate the extracted beams from one another, the beams are bent using an electro-
static or magnetic force. Electrostatic forces are used to bend low energy, light particles
like electrons, whereas magnetic forces are used to bend larger or higher energy particles.
If two particle beams possess the same energy, they are differentiated by their mass. In
the case of magnetic fields being used to alter the path of charged particles for mass sep-
aration, a dipole can be used to bend the particles on one plane since the magnetic force
is perpendicular to the particle trajectory. If a particle beam is passing through a dipole
magnet with the particle trajectory perpendicular to the magnetic field direction then the
magnetic force will always be perpendicular to the particle trajectory. As a result, it can
be said that the centripetal force is equal to the magnetic force acting on the particle beam
which results in the following expression.
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Bρ =
p
q

(2.18)

This relation is commonly referred to as magnetic or beam rigidity [40], since the
beam momentum p is proportional to the magnetic field strength B and the bending radius
ρ , thus a beam with a larger momentum is more ”rigid” (i.e. the particle trajectory is more
resistant to change in direction due to magnetic force). It should also be noted that the
magnetic field strength and bending radius are inversely proportional to the charge of
the particle q. If an electromagnet is used, the polarity of the magnet (magnetic field
direction) can be used to differentiate positive and negative ions, whereas the strength of
the magnetic field is used to separate ions with different energies and masses. Different
isolated detectors located in an array of positions may be used to measure different particle
species and energies if the particle beams are passed through a permanent magnet.

If a dipole electromagnet is used for ion separation, the strength of the magnetic field
is varied by changing the current passing through the coils (I) which are used for the
magnetic poles. If the current required to bend an incident particle beam IX , of mass
mX , about a fixed radius R, at a energy EX , then the current required to detect a different
particle beam IY about the same radius can be easily scaled given the secondary particle
mass mY and energy EY . The magnetic force on a charged particle moving through a
dipole magnet on a plane parallel to the faces of the poles will always act perpendicular
to the direction of the particle, thus, the magnetic force equates to the following:

F = qvB (2.19)

Since the force acting upon the charged particle beam will result in a uniform motion
of curvature, this magnetic force is equal to the centripetal force.

F = qvB =
mv2

R
(2.20)

For non-relativistic particle beams, the classical kinetic energy of the beam (E =
1
2mv2) can be substituted into the force equation in order to display relation in terms
of the known energy and mass values.

q

√
2E
m

B =
2E
R

(2.21)

Rearranging equation 2.21 gives an expression for magnetic field strength in terms of
particle energy, mass, and charge over a set radius R.

B =
1
q

√
2Em
R

(2.22)

Taking a ratio of equation 2.22 for two different particles (X and Y ) travelling over the
same radius R produces the following expression:

BY =
qX

qY
BX

√
EY mY

EX mX
(2.23)

The magnetic field strength in the center of a current carrying loop of fixed radius r is
given by:

B =
µ0I
2r

(2.24)
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Since the radius of the current carrying coils in the electromagnet will not vary in
size, the magnetic field strength values in equation 2.23 are linearly proportional to their
respective current values (IX and IY ).

IY =
qX

qY
IX

√
EY mY

EX mX
(2.25)

Thus, if both particle beam species X and Y have a known energy, mass, and charge,
the current in which the particle beam Y can be detected by the mass spectrometer system
(IY ) can be calculated if the current at which the particle beam X is detected is known (IX ).

In order for these ion beams to travel through a beamline to a detector without dis-
ruption, an evacuated path must exist with few particle obstructions. The basic theory of
vacuum physics is explained in the next sub-section in order to give an understanding on
how to achieve this evacuated beamline.

2.6 Vacuum physics
The word vacuum is derived from the Latin word ”vacua” meaning ”empty” [41], al-
though, in practice, a truly empty space is not achievable and regions can only be partially
evacuated. In a practical sense, vacuum is described as a region of space with pressures
lower than atmosphere at a constant temperature. The pressure of a system p is simply
calculated by the force F acting on some surface area A.

p = F/A (2.26)

The standard units of pressure are Pascals (Pa), where 1 Pa = 1 N/m2, and atmospheric
pressure is defined as 101,325 Pa at sea level. Other units of the measure of pressure in-
clude mbar and Torr, where 1 Pa = 0.01 mbar = 0.0075 Torr. Different levels of vacuum
are classified by pressure ranges, these ranges are shown in table 2.1.

Table 2.1: Vacuum levels and respective pressure ranges [41].

Vacuum Range Pressure Range (mbar) Pressure Range (Torr)
Low (LV) 3.3×10−1×103 25−750

Medium (MV) 1×10−3 −3.3×10 7.5×10−4 −25
High (HV) 1×10−6 −1×10−3 7.5×10−7 −7.5×10−4

Very High (VHV) 1×10−9 −1×10−6 7.5×10−10 −7.5×10−7

Ultra-High (UHV) 1×10−12 −1×10−9 7.5×10−13 −7.5×10−10

Extreme Ultra-High (XUHV) ≤ 1×10−12 ≤ 7.5×10−13

Vacuum is achieved by pumping out particles from a confined space. There are many
different pumping techniques which are used to reach different levels of vacuum, for ex-
ample, positive displacement pumps use mechanical movements to push volumes of gas
out of a region with synchronized valve systems to create partial pressures in the LV to
MV pressure regions. More sophisticated mechanical pumps, known as momentum trans-
fer pumps, are used to create HV and sometimes VHV vacuum environments by directing
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the particles out of region of interest by collision with fast moving blades or rotors. Cre-
ating vacuum environments that have pressures in the UHV and XUHV regions require
capture pumps, where the particles are actually implanted or trapped into a solid mate-
rial which is part of the pump. These capture pumps commonly ionize the particles in
order to permanently contain them using electric and magnetic fields [42]. The gauges
used to measure vacuum pressures are typically classified as directly measuring and in-
directly measuring vacuum gauges. Directly measuring vacuum gauges use mechanical
systems to calculate the force acting on a surface which gives the pressure of the system.
These gauges are typically used for measuring low or medium vacuum ranges and are
incapable of accurately measuring high vacuum environments as the forces acting on the
vacuum surfaces become too small to record [43]. Indirectly measuring vacuum gauges
use properties of gases which are proportional to the number of particles in a region to
determine the pressure of a system. Certain gauges such as ion and cross field gauges use
conducting plates to measure either the ionization rate or discharge current between the
plates to calculate the pressure of the system as these properties are proportional to the
number of molecules in the system [44]. Indirectly measuring gauges are commonly used
for measuring pressure in the HV to XUHV regions.

Sometimes high pressure environments are introduced into a vacuum system in order
to create collisions between charged particle beams and target gases. When analyzing
particle collisions it is important to have an understanding of the cross-section of the
collision. The cross-section will be explained in the following chapter sub-section.

2.7 Cross-section
When discussing particle collisions in physics, in a general sense, the cross-section refers
to the probability of a collision between particles and is represented by an effective area
[45]. Cross-sections for the collision of particles are dependent on the the incident parti-
cles beam flux (I), the density of target particles in the collisional region (n), the length of
the region with a density n (dx), and the size of the particles colliding. The cross-section
is also largely dependent on the incident beam energy and environmental aspects such
as the temperature of the collision region. The cross-section is usually denoted by the
symbol σ and has the units cm2, so, the fraction of incident particles interacting with the
target (dI) can be calculated. If the incident beam flux I has units of particles/s/cm2, n
has units of atoms/cm3 and the length of the target is measured in cm the value dI can be
found by equation 2.27.

dI =−Inσdx (2.27)

This equation can be derived with respect to the position (x).

dI
dx

=−Inσ (2.28)

This derivative has a general solution when the incident particles I have not passed
through the target with length x and thus has a maximum value denoted by I0.

I = I0e−nσx (2.29)
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There are many definitions of cross-sections depending on the interaction which is
being discussed and thus different ways of predicting and measuring the cross-section
of collisions. For charge exchange interactions it is the total electron loss cross-section
(σtel) which is analyzed to determine a probability for charge transfer. The total electron
cross-section is composed of the sum of three different electron detachment methods.

σtel = σs +σd +σc (2.30)

From the components of equation 2.30 σs and σd represent the cross-section for single
electron detachment and double electron detachment respectively. The single electron
detachment cross-section σs, for most collisions, has been measured to be in the range of
10−15 cm2 whereas σd is known to have the smallest values with a range of 10−16 to 10−17

cm2 [46] [47]. The cross-section for electron loss through charge transfer is expressed
by σc and is found to have the largest value when a resonant or near-resonant charge
transfer takes place with values measured up to the 10−14 cm2 range [15]. Thus, if a total
electron cross-section in the range of 10−14 cm2 is measured, it is likely that a resonant
or near-resonant charge exchange has occurred between the projectile and the target. A
typical method for measuring the total electron cross-section for charge exchange cells is
to measure the current before and after the cell with a range of pressures and plot the data
as ln(I/I0) vs. pressure to take the linear slope of the trendline. The slope of these plots
are used to find the cross-section σtel by rearranging equation 2.29.

ln(I/I0) =−nσx (2.31)

The density n can be expressed in terms of pressure P, temperature T and the Boltz-
mann constant kB, so equation 2.31 becomes equation 2.32.

ln(I/I0) =− P
kBT

σx (2.32)

If the slope of the plot ln(I/I0)/P is represented by m, the total electron cross-section
is calculated by:

σtel =
−mkBT

x
(2.33)
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Chapter 3

Ion Source Test Facility

3.1 System overview
The system used for all experiments associated with negative ion formation was an ion
source test stand located at D-Pace, Inc. in Nelson, British Columbia. The test stand
is equipped with a TRIUMF licensed, volume-cusp H− ion source [14] that includes a
pneumatic Faraday cup and an emittance scanner which are capable of intercepting the
beam for diagnostic purposes. Downstream from the ion source there is a vacuum box
that contains a charge exchange cell, which was designed, manufactured and assembled
specifically for this project. Downstream of the charge exchange cell is the spectrometer
system which is used for beam species separation. Finally, a 600 W fixed Faraday cup is
located downstream of the mass spectrometer dipole in order to measure the current of any
ion beams which pass through the mass spectrometer system. The following images show
an overview of the Ion Source Test Facility (ISTF) and a labeled diagram highlighting key
features including the components listed above.

Figure 3.1: Image of D-Pace ISTF taken from [48].
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Figure 3.2: Labled diagram of D-Pace ISTF and key components taken from [48].

The proceeding sections of this chapter explain each major component of the ISTF
and give a design overview for all components which were created specifically for this
thesis. Explanation of conducted simulations which were performed in order to carry
out both design aspects of components and mapping of vacuum pressures in the system
are included. A brief description of a program which was modified to control the mass
spectrometer power supply is also included.

3.2 H− volume-cusp ion source
As mentioned previously, the driver ion source for the ISTF is a volume-cusp H− source
which is excited using a hot filament. This filament emits electrons (a few eV) which col-
lide with the residual H2 injected into the source to produce a high cross-section reaction
called dissociative electron attachment (DEA) [10]. This reaction is displayed in equation
3.1.

H2 + e → H−+H (3.1)

The plasma is magnetically confined using a series of permanent magnets at different
orientations. These ion sources are typically used as injectors for 30 MeV and 70 MeV
cyclotrons used for medical radioisotope production and for tandem based Boron Neutron
Capture Therapy. They can also be used for applications in fusion research and, as for this
case, university research purposes. The H− ion source can be tuned to operate at different
energy ranges and beam currents. The stable energy range for a well focused beam is
found to be between 15 keV and 30 keV, whereas the beam current can be adjusted from
0-15 mA. For more information on this ion source see the paper written by Kuo et. al.
[14].

18



The following sub-section will include a description of charge exchange cell which
was the primary focus in terms of development for this experimental setup.

3.3 Charge exchange cell: design, development, and im-
plementation

The concept for the charge exchange cell used for this project was inspired by the design
of Doupé and Litherland where gas was injected into a semi-contained region of the up-
stream side of an in-vacuo electrostatic accelerator [15]. A diagram of the electrostatic
accelerator used for charge transfer in the experiments performed by Doupé and Lither-
land is shown in figure 3.3.

Figure 3.3: Diagram of electrostatic accelerator used for the production of Cl− through
charge exchange from an incident Cu− beam in experiments performed by Doupé and
Litherland [15].

The driver incident beam of H− from the volume-cusp source is biased such that it
is extracted by a grounded electrode, thus, in order to accelerate newly created negative
beams, the incident beam must be slowed to some degree by the potential of the electro-
static accelerator. The impinged H− beam should be collimated by a grounded plate with
an aperture of a smaller diameter than the aperture of the accelerator. The accelerator,
designed as part of this thesis work, consists of a series of electrode plates with apertures
through the center for beam acceleration. The potential of each electrode increases to-
wards ground so that the incident H− beam is re-accelerated to its original energy and any
new ion beams are accelerated to the potential difference between the position in which
they were formed in the accelerator and the final ground electrode. The incident beam
is slowed by the first electrode of the accelerator to an energy governed by the potential
set by a DC power supply. The first four electrodes are isolated from each other with
Teflon rings in order to create a semi-contained volume where non-metallic neutral gas
can be injected. The length of the semi-contained region was based off the electrostatic
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accelerator designed by Doupé and Litherland. Some preliminary experimentation was
performed with differing lengths of this semi-contained region but did not produce any
results to show that it increased the efficiency as no beam current was measured during
this period. The remainder of the electrodes are isolated using ceramic stand-offs which
allows the injected gas to disperse downstream of the primary collision point so that newly
formed negative ions experience less electron loss through collisions with remaining in-
ert gas. All electrodes are connected with a series of resistors to divide the voltage from
the power supply amongst the electrode plates. A diagram of the general electrostatic
accelerator design is shown in figure 3.4.

Figure 3.4: Diagram of novel gas cell/electrostatic accelerator schematic developed for
this thesis project.

Since the beam energy is directly proportional to the potential which is applied to it
(E = qV ), the resulting energy of the newly created negative ion beams will be governed
by the potential set by the DC power supply. For example, if a negative beam (1-) is newly
created from the neutral gas target at the first electrode and the DC power supply is set to
a value of -10 kV, the newly formed negative ions will have an energy with a magnitude
of 10 keV once they have been accelerated to the grounded electrode. Also, the incident
driver H− beam is slowed by the electrostatic accelerator and then re-accelerated as it
approaches the grounded electrode. For example, with a 30 keV incident H− beam and -
10 kV applied to the accelerator, the H− beam will be slowed to an energy of 20 keV at the
first electrode of the electrostatic accelerator and re-accelerated to 30 keV once it reaches
the final grounded electrode. For simplicity, when the accelerator potential is referred
to in this thesis, it will be the magnitude that is stated. The power supply is negatively
biased and will only produce negative potential differences. An aperture lens approach
was taken for electrostatic acceleration as a consideration for space within the available
vacuum box in the beamline as the electrodes can be thin plates as opposed to longer
accelerating tube lenses. This acceleration technique was also advantageous as the series
of lenses can have a focusing effect when the magnitude of the electric field between
plates increases throughout the beamline [35]. This increase in electric field gradient can
be implemented by increasing the resistance value of the resistors between the electrodes.
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This increasing electric field gradient also gives the advantage of reducing the energy
spread of the resulting negative ion beams. If the difference in potential between the first
few electrodes is not significant then the ions created within the semi-contained gas cell
region will all be exposed to a similar acceleration from the electrode lenses. To keep the
focusing effect of the lenses and reduce the energy spread of the prospective ion beams,
a quadratic electric field gradient was chosen for the potential profile. The magnitude of
the electric field strength between each electrode increases in a quadratic form until the
ground electrode potential is reached at the last electrode. The first step was to determine
how many electrodes would be able to fit in the vacuum box which was already integrated
into the beamline of the ISTF. The number of electrodes is dependent on the gap between
each electrode, this is dictated by the dielectric strength of the medium in between the
lenses. It is known that the dielectric strength of air at atmosphere is 30 kV/cm [49], but
the breakdown voltage between electrodes varies drastically with change in pressure, this
is known as Paschen’s Law [50]. Typically, the breakdown voltage reaches a minimum at
a few hundred volts per cm at pressures between 10-1 to 101 Torr [51]. Figure 3.5 shows
the breakdown voltage of air as a function of pressure for a centimeter gap, this is known
as the Paschen curve.

Figure 3.5: Paschen curve for air at 1 cm gap taken from [51]

The pressures achievable in the vacuum box where the electrostatic accelerator is
placed in the ISTF during operation are between 10-6 Torr and 10-5 Torr. Thus, during
regular volume-cusp ion source operation, potential gaps in the keV range are sufficiently
insulated with air at the specified pressure range for cm distances. That being said, when
inert gas is injected into the accelerator unit the pressure will rise in the semi-contained
region of the accelerator. Beneficially and by design, with a quadratic electric field gra-
dient applied to the accelerator, the electrodes which would see a higher pressure have a
much smaller potential difference making the centimeter-range gaps sufficient for elec-
tric breakdown-voltage protection. Based on the available length of ceramic standoffs
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used for electrode spacing, a 0.64 cm standoff was used for the electrode gaps and a 1.27
cm standoff was used for the collimator-first electrode gap. Recall that the collimator is
grounded so the largest potential difference will be between the collimator and the first
electrode. A thickness of 0.48 cm was set for the electrodes and collimator as this would
be sufficient for attaching the resistors using M3 fasteners without overhang on the ter-
minals, which would decrease the gap between electrodes at a localized point. Given that
the total length of the vacuum box is 12.44 cm and the determined gap sizes, 9 electrode
are able to fit in the space with a collimator. The diameter of electrodes were chosen such
that gas inserts, resistors, and high voltage leads had clearance for attachment and that
electrostatic breakdown would not be an issue between the electrodes and the walls of
the vacuum box. Figure 3.6 shows the model of the electrostatic accelerator which was
created using the online modelling software Onshape® [52].

Figure 3.6: Onshape® model of electrostatic accelerator charge exchange cell placed in
vacuum box.

It should be noted that the resistors will be mounted to the top of the electrodes in
series in order to distribute the potential from the DC power supply. The electric field
gradient was designed such that it would follow a quadratic path when comparing the
potential of each electrode from the supply electrode to the ground electrode. Table 3.1
displays the potential values of each electrode if the upper limit of 20 kV is supplied to
the accelerator from the DC power supply.

The quadratic electric field gradient was designed such that none of the resistors would
go over their specified power rating. Of the resistors in question for the design, the lowest
power rating was found to be 0.5 W. Based on the potential values shown in table 3.1,
the largest magnitude of voltage between two electrodes was taken to be 5 kV. Thus, the
maximum current flowing through the circuit was found to be 100 µA by Watt’s law
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Table 3.1: Designed electrode potential for a quadratic electric field accelerating gradient
over 9 electrodes.

Electrode Number Potential (kV)
1 20
2 19.7
3 18.8
4 17.2
5 15
6 12.2
7 8.8
8 4.7
9 0

(P = IV ). The total resistance of the circuit is found to be 200 MΩ through Ohm’s law.
In order to find the proper resistance value for each resistor bridging the gap between
electrodes so that the quadratic potential field is created, the voltage is divided amongst
the resistors using equation 3.2 [53].

V1 =Vs
R1

R1 +R2 + ...+Ri
(3.2)

V1 represents the voltage drop across the resistor being analyzed, Vs represents the
value of the source voltage, and the R values are the resistances of the resistors in the
series circuit; the denominator always equating to the total resistance (RT ) of the circuit
(excluding the source resistance). Thus, the resistance of the resistor in question (Ra)
can be calculated with the knowledge of the potential difference across said resistor (Va)
which can be easily calculated from table 3.1.

Ra = RT
Va

Vs
(3.3)

Table 3.2 shows the resistance values for the 8 resistors which separate the electrode
potentials. The resistor numbers are listed such that resistor 1 bridges electrode 1 and 2,
resistor 2 bridges electrode 2 and 3, and so on.

Table 3.2: Theoretical resistor values for a quadratic electric field gradient in the acceler-
ator with 9 electrodes.

Resistor number Resistance (MΩ)
1 3.1
2 9.4
3 15.6
4 21.9
5 28.1
6 34.4
7 40.6
8 46.9
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The material choice of the electrodes was based largely on the electrical conductivity,
as the material should allow for charge to flow freely through the electrode in order to cre-
ate a uniform electric field profile throughout the accelerator. Aluminum was chosen as
the material for the electrodes as it has one of the highest electrical conductivity values of
commonly used metals (60% of the conductivity of silver) and is easily machinable [54].
The concern with using aluminum for the collimator was that with a 5 mm aperture, if the
incident beam is unfocused, most of the beam power will be dissipated into that material.
Since the accelerator will be in a vacuum environment there will be no convective cool-
ing and the collimator could potentially become too hot and jeopardize the integrity of
the gas cell unit. Instead, a stainless steel collimator was manufactured as stainless steel
possesses a melting temperature of 1510°C, compared to aluminum at 660°C [54]. High
Density Polyethylene (HDPE) was originally chosen as the insulator material but this was
later on changed to Teflon (PTFE) as the maximum operating temperature of PTFE is
much higher than HDPE (260°C compared to 80°C respectively) [55]. The electrical in-
sulation properties of PTFE are also more favourable than HDPE for this application, with
the dielectric strength values being 50-170 kV/mm for PTFE and 22 kV/mm for HDPE.
Once the material details were finalized, the electrodes and collimator drawings were sent
out for manufacturing and the Teflon insulators were created using a CNC machine on
site at D-Pace. The accelerator was aligned using an aluminum dowel with the same di-
ameter as the electrode apertures with the end milled to the same diameter as aperture of
the collimator. The accelerator was kept aligned and pressed together using ceramic rods
which allowed for the central trajectory of the ions to stay consistent while maintaining
isolation between the electrodes. A 1/32” hole was drilled through the side of the center
Teflon insulator to allow for neutral gas injection. A gas feed-through was connected to
the vacuum box through one of two available non-beamline vacuum ports. The other port
was used for the high voltage feed-through which allows vacuum pressures to be main-
tained while delivering kV range potentials to the accelerator. The potential across the
electrodes was tested at a lower voltage of 1 kV total from a DC power supply resulting
in an overall current of 5 µA. Resistors with the exact values displayed in table 3.2 were
not obtainable, thus, resistance values close to these numbers were chosen and are found
in table 3.3 along with the resulting voltage drop across the resistor if 20 kV were applied
to the accelerator.

Table 3.3: Actual resistor values used for the quadratic electric field gradient in the ac-
celerator with 9 electrodes.

Resistor number Resistance (MΩ) Voltage drop (kV)
1 3.3 0.33
2 9.53 0.93
3 15 1.53
4 22 2.24
5 27 2.76
6 33 3.37
7 39 3.98
8 47 4.80

The accelerator was assembled and placed within the vacuum box using brackets that
were created using aluminum sheets. The position and length of the brackets was deter-
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mined using Onshape® so that the accelerator was inline with the center of the opening
of the vacuum box and thus the center of the incident beam spot. Figure 3.7 shows the
assembled gas cell placed in the vacuum box within the beamline.

Figure 3.7: Electrostatic accelerator/gas cell unit placed in the beamline for the ISTF.

Throughout the experimental trials, it was found that when the incident H− beam
reached high beam power values certain components of the accelerator would surpass
their operating temperature. This was found to be the case for resistors and insulators
located in close proximity to the collimator. It was decided that water cooling would be
implemented onto the collimator to dissipate most of the heat power which was causing
these issues. A modified water cooled collimator was designed for the electrostatic ac-
celerator assembly which was modeled using SolidWorks®. A thermal simulation was
performed using SolidWorks® Simulation package to determine if the cooling provided
would be sufficient to keep the temperature of the collimator and subsequent components
under their respective maximum operating temperatures. Figure 3.8 displays the model
of the modified collimator and thermal simulation results.

This simulation was performed with a heat load of 450 W distributed as a Gaussian
distribution around the center of collimator. 450 W is the maximum beam power avail-
able from the H− volume-cusp source. Copper was chosen as the material for the new
water-cooled collimator as it would be easier to braze a cooling channel onto the face of
the collimator and create a good thermal contact without needing to design an expensive
collimator with an integrated cooling channel. Copper also has excellent thermal conduc-
tivity (413 W/(m K)) [54] creating effective heat transfer throughout the collimator to the
cooling channel. As a result of the implemented cooling channel in the simulation, the
maximum temperature of the collimator reaches a temperature of 71°C, this is below the
maximum operating temperature of the resistors used for the design (155°C) [56] and the
PTFE insulators used for the gas cell portion of the accelerator (260°C) [55]. In order to
be able to fit the updated collimator with a cooling channel in the vacuum box, one of the
electrodes had to be removed. Thus, the electric field profile had to be modified in order
to maintain a quadratic electric field gradient. A new configuration was implemented with
8 electrodes (7 resistors) with the same gap size as the previous design. A diagram of the
electrode configuration and resulting potential gradient of the shortened accelerator unit
is shown in figure 3.9.
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Figure 3.8: SolidWorks® model and thermal simulation of water cooled collimator with
450 W

The resistor values displayed in figure 3.9 are theoretical, akin to the values in table
3.2. Table 3.4 shows the values of the actual resistors used which were available for the
configuration created with 8 electrodes.

Table 3.4: Actual resistor values used for the quadratic electric field gradient in the ac-
celerator with 8 electrodes.

Resistor number Resistance (MΩ) Voltage drop (kV)
1 4.7 0.47
2 12 1.20
3 22 2.21
4 24 2.41
5 39 3.91
6 47 4.71
7 51 5.11

A copper tube was brazed onto the collimator plate and a water line connection was
routed through the top plate of the vacuum box to supply a means of cooling while main-
taining vacuum in the system. Figures 3.10 and 3.11 show the updated accelerator design
with water cooling.
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Figure 3.9: Plot of the potential values for each electrode in an updated 8 electrode
accelerator design.

Before the updated electrostatic accelerator was implemented, a SIMION [57] elec-
trostatic simulation was performed to ensure that the lenses still possessed a focusing
effect. It was found that the focusing effect of the aperture lens system kept the beam
from diverging and visual results of the simulation are shown in figures 3.12, 3.13, and
3.14. It should be noted that these simulations were performed by setting the associated
potential values to the electrodes and collimator and flying 1000 H− particles through the
apertures at an energy of 30 keV.

It should be noted that for future experiments, a more extensive SIMION simulation
should be performed to optimize the ion optics, especially when changing electrode con-
figurations. A computational fluid dynamics software should be used in order to properly
simulate different gas flows into the accelerator unit based and analyze the effects of dif-
ferent pressures of residual gas targets. That being said, the simulations show that the
accelerator is not de-focusing at the ground electrode which is expected from a thin lens
aperture approach, the beam enters a drift so the accelerator is overall focusing.
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Figure 3.10: Cooling channel brazed onto the copper collimator.

Figure 3.11: Electrostatic accelerator with a water cooled collimator in the beamline of
the ISTF.

The water cooled collimator was found to keep components under their maximum
operating temperature as fewer replacements of sensitive components were needed after
operating at high beam power tunes.
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Figure 3.12: SIMION electrostatic simulation results for an 8 electrode accelerator unit
showing potential profile of the electrostatic components.

Figure 3.13: XY cross-section of SIMION electrostatic simulation with no residual gas
injected.

Gas was injected into the accelerator unit using a voltage controlled mass flow con-
troller [58] which was varied using a DAQ measurement hardware unit and allowed for a
computer user interface to adjust the voltage applied to the mass flow controller. The po-
tential applied to the accelerator unit was varied manually through the high voltage power
supply unit.
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Figure 3.14: XY cross-section of SIMION electrostatic simulation with 1000 particles of
helium injected at 20 eV kinetic energy.

In order to measure the current after the collimator of the electrostatic accelerator, a
small fixed Faraday cup was needed which was not readily available. Thus, a Faraday cup
was designed, constructed and assembled for this project. The development is described
in sub-section 3.4.

3.4 Custom Faraday cup design
A stationary custom Faraday cup was design and constructed for the purpose of measuring
the ion beam current at different locations which could not be obtained by the two Faraday
cups already in the beamline of the ISTF. The Faraday cup was designed so that it could
easily be attached to the downstream side of the collimator and ground electrode of the
electrostatic accelerator described in section 3.3. The Faraday cup is intended to stop the
ion beam which has passed through the collimator and accelerator unit and measure the
total current by suppressing any secondary electrons which could be emitted through col-
lisions with the ion beam and the Faraday cup material. A simple diagram of the Faraday
cup design is shown in figure 3.15, where the Faraday cup is isolated from ground through
ceramic standoffs, has a measurement lead which allows for current to be recorded, and
includes permanent magnets for secondary electron suppression.

The material chosen for the Faraday cup was selected based on the electrical conduc-
tivity, secondary electron emissions, maximum operating temperature, cost and availabil-
ity. Graphite is known to have sufficient electrical conductivity for Faraday cup applica-
tions and has excellent properties for reducing secondary electron emissions [61], [62],
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Figure 3.15: Diagram of custom Faraday cup design mounted to the downstream end of
the collimator.

[63]. Graphite also has a high maximum operating temperature of 427°C [64] and is a
readily available material that can be machined using a CNC system. The Faraday cup
was designed using SolidWorks® [65] and a magnetic simulation was performed using
FEMM [66] to ensure that the magnetic field strength of the permanent magnets being
used was sufficient for recapturing all secondary electrons. Secondary electrons emitted
from a material are caused by the excitation of electrons within the target material from
incident electrons (or ions) which cause a chain reaction from atom to atom which can
eventually result in the emission of electrons on the surface of the material. The electrons
which are excited always have an energy lower than the electron which excites them, thus
the maximum energy of secondary electrons is found to be 50 eV [67]. The results from
the FEMM simulation are shown in figure 3.16.

As seen in figure 3.16, the minimum magnetic field strength is 0.05 T in the region of
interest where the incident beam is impinged. To ensure that all secondary electrons were
captured within the Faraday cup a calculation of the bending radius of electrons with a
kinetic energy of 50 eV through a 0.05 T field was determined. The target bending radius
should be less than half of the length of the smallest lip on the Faraday cup which is 2.5
mm i.e. ≤ 1.25 mm. The momentum value of 50 eV electrons was calculated to be 7149
eV/c by equation 2.12, thus the bending radius ρ for a field strength B of 0.05 T was
found to be 0.48 mm by equation 2.18. SmCo17 magnets were chosen for the permanent
magnets as they have a high operating temperature of 300°C [68] and supply the same
magnetic field strength as the permanent magnets in the simulation shown in figure 3.16.
Figure 3.17 displays the machined and assembled custom Faraday cup. A connection
lead was attached to the back of the Faraday cup and connected to a BNC port which
allowed for electrical signals to be transferred out of the vacuum box while maintaining
the required pressures.
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Figure 3.16: FEMM magnetic simulation for custom fixed Faraday cup

Figure 3.17: Custom Faraday cup for measuring beam current before and after electro-
static accelerator unit with dimensions.

The experimental test setup utilized some features which are standard products of D-
Pace. The following two sub-sections give a brief explanation of the mass spectrometer
system and 600 W fixed Faraday cup respectively.

3.5 Mass spectrometer
The mass spectrometer system used for this project was a 1:500 resolution mass spec-
trometer. The resolution of the spectrometer is defined as an energy resolution, meaning
that for a given energy E0 an energy of (1+ 1/500)E0 can be distinctly differentiated.
It should be noted that the acceptance slits on the upstream and downstream sections of
the magnet have a great effect on the resolution. Minimizing the slit width creates a more
resolved beam. The magnetic rigidity Bρ of the mass spectrometer, as defined in equation
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2.18, is 0.2196 T·m with a bending radius of 191 mm, a bending angle of 90°and a max-
imum magnetic field strength of 1.15 T. More information on the technical specifications
of the mass spectrometer dipole magnet can be found at [48]. Figure 3.18 displays an
image of the mass spectrometer system used for all experiments performed.

Figure 3.18: 1:500 resolution mass spectrometer dipole magnet in the beamline of the
ISTF.

In order to adjust the current applied to the mass spectrometer from a computer inter-
face a program was developed using LabVIEW [59]. LabVIEW is a graphical program-
ming software that is typically used for automation purposes, in this case a program was
developed to communicate with the current power supply for the magnet so that the mag-
netic field strength could be easily varied. The program was originally designed to sweep
a current range on the mass spectrometer and simultaneously collect the associated beam
current data measured on the fixed Faraday cup downstream of the mass spectrometer
dipole. This data was automatically exported to a .csv file that could used for data analy-
sis. The program was modified to allow for the magnet current to be set to a fixed value
in order to closely analyze detection regions on the mass spectrometer current range. Fig-
ure 3.19 displays the user interface and graphical program which was created for current
control of the dipole magnet.

3.6 Fixed Faraday cup and picoammeter
A 600 W water-cooled fixed Faraday cup was used to collect the separated ion beams
after the mass spectrometer dipole which is an existing product of D-Pace [48]. The Fara-
day cup includes an adjustable acceptance slit (0-20 mm acceptance) and electrostatic
suppression for secondary electron emission. This electrostatic suppression was found to
create a significant amount of noise in small current detection signals, thus, it was replaced
by a set of SmCo17 permanent magnets which improved the sensitivity of the detector.
Larger current beams that were not effected by the noise produced by the electrostatic sup-
pressor were measured with both permanent magnet and electrostatic secondary electron
suppression and were found to have no detectable difference on current values recorded.
The current was read through a 6485 Keithley picoammeter [60] which was able to dis-
play a 0.1 nA resolution after noise reduction from nearby electrical signals and built-in
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Figure 3.19: User interface of LabVIEW program created for mass spectrometer magnet
control

filtering techniques available through the picoammeter. The mass spectrometer was cali-
brated using the primary incident H− beam at varying energies. The momentum of these
beams was known and the mass spectrometer currents at which they were detected was
used to characterize the mass spectrometer by equation 2.25.

As well as measuring parameters such as beam current, it was important to record the
pressure of the beamline. The next sub-section will describe the vacuum system of the
beamline and vacuum simulation used for further pressure analysis.

3.7 Vacuum system and Molflow+ simulation
The ISTF is fitted with three wide range combination vacuum gauges [69]. The gauges
are mounted in different positions which are labeled in figures 3.20, 3.21, and 3.22. These
vacuum gauges are suited to read pressures between atmosphere and 10-9 mbar and use
Pirani and inverted magnetron technology [70] [71]. The vacuum system on the ISTF
is equipped with three turbomolecular vacuum pumps [72] [73] which are also shown in
figures 3.20, 3.21, and 3.22. In order to measure a cross-section for the H− beam inci-
dent on the neutral gases, the pressure within the charge exchange cell where the collision
takes place must be known. Due to the placement of the electrostatic accelerator and the
location of available ports to connect the vacuum gauges, the pressure at the point of col-
lision could not be directly measured. Thus, a model was created using Molflow+ 2.8.6
[74] to simulate the pressures in the vacuum system where a gauge cannot reach for an
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accurate reading. Molflow uses the test particle Monte Carlo method in order to calculate
the pressure profile of the geometry being analyzed [75]. The amount of test particles
is scaled up to simulate real pressure values and the particles are tracked until they are
pumped out of the system.

Figure 3.20: Ion source and gas cell portion of the ISTF with vacuum pumps and gauges
labeled.

Figure 3.21: Ion source portion of the ISTF with vacuum pumps and gauges labeled.

The ion source vacuum box and charge exchange vacuum box were imported into
Molflow from SolidWorks® files while the volumes for the remainder of the beamline
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Figure 3.22: Gas cell and downstream beamline of the ISTF with vacuum pumps and
gauges labeled.

were assembled within the program. All outgassing rates of every surface were set to a
minimum value for clean baked vacuum surfaces of 4 × 10-13 Torr·L·s-1·cm-2 [76] and
all pumping faces were set to their specified pumping speeds, 1700 L/s and 555 L/s for
H2 respectively [72] [73]. Pressure plotting points were added in the regions in which
the pressure gauges are located in order to compare the pressure in the simulation with
the pressure in the actual system measured at the same point. From this point, all out-
gassing rates of the vacuum faces were incrementally increased until a base pressure was
reached that was comparable to the lowest pressure read on any of the gauges when no
gases were injected into the system. The vacuum gauges were located in different po-
sitions throughout the ISTF and would read different values as a result of the pumping
capabilities in those regions and the outgassing of materials close by. Suspected high out-
gassing surfaces had their outgassing rates increased in the model until all pressure plots
representing each gauge read the same value as the actual gauges under the same condi-
tions. This gives an approximate model of the pressure throughout the vacuum system of
the ISTF without having vacuum gauges located in difficult placement areas. It is very
important to state that Molflow is meant to model vacuum systems in the high and ultra
high vacuum regimes. The pressure being simulated in the gas cell is likely outside of this
acceptable regime in which Molflow can accurately model the pressures. With this being
said, the following simulations shown should be taken as a guideline for the pressure and
are likely susceptible to significant error.

An image of the modeled vacuum system is shown in figure 3.23 with key elements
labeled.
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Figure 3.23: Molflow model of ISTF vacuum system simulation.

Figures 3.24 and 3.25 show a pressure profile of the vacuum system in the beamline
plane as it approaches the mass spectrometer dipole. It should be noted that the vacuum
gauge which was used to characterize the pressure off the vacuum box containing the
electrostatic accelerator was located on a cross down a narrow diameter vacuum pipe.
The poor conductance of this system leading to the gauge, coupled with high pressures
attempting to be simulated likely resulted in an improper characterization of the pressure
in this region. When initially characterizing the pressure in the system, the high pressure
measured in the gas cell region was attributed to the outgassing of materials used for the
electrostatic accelerator. Over time, it was determined that the poor conductance of the
vacuum pipes connecting the gauge was the likely cause. In the future a gauge would be
placed closer to the position in which the electrostatic accelerator is located, although,
this does not solve the incompatibility with high pressures that Molflow faces.
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Figure 3.24: Pressure profile of the Molflow simulation with no gas injected into the
electrostatic accelerator.

Figure 3.25: Pressure profile of the Molflow simulation with 6 sccm of helium injected
into the electrostatic accelerator.
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Chapter 4

Producing negative ions using an H− ion
source

4.1 Impinging H− beam on neutral gases
The D-Pace TRIUMF licensed volume-cusp ion source is capable of producing relatively
well-focused H− beams at energies ranging from 15-30 keV with beam currents from
0-15 mA. These parameters were swept so that the incident beam characteristics for opti-
mal negative ion conversion rates could be found. It was also important to understand the
amount of incident H− beam entering and exiting the gas cell accelerator unit since this
is required for obtaining a conversion rate of He−/H− for negative helium ions produced.
The custom stationary Faraday cup that was described in section 3.4 was mounted to the
downstream side of the collimator at distance equal to the spacing between the collimator
and the first electrode. The current transmission through the collimator was calculated by
measuring the voltage drop across a 4.7 kΩ load resistor which was connected from the
Faraday cup to the ground reference of a digital volt meter with a precision of 0.1 mV. A
diagram of this particular experimental setup is displayed in figure 3.15. The following
tables show the current transmission for 20 keV and 30 keV beams given a range of inci-
dent beam current values.

Table 4.1: Transmission of a range of beam current values for a 20 keV H− beam incident
on the copper collimator with 5 mm aperture recorded with a custom fixed Faraday cup.

Incident beam current (mA) Beam current after collimator (µA)
0 0

-1.01 -33.0
-2.98 -121.5
-4.99 -276.6
-7.00 -336.2

It should be noted that the current range for the 20 keV and 30 keV data sets is different
due to the difficulty of producing a relatively well-focused 20 keV beam at higher beam
current values. This is likely due to a combination of the extraction electrodes being fixed
at a distance that is optimized for a 30 keV beam, and effects of space charge due to
lowering the beam energy. It should also be noted that the full current range of 0-15 mA
was not tested as it was found that damage would occur to the accelerator unit at full beam
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Table 4.2: Transmission of a range of beam current values for a 30 keV H− beam incident
on a copper collimator with 5 mm aperture recorded with a custom fixed Faraday cup.

Incident beam current (mA) Beam current after collimator (µA)
0 0

-1.01 -36.6
-3.03 -119.2
-5.00 -246.6
-6.99 -376.2
-9.06 -553.6

-11.01 -734.7

power for longer test periods despite the collimator cooling efforts. A linear regression of
the data was performed to give a formula for current transmitted through the collimator
at the entrance of the accelerator unit. Figures 4.1 and 4.2 show the plotted values with
the linear trendline formula displayed. It should be noted that the error associated with
the beam current measurements in these plots is the reading error of the measurement
equipment used, 0.05 µA and 0.05 mA for the y-axis and x-axis respectively. This error
is not visible on this scale with error bars.

Figure 4.1: Plot of results from table 4.1 with a linear regression of the data and the
resulting linear formula displayed.

In terms of cross-section, the total electron loss cross-section of H− on He in the gas
cell was calculated before the experiment to determine if the charge exchange could be
significant enough to produce beams of He−. The incident H− beam was measured before
and after the charge exchange cell unit with varying flow to calculate the total electron
loss cross-section by equation 2.30. Table 4.3 shows the measured beam current before
I (downstream of the collimator) and after I0 (downstream of the final electrode) the ac-
celerator unit using the custom Faraday cup and the measurement technique described
above. A 30 keV H− beam at 2.7 mA was impinged on the accelerator unit with He gas
flow varying from 0 sccm to 6 sccm.
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Figure 4.2: Plot of results from table 4.2 with a linear regression of the data and the
resulting linear formula displayed.

Table 4.3: Beam current transmission measurements through the gas cell accelerator unit
with varying helium flow for a 30 keV H− beam incident on the collimator at 2.7 mA.

He gas flow
(sccm)

Pressure
inside gas cell
from Molflow

(Pa)

I (µA) I0 (µA)

0 2.04 x 10−4 -116.2 -112.2
2 1.08 x 10−2 -116.2 -100.7
4 2.18 x 10−2 -116.2 -90.1
6 3.29 x 10−2 -116.2 -77.1

From table 4.3 ln(I/I0) can be determined for each associated pressure value and a
linear plot can be produced. Said plot is shown in figure 4.3 with the equation of the
trendline displayed outlining the slope of the line. The error associated with this plot is
not quantifiable as the approximation of pressure using Molflow has an immeasurable in-
accuracy due to the lack of precision high pressure capabilities of the software.

The slope of this line is determined to be -12.45 (Pa−1), thus with a known charge
exchange cell length and temperature, the total electron cross-section can be calculated
by equation 2.33. That being said, the exact length of the gas cell which occupies the
specified pressure is not well defined from the Molflow simulation especially because
Molflow does not produce accurate results at high pressure regimes. In order to get a
more accurate cross-section measurement the region in which the gas target is defined
and the exact pressure of that region must be very well known. Also, the temperature
at the location in which the collision occurs cannot be accurately measured so a range
of cross-section values is calculated based on the extreme limits of these two unknowns.
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Figure 4.3: Natural logarithm of the beam current transmission ratio of a 30 keV H−

beam through the gas cell versus the relative pressure inside the gas cell.

The length of the gas cell x is projected to be between 9.35 cm and 3.26 cm, where 9.35
cm is the full length of all the electrodes and 3.26 cm is the length of the semi-contained
region in which the gas is injected. The temperature range is spanned between 20-70 °C
(293-343 K) based on the ambient room temperature and the maximum temperature of the
collimator with full beam power as outlined in figure 3.8. To get a range of cross-section
values, one calculation is performed with a charge exchange cell length of 9.35 cm and
293 K, while the other is carried out with a length of 3.26 cm and a temperature of 343
K. The resulting total electron loss cross-section range for this experimental setup for an
H− beam incident at 30 keV is 5.34 x 10−15 cm2 to 1.79 x 10−14 cm2. Although this
range gives the possibility for the total electron cross-section to include a charge transfer
cross-section component which could lead to the production of He− beams, it should be
emphasized that this is a very crude approximation with an error which could place the
cross-section outside of the acceptable range for effective charge transfer.

4.1.1 H− on He
The original concept for this project was based around the production of He− using neutral
helium gas and the charge exchange method outlined by Doupé and Litherland. Helium
was chosen as the original target gas as it is known to have useful industrial applications
in the ion implantation industry [8] which experiences contamination issues resulting in
defective silicon chips with the present production method of using alkali vapours for
charge exchange [12], [77]. Injecting helium directly into the D-Pace TRIUMF licensed
ion source was previously performed with hopes of extracting negative helium ions, the
results found that no detectable amount of He− were extracted from the source [78]. The
charge exchange cell/electrostatic accelerator that was developed for this project and is
described in section 3.3 was used in an attempt to create and measure negative helium
ions. Neutral helium gas was injected into the constructed accelerator unit with an H−

beam passed through the gas target region at an energy of tens of keV. The potential ap-
plied to the accelerator unit was used to accelerate any newly formed negative helium ions
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that were to be measured on the fixed Faraday cup downstream of the mass spectrometer
system. The conversion in equation 4.1 was the goal of this experiment.

H−+He → H+He− (4.1)

The electron affinity of of the two species (H = 0.75 eV, He = 0.08 eV) [79] [13] is
within 1 eV, allowing for a potential near-resonant charge transfer. Although, the elec-
tronic transfer to He− may forbidden if the target helium is in the ground state (1s2)1S and
not the excited triplet state (1s2s)3S. This information was better understood once experi-
ments using helium as a target had already been performed. The industrial significance of
He− and absence of any known previous experiments exploring this type of collision gave
enough motivation to test neutral helium gas as a target for negative ion production. For
the experimental process, the gas flow was adjusted between 2-6 sccm which was found
to create acceptable pressures within the accelerator unit so that electrical breakdowns
were not frequent with tens of kV applied to the accelerator due to Paschen’s law [50].
The potential of the accelerator was adjusted up to 18 kV and the incident beam of H−

was directed the gas cell unit with energies ranging from 15-30 keV and beam currents
up to -12 mA, approximately -750 µA after the collimator which is based on the results
from figure 4.2. The current applied to the dipole magnet of the mass spectrometer sys-
tem which would allow for He− detection was derived in section 2.5 and displayed as
equation 2.25. Given that the mass, charge, and energy of both the incident H− beam and
the potential resulting He− beam are known, the upper limit of current detection (IHe−)
can be found. Table 4.4 displays the mass spectrometer current at which He− would be
detected for different accelerator potential values (EHe−) given that a 30 keV (EH−) beam
of H− is detected at 8.3 A (IH−) on the mass spectrometer dipole. Note that the mass of
H− and He− was taken to be 939 MeV/c2 and 3724.5 MeV/c2 respectively.

Table 4.4: Theoretical He− beam energy versus mass spectrometer current for detection.

Accelerator Potential Mass Spec. Current
EHe− (kV) IHe− (A)

20 13.50
18 12.80
16 12.07
14 11.29
12 10.45
10 9.54
8 8.54
6 7.39
4 6.04
2 4.27

No He− was detected at a resolution of 0.1 nA for any combination of incident beam
parameters and gas cell accelerator settings. A table listing all of the experimental param-
eter combinations and the resulting beam current measurements when using helium as a
target can be found in table 4.5.

Figure 4.4 shows a plot of the results from a test with a 30 keV incident H− beam
with 18 kV applied to the accelerator unit and 6 sccm of neutral He flow into the gas cell
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Table 4.5: Variable experimental parameters for tests with a helium target and the corre-
sponding beam current intensities associated with each combination of test settings.

Incident beam energy (keV)
15 20 25 30

Incident H− beam
current (mA)

1-6 1-7 1-10 1-11
Gas flow (sccm)

0-8 0-8 0-8 0-8
Intensity of peak

measurement ± 0.1 (nA)

Accelerator Potential (kV)

2 0.1< 0.1< 0.1< 0.1<
4 0.1< 0.1< 0.1< 0.1<
6 0.1< 0.1< 0.1< 0.1<
8 0.1< 0.1< 0.1< 0.1<

10 0.1< 0.1< 0.1< 0.1<
12 0.1< 0.1< 0.1< 0.1<
14 0.1< 0.1< 0.1< 0.1<
16 0.1< 0.1< 0.1< 0.1<
18 0.1< 0.1< 0.1< 0.1<
20 0.1< 0.1< 0.1< 0.1<

portion of the accelerator. It should be noted that the expected mass spectrometer current
region for secondary negative ion detection is any current value up to the values calcu-
lated by equation 2.25. In theory, the negative ion could be created at any point in the
accelerator unit where a collision occurs, thus, if it is not created at the first electrode of
the accelerator it will not see the full potential. This would result in a lower energy beam
which would be detected at a lower mass spectrometer current value.

The region for negative helium ion detection was limited due to the similarity in mass
between the incident beam (H−) and the target gas (He) since the varying energies can
create a significant overlap in the detection region in which the primary incident beam
(H−) will overpower any possible negative helium signal. This resolution between the
beams could be greatly improved for future experiment through optimization of the beam
optics. Another limiting factor for secondary negative ion beam detection is the measure-
ment of tens to hundreds of nA of positive beam current at mass spectrometer currents
up to 2.5 A higher than the area of incident H− beam measurement as shown in figure
4.4. The positive beam current measured in this region does not yield consistent values
within 2-5 nA making it difficult to filter out as a background benchmark. The potential
of the accelerator was also limited by voltage breakdown events when higher potentials
were applied to the accelerator unit, likely due to a low point on the Paschen curve within
the gas cell.
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Figure 4.4: Current measured on Faraday cup as a function of mass spectrometer current
for 30 keV, 3.5 mA H− beam incident on 6 sccm of He flow injected into the gas cell. A
dotted line shows an example of what a 20 nA signal of a He− beam at 18 keV would look
like. From equation 2.25, it is expected that the maximum mass spectrometer current that
an 18 keV He− beam can be measured is 12.86 A.

Outside of the restricted detection regions the measurement of He− was likely not ob-
served at a resolution of 0.1 nA due to the target helium being in the ground state of (1s2)1

which doesn’t allow for a transition to the only known metastable He− state (1s2s2p)4.
The metastable negative helium ion state (1s2s2p)4 has three known angular momentum
configurations, J = 1/2, J = 3/2, J = 5/2, all of which have a different lifetime. One
of the most recent measurements of the lifetime of these He− states before auto-electron
detachment takes place was performed by Reinhed et. al. and the weighted average of the
results are as follows: J = 1/2 : 7.8±1.0µs, J = 3/2 : 12.3±0.5µs, J = 5/2 : 359±0.7µs
[80]. A possible reason for the lack of negative beam current detection from He− could be
that auto-detachment occurs before the beam is collected in the Faraday cup. Although,
after a quick non-relativistic velocity calculation it is determined that this is an unlikely
limitation of the experiment seeing as a 2 keV He− beam would travel approximately 2.5
m in the shortest lifetime of an He− ion (7.8 µs) which is almost 1 m longer than the
distance between the accelerator unit and the fixed Faraday cup (1.6 m).

After it was confirmed that beams of He− were not detectable using this experimental
setup with a 0.1 nA resolution, the other neutral gas targets were considered for testing.
This project was intended to investigate negative ion formation and charge exchange with-
out the use of metallic vapours. Although negative helium ions have a known commer-
cial application in the semiconductor industry, the other chosen gas targets could provide
insight into the formation of negative ions using this novel technique for negative ion
formation. Without making major modifications to the apparatus and experimental pro-
cedure given the limited time frame of this project, different neutral gases (X) would be
considered to inject into the gas cell in order to explore the creation of different negative
ions using the same technique as described in this section. The general charge exchange
which is to be studied in this extension of the project is outlined in equation 4.2.
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H−+X → H+X− (4.2)

The neutral gases chosen for this extension of this project were primarily picked based
on the prospect of negative ion production from the target gases. Each gas selected has
formed negative ions through ionization methods different from the charge exchange pro-
cess of 4.2. This indicates that the negative ions are physically feasible but an opportunity
is created for discovery science measurements which could have industrial or research
applications unknown to the scientific community at this time.

4.1.2 H− on H2

H2 was selected as a target gas as it was readily available by using the same supply that
is used for the D-Pace TRIUMF licensed ion source which is used as the H− driver. The
objective was to create a secondary beam of H− at an energy differing from the primary
incident H− beam as a proof of concept experiment. The electron affinity of H2 is not well
defined, but a measurement taken by McWeeny gives a value approximated to 2 eV [81].
This would be off-resonant for an interaction with a hydrogen ion beam likely resulting
in a small charge transfer cross-section, but the availability of this target gas allowed for
reasonably quick experimental setup and it was to be tested anyway. The exchange to H−

2
was also explored and equations 4.3 and 4.4 outline all possible charge transfer reactions
for a beam of H− incident on neutral H2 gas.

H−+H2 → H+H−
2 (4.3)

H−+H2 → H+H−∗
2 → 2H+H− (4.4)

The expectation of the charge transfer outlined in equation 4.4 was that the incident
H− beam would transfer an electron to the H2 gas to form a metastable H−∗

2 ion which
would decay into an H atom and an H− ion. Metastable and long lived states of H−

2 have
been previously observed by Kreckel et. al. [82] and Golser et. al. [83]. A table of
expected mass spectrometer current values for different energy beams of H− and H−

2 is
shown in table 4.6 where all current values were calculated using equation 2.25 referenc-
ing an incident 30 keV H− beam detected when 8.3 A of current is applied to the mass
spectrometer dipole.

Initially, a 20 keV beam of H− with a beam current of 3.5 mA (∼ 170µA after the
collimator) was incident on the accelerator unit with 6 sccm of H2 injected into the gas
cell portion of the accelerator. The potential on the accelerator was set to 10 kV where,
by table 4.6, it would be expected to see a signal of a newly formed H− beam when up
to 4.79 A of current was supplied to the mass spectrometer magnet. No signal of H−

2
was measured as there was a significant overlap with the primary beam but a suspected
secondary beam of H− was detected at a magnet current of 4.79 A and greater, this is
summarized in table 4.7 and displayed in figure 4.5.

If the charge transfer reaction outlined in equation 4.4 were to take place it would
be expected that the newly produced H− beam would be measured at a current of 4.79
A and lower. This is because 4.79 A is the mass spectrometer current at which an H−

beam would be detected if it were to possess an energy of 10 keV. If the newly created
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Table 4.6: Theoretical H− and H−
2 beam energies versus mass spectrometer current for

detection.

Accelerator Potential Mass Spec. Current Mass Spec. Current
EH−/EH−

2
(kV) IH− (A) IH−

2
(A)

20 6.78 9.58
18 6.43 9.09
16 6.06 8.57
14 5.67 8.02
12 5.25 7.42
10 4.79 6.78
8 4.29 6.06
6 3.71 5.25
4 3.03 4.29
2 2.14 3.03

Table 4.7: The experimental parameters that were set for tests performed in figure 4.5
and the corresponding results. The non-zero beam current peak intensity was measured
when 4.79 A was applied to the mass spectrometer dipole.

Incident beam energy
20 keV

Incident beam current
(before collimator/after collimator)

3.5 mA / 170 µA
Gas flow (sccm)

0 6
Peak beam current intensity (nA)

Accelerator 0 0.1< 0.1<
potential (kV) 10 0.1< ∼4

H− ion is formed anywhere further downstream of the first electrode of the accelerator
unit it would not be exposed to the full potential and exit the accelerating region at an
energy lower than 10 keV. This would result in the newly formed H− ion being measured
at a mass spectrometer current lower than 4.79 A, whereas the opposite result is seen.
This negative beam current measurement is only found when gas is injected into the ac-
celerator unit and a potential is applied as seen by the control plot lines in figure 4.5. A
lower accelerator potential of 7.3 kV was applied with the same incident beam parame-
ters to observe the location of the secondary H− beam, the results are plotted in figure 4.6.

The result of lowering the accelerator potential, again, produced an inverse measure-
ment of what would be expected by the charge exchange hypothesized in equation 4.4.
It should be noted that the shaded areas of figures 4.5 and 4.6 are where the secondary
H− beams are expected to be measured. More testing was carried out with different in-
cident beam parameters, accelerator potentials, and gas flow values to determine how the
secondary ion beam is being created and what kind of charge exchange is taking place.
Experiments were performed using incident beam energies of 15 keV, 20 keV, and 25 keV
at 3 mA whereas the accelerator potential was varied from 1 kV to 17 kV for each incident
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Figure 4.5: Current measured on the Faraday cup as a function of mass spectrometer
current for the initial test of H− beam on H2 with 10 kV applied to the accelerator.

Figure 4.6: Current measured on the Faraday cup as a function of mass spectrometer
current for the initial test of H− beam on H2 with 7.3 kV applied to the accelerator.

beam setting. The mass spectrometer magnet current was swept in order to locate the neg-
ative beam current peaks of secondary ion beams created. Figure 4.7 displays the mass
spectrometer current location of negative beam current maxima for different accelerator
potential values given the three different incident beam parameter configurations. These
results are compared with the expected mass spectrometer current locations of secondary
H− beams that would be created through the charge exchange process of equation 4.4.

From these results it was hypothesized that the incident H− beam was being slowed by
the first electrode to a potential of VB and colliding with the neutral gas within the gas cell
which would neutralize a significant portion of the incident beam resulting in energetic
neutral hydrogen beams passing through the accelerator. At some point throughout the
beamline the energetic neutral would capture a free electron, negatively ionizing it again.
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Figure 4.7: Mass spectrometer current location of negative beam current peaks for vary-
ing accelerator potential values and incident beam energies.

Equation 4.5 outlines the charge exchange of this slowed beam process.

H−(VB)+H2 → H(VB)+H2 + e → H−(VB)+H2 (4.5)

The potential VB is simply calculated by subtracting the incident potential by the po-
tential of the first electrode. If the majority of the beam is neutralized at a potential of VB
and experiences electron reattachment after travelling through the accelerator beamline,
the resulting beam current peak will be measured at a mass spectrometer current asso-
ciated with an H− beam with an energy of E = VB(eV ). Figure 4.8 displays a plot of
secondary negative ion beam current peak locations by mass spectrometer current using
the same data from figure 4.7, but the potential at which the peaks are measured is ad-
justed to display the slowed beam potential VB for each result. This is done in order to
find the correlation between the charge exchange hypothesis outlined in equation 4.5 with
the actual measurements.

The tail end of the beam current measurements trailing at mass spectrometer currents
larger than the peak values shown in figures 4.5 and 4.6 likely represent the portion of en-
ergetic neutral H− which recaptures an electron within the accelerator giving an additional
acceleration to the beam which would be detected at a high mass spectrometer current.
This tail on the beam current peak could also represent a beam which experiences neutral-
ization further down the beamline so that it experiences some re-acceleration before being
neutralized. This neutralized beam would still need to recapture a free electron after the
accelerator in order to be detected on the Faraday cup after the mass spectrometer dipole
magnet. In order to confirm that the beam being detected is a portion of the incident beam
and not an ionized product of the neutral hydrogen which is injected into the accelerator,
helium and argon were injected as the neutralizing target in an attempt to reproduce a
similar result. Helium was chosen as a neutralizing gas as it was determined in section
4.1.1 that the conversion to a beam of He− would have an extremely small cross-section
that would not be measurable with a resolution of 0.1 nA. As for argon, there is only
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Figure 4.8: Mass spectrometer current location of negative beam current peaks for slowed
beam values VB at different incident beam energies.

one known metastable state which allows an electronic transition to produce Ar−. Much
like helium, this negative ion has only been formed through a double charge exchange
collision with alkali vapour which allows a beam of Ar+ to gain an electron reaching the
metastable state that will accept another electron through collision, to transition to Ar−

[84]. Argon is also a very heavy gas in comparison to hydrogen so their negative ions
would be well distinguished after mass separation. The results of this experiment are
displayed in figure 4.9 which utilized the same incident beam parameters and accelerator
potential values as the experiment shown in figure 4.5.

Figure 4.9: Current measured on the Faraday cup as a function of mass spectrometer cur-
rent for test of 20 keV H− beam at 3.5 mA on different neutral gases with 10 kV applied
to the accelerator to display incident beam neutralization and electron reattachment.
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It was found that the same mass spectrometer current was required to measure the
beam current signal with 10 kV applied to the accelerator when hydrogen, helium and
argon were injected into the gas cell portion. This result confirms that the negative beam
current measurement is a product of the incident beam and not the neutral gas target.

It is likely that the charge exchanges outlined in equations 4.3 and 4.4 were not ob-
served at a resolution of 0.1 nA on the picoammeter due to an off-resonance charge trans-
fer resulting in a small cross-section. Both charge transfer reactions depend on the elec-
tron affinity of H2 being close to the electron affinity of H as outlined in equation 2.6.
As stated previously in this section, the electron affinity of H2 is not well defined, thus
it is likely that the difference in electron affinities is over 1 eV which would result in a
cross-section too small to be detected by the equipment used for measurement (resolution
of 0.1 nA).

4.1.3 H− on CO2

Another readily available, non-toxic compressed gas that was used as a target for H−

beams was CO2. The hypothesized collisions which are based on known possible negative
ion products from different methods [16], [18], [20], [87] are displayed in equations 4.6
to 4.11. The electron affinity of CO2 is not well defined, with values recorded from
calculations and experiments ranging from 2.2 eV to -1.2 eV [89] [90]. Some of the
electron affinities listed could produce a near-resonant collision between CO2 and the
incident H− beam. No other research is known of which impinges H− beams onto CO2,
thus all charge exchange processes are theoretical.

H−+CO2 → H+CO2 + e (4.6)

H−+CO2 → H+CO−
2 (4.7)

H−+CO2 → H+C+O−
2 (4.8)

H−+CO2 → H+C−+O2 (4.9)

H−+CO2 → H+CO−+O (4.10)

H−+CO2 → H+CO+O− (4.11)

CO2 has an atomic mass of 44 AMU (atomic mass unit) making it the heaviest of the
targets analyzed for negative ion production in this experiment. As a result, any heavy
negative ions formed from the collision with H− would require much larger mass spec-
trometer currents to be detected, even at lower energies. Table 4.8 includes the mass
spectrometer currents required for detecting a list of possible negative ions and their cor-
responding energies dictated by the accelerator potential values. It should be noted that
the negative ions that are included in table 4.10 are not listed in table 4.8.
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Table 4.8: Theoretical CO−
2 , C− and CO− beam energies versus mass spectrometer cur-

rent for detection.

Accelerator Potential Mass Spec. Cur. Mass Spec. Cur. Mass Spec. Cur.
ECO−

2 /C−/CO− (kV) ICO−
2

(A) IC− (A) ICO− (A)
20 44.76 23.38 35.71
18 42.46 22.18 33.87
16 40.04 20.91 31.94
14 37.45 19.56 29.87
12 34.67 18.11 27.66
10 31.65 16.53 25.25
8 28.31 14.78 22.58
6 24.52 12.80 19.56
4 20.02 10.45 15.97
2 14.15 7.39 11.29

Tests were performed with varying incident beam energies (15-30 keV), gas flow rates
(0-9 sccm), and accelerator potential values (0-12 kV). It should be noted that higher ac-
celerator potential values were used for some experiments but did not produce stable tests
as multiple arcing events would take place throughout the sweep of the mass spectrometer
current. Throughout all the experiments performed when injecting CO2 into the gas cell,
none of results produced the expected negative ion beam currents displayed in table 4.8
at a resolution of 0.1 nA. A summary of the experimental parameters used for all tests
using CO2 as a target are listed in table 4.9 with their corresponding beam current peak
intensity results.

Table 4.9: Variable experimental parameters for tests with a carbon dioxide target and the
corresponding beam current intensities associated with each combination of test settings.

Incident beam energy (keV)
15 20 25 30

Incident H− beam
current (mA)

1-6 1-7 1-10 1-11
Gas flow (sccm)

0-9 0-9 0-9 0-9
Intensity of peak

measurement ± 0.1 (nA)

Accelerator Potential (kV)

2 0.1< 0.1< 0.1< 0.1<
4 0.1< 0.1< 0.1< 0.1<
6 0.1< 0.1< 0.1< 0.1<
8 0.1< 0.1< 0.1< 0.1<

10 0.1< 0.1< 0.1< 0.1<
12 0.1< 0.1< 0.1< 0.1<

Figure 4.10 shows a plot of the data collected with a 20 keV incident H− beam with
an accelerator potential of 6 kV and 6 sccm of CO2 flowing into the gas cell. The shaded
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region represents the mass spectrometer current range that any of the negative ions listed
in table 4.8 would be detected if 6 kV is applied to the accelerator.

Figure 4.10: Current measured on the Faraday cup as a function of mass spectrometer
current for 20 keV, 3 mA H− beam incident on the gas cell with 6 sccm of CO2 injected
and 6 kV applied to the accelerator unit.

The two negative ion beam current peaks detected in the tests outlined by figure 4.10
show the products of contamination from previous experiments using the H− ion source.
An experiment performed in 2017 required the injection of Acetylene (C2H2) directly into
the volume-cusp ion source on the ISTF in order to extract C− beams from the plasma
[88]. Even with extensive cleaning efforts it is still found that the ion source contains im-
purities and that some negative ion beams apart from H− are still prevalent under normal
operation. Using equation 2.25 it was calculated that the negative beam current peaks
represent beams with mass numbers 12 and 13 corresponding to C− and CH− ions. The
following plot (figure 4.11) is another example of the lack of negative ions detected from
the predictions of equations 4.6-4.11 for different experimental parameters, it also dis-
plays the transmission of the C− and CH− beams in comparison to the flow of CO2 into
the gas cell. These contaminate peaks could be used in future experiments to characterize
the mass spectrometer system along with scaling the current based on the primary H−

beam.

Most of the values for the electron affinity of CO2 fall outside of the near-resonant
charge transfer region (mass defect < 1 eV) in a collision with H−. This would contribute
to a small cross-section not detectable at a resolution of 0.1 nA on the measurement
apparatus used for these experiments. The limited range of incident beam energy could
also contribute to the lack of newly formed negative beam detection at 0.1 nA as the
H− velocity could fall within the adiabatic region, prohibiting an electronic transition, as
explained in section 2.2.
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Figure 4.11: Current measured on the Faraday cup as a function of mass spectrometer
current for 30 keV, 3 mA H− beam incident on the gas cell with varying flow of CO2
injected and 12 kV applied to the accelerator unit.

4.1.4 H− on O2

Further experiments were conducted using O2 as a target gas. O2 was chosen based on
it’s ability to form negative ions and it’s availability and non-toxicity. The most recent
measurement of the electron affinity of O2 comes from Ervin et. al. which is stated as
0.448 ± 0.006 eV [85]. If H− is incident on O2, the difference in electron affinities be-
tween the projectile and the target is approximately 0.3 eV allowing for a near-resonant
charge transfer. This is explained by equation 2.6 and creates the possibility for a larger
cross-section reaction which could produce negative ion beams measurable at a resolution
of 0.1 nA. The reason this gas was not tested before the previous targets was due to the
availability of receiving the compressed gas and regulator equipment necessary for injec-
tion. Based on previous charge exchange studies, specifically the work done by Bailey
and Mahadevan [16] which explores charge exchange between O− ions and O2 molecules
at low energies (a few eV to 350 eV), the hypothesized charge exchange processes which
could produce known negative ion structures are displayed in equations 4.12-4.14.

H−+O2 → H+O2 + e (4.12)

H−+O2 → H+O−
2 (4.13)

H−+O2 → H+O−∗
2 → H+O−+O (4.14)

The technique used for measuring any newly produced negative ion beams in this sec-
tion of the experiment is the same as performed in sections 4.1.1, 4.1.2, and 4.1.3. A
different mass spectrometer current range was analyzed as O− and O−

2 ions are signifi-
cantly heavier than ions produced from He and H2 targets and lighter than some expected
negative ions produced from CO2. The mass spectrometer current range for detecting
O− and O−

2 beams with different energies is displayed in table 4.10. All expected mass
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spectrometer current values are calculated using equation 2.25 using a 30 keV H− beam
detected at 8.3 A applied to the dipole magnet as a reference.

Table 4.10: Theoretical O− and O−
2 beam energies versus mass spectrometer current for

detection.

Accelerator Potential Mass Spec. Current Mass Spec. Current
EO−/EO−

2
(kV) IO− (A) IO−

2
(A)

20 26.99 38.17
18 25.61 36.21
16 24.14 34.14
14 22.58 31.94
12 20.91 29.57
10 19.09 26.99
8 17.07 24.14
6 14.78 20.91
4 12.07 17.07
2 8.54 12.07

Again, it should be noted that the currents calculated for the corresponding energies in
table 4.10 are the maximum values for expected beam current signal detection given this
experimental setup. If negative ions are created further downstream within the accelerator
unit they are subject to less acceleration and will result in lower energy beams that will
be detected at lower mass spectrometer currents.

Initially, a 30 keV beam of of H− at 6 mA (approximately 351 µA through the col-
limator) was incident upon the gas cell accelerator unit with 6 sccm of O2 injected. It
was found that 6 mA was an upper limit of the amount of current that could be deposited
onto the collimator in order to keep the resistors used for the voltage division under their
specified power and temperature ratings. It was found that even though the beam was
being focused by the accelerator unit, some beam current was being deposited onto the
electrodes and increasing the total current passing through the voltage division circuit.
For extensive experiments periods upwards of 2 hours at high incident beam current val-
ues (> 4 mA) it was found that significant damage to the first two resistors in the circuit
closest to the collimator would occur. The expected regions for newly created negative
ion beams, as outlined in table 4.10, were extensively investigated akin to the search for
negative beam current peaks in the previous sections. The results of an initial test are
displayed in figure 4.12 and it should be noted that the data points were recorded man-
ually from the picoammeter. This was done in order to obtain a more concise signal as
the sampling rate of the current measuring device was found to have difficulties capturing
the full width of detectable beam current spikes when passed through a data acquisition
device.

It is clear from figure 4.12 that a 1.6 nA peak of negative beam current is recorded
in a region where O− is expected to be detected at 6 kV when 6 sccm of O2 is injected
into the gas cell and 6 kV of potential is applied to the accelerator unit. Only under these
conditions is the negative beam current peak measurable. With the incident H− beam
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Figure 4.12: Current measured on the fixed Faraday cup as a function of mass spectrom-
eter current for a 30 keV, 6 mA H− beam incident on the gas cell with 6 sccm of O2
injected and 6 kV applied to the accelerator unit with all control combinations of acceler-
ator potential and gas flow.

conditions and O2 injection flow rate fixed, the accelerator potential was adjusted to de-
termine if the observed negative beam current peak shifted in relation to the accelerating
potential applied. The potential was adjusted up to 12 kV where consistent measurements
could be taken without frequent arcing events, the results are summarized in figure 4.13.

Figure 4.13: Current measured on fixed Faraday Cup as a function of mass spectrometer
current for 6 mA H− beam at 30 keV incident on 6 sccm of O2 with varying accelerator
potential values. The dotted lines indicate the mass spectrometer current at which a beam
of O− would be detected at the respective energies listed.
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As expected, for newly formed negative ions in the gas cell unit, the negative beam
current peak was measured at a higher mass spectrometer current value when a larger
magnitude of accelerator potential was applied. The peaks are all located at a mass spec-
trometer current lower than the value of an O− beam exposed to the full acceleration
provided by the electrostatic accelerator, meaning that if the negative beam current being
recorded is O−, it is being formed further downstream of the first electrode of the accel-
erator unit. The gas flow injected into the accelerator unit was incrementally adjusted to
find the optimal flow rate to produce the maximum amount of measurable negative beam
current on the Faraday cup. The results of this test are summarized in figure 4.14.

Figure 4.14: Peak beam current intensity measured on the fixed Faraday cup for different
accelerator potential values for a 6 mA H− beam at 30 keV incident on varying flow of
O2.

The optimal gas flow rate was found to be 6 sccm given the incident beam conditions.
Based on the Molflow simulation of the ISTF this corresponds to an average pressure of
3.7 x 10−4 Torr within the electrostatic accelerator. It should be noted that at 4 sccm mul-
tiple arcing events occurred during testing which created disruptions in the measurement
processes rendering the data unusable.

Drawing the attention back to figure 4.13, When the accelerator potential reached 12
kV another negative beam current peak was measurable approximately 5.1 A lower than
the primary expected peak. This secondary peak could be the result of another charge
state of the primary negative beam current peak (i.e. O2−). By equation 2.25, it can be
calculated that a 12 kV beam of O2− would be detectable up to 10.45 A on the mass
spectrometer dipole. Although this secondary negative beam current peak falls within
this region of expected measurement, there is a limited amount of information available
about the formation of O2− and it’s stability, thus, it can not be confirmed that this is
the secondary peak being measured at this time. Another possible explanation for the
secondary negative beam current peak is that the primary peak has a larger mass (O−

2 ) or
different isotope (17O, 18O) which is formed further down the beamline of the accelerat-
ing unit and the secondary peak is a lighter ion (O−) which is also created near the last
few electrodes of the electrostatic accelerator. Creation of negative ions from isotopes of
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oxygen different from 16O is unlikely seeing as 17O and 18O only make up 0.04% and
0.2%, respectively, of naturally occurring oxygen [86]. Based on the negative beam cur-
rent peaks measured in figure 4.13, the following table displays the relation between the
mass spectrometer current of the peak maxima, the potential applied to the electrostatic
accelerator, the speculated beam species, and the energy in which the beam would have
to posses in order to be measured at the given mass spectrometer current.

Table 4.11: Hypothesized beam species and energy of beam current peaks from figure
4.13.

Mass
spectrometer
current (A)

Accelerator
potential (kV)

Hypothesized
beam species

Beam energy
(keV)

12.8 6 O−
2 2.25

15 8 O−
2 3.09

16.3 10 O−
2 3.65

16.9 12 O−
2 3.92

11.8 12 O− 3.82

In a similar derivation to the sample values for the electrode potentials in the design
of the charge exchange cell found in table 3.1, the electrode potential values for 6-12 kV
profiles are calculated are displayed in table 4.12.

Table 4.12: Voltage profile of the electrodes for the accelerator unit with a varying poten-
tial applied.

Electrode Number 6 kV profile 8 kV profile 10 kV profile 12 kV profile
1 -6.00 -8.00 -10.00 -12.00
2 -5.88 -7.84 -9.80 -11.76
3 -5.51 -7.35 -9.18 -11.02
4 -4.90 -6.53 -8.16 -9.80
5 -4.04 -5.39 -6.73 -8.08
6 -2.94 -3.92 -4.90 -5.88
7 -1.59 -2.12 -2.65 -3.18
8 0 0 0 0

The location at which the ions would be formed in the electrostatic accelerator can
be derived from the predicted beam energy in table 4.11. If the species of ion for each
measured beam peak is the same as those listed in table 4.11, their corresponding beam
energies would be between 2.25 keV and 3.92 keV. If the ions measured have a charge of
-1, given the predicted beam energy for each potential profile, all of the negative ions col-
lected at their specified beam current values would be created between electrodes 6 and 7.
From table 4.12, it is seen that for each potential profile a beam energy of between 2.25
keV and 3.92 keV can only be obtained if the ions are formed between electrodes 6 and 7.
The region for negative ion beam current detection was limited below 11 A on the mass
spectrometer due to an inconsistent positive beam current flux detected. This phenom-
ena is similar to the measurement limitations displayed in the highlighted region of figure
4.4. Due to this limitation, possible secondary beam current peaks are not detectable for
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accelerator potentials that could be measured at values below 11 A when a 30 keV beam
is incident on the accelerator. It was attempted to push the accelerator potential past 12
kV in order to further explore the nature of where the detectable beam current peaks are
measurable and the spacing between peaks. It was found that arcing events were too fre-
quent to record consistent measurements without self-protection of the accelerator power
supply enabling and disrupting the data collection.

In order to further understand the measurement of multiple negative beam current
peaks, the mass spectrometer current was fixed and the accelerator potential was adjusted
up to the maximum range permitted by the power supply and accelerator unit. The goal
was to see if multiple negative beam current signals were observed for the same mass
spectrometer current which would indicate the possibility of multiple beam species being
measured. This method was also found to reduce the number of arcing events by allow-
ing for some arc discharge conditioning of the accelerator as the accelerator potential was
increased. It was also easier to monitor the accelerator potential because it was the param-
eter which was actively being adjusted, if an arcing event were to occur the accelerator
potential was quickly decreased so that the power supply would not trigger an automatic
shut down. With the same incident beam conditions outlined in figures 4.13 and 4.14,
tests were performed with the mass spectrometer current fixed at 15.5 A and 18.5 A. The
results of these tests are shown in figures 4.15 and 4.16.

Figure 4.15: Beam current measured on fixed Faraday cup versus accelerator potential
for 6 mA H− beam at 30 keV incident on accelerator unit with 6 sccm O2 injected with
fixed mass spectrometer current of 15.5 A.

To determine the possible species of prominent peaks displayed in figures 4.15 and
4.16 the difference in the associated mass is found between the respective peaks. This is
done by rearranging equation 2.25:

MY =

(
IY
IX

)2 MX EX

EY
(4.15)
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Figure 4.16: Beam current measured on fixed Faraday cup versus accelerator potential
for 6 mA H− beam at 30 keV incident on accelerator unit with 6 sccm O2 injected with
fixed mass spectrometer current of 18.5 A.

The values of IX , MX , and EX are dictated by the incident H− beam and are 8.3 A, 1
AMU, and 30 keV respectively. For the data in figure 4.16 the mass spectrometer current
value IY is fixed at 18.5 A, while the beam energy EY is taken as 6 keV, 11 keV, 13.5 keV,
and 17 keV based on the location of the negative beam current peaks. The resulting mass
values are calculated to be 24.8 AMU, 13.5 AMU, 11 AMU, and 8.8 AMU respectively.
Although these mass values do not equate the value of the expected negative ion species
mass, it is possible that the beams are formed further downstream in the accelerator unit
resulting in lower energies which would equate to more realistic mass values. Thus, the
difference in these values is taken to further hypothesize the species that is being mea-
sured. The difference in mass between the 11 keV, 13.5 keV, and 17 keV peaks does not
give a significant difference in mass and it is unclear whether these values are a different
species or if it is the same species which is being created at different locations in the ac-
celerator unit. However, the difference between the 6 keV and 17 keV peak is 16 AMU
which equates to the difference in mass between O− and O−

2 ions giving a possible theory
the multiple negative beam current peaks detected. Using equation 4.15 to analyze the
plot in figure 4.15, it was found that the difference in mass between the two energy peaks
(10 keV and 16 keV) for a fixed mass spectrometer current of 15.5 A is approximately 4
AMU which is also the difference in mass between O− and C−. This calculation raises
the question as to whether or not the O2 being used for injection is adequately pure for
testing. For the tests using O2 for injection, up until this point in the experiment, a bottle
of 99.5% O2 was injected that was primarily used for welding purposes. The O2 gas line
usually shares a gas line with acetylene (C2H2), and even though the primary gas line
was changed for the experiments, there could possibly be some contamination which is
occurring to inject different species other than O2 into the charge exchange cell.

High purity (99.999%) O2 was acquired to perform more tests and reduce the pos-
sibility of contamination in the charge exchange cell. Again, a 30 keV H− beam with
a beam current of 6 mA was incident on the charge exchange cell with high purity O2
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injected at 6 sccm. Tests performed with the less pure O2 were recreated to compare the
results with the high purity gas target. The mass spectrometer current was swept over the
expected negative ion detection region for different accelerator potential values, the same
technique which produced the data for the plot in figure 4.13. The results of these tests
are summarized in figure 4.17.

Figure 4.17: Current measured on the fixed Faraday cup as a function of mass spectrom-
eter current for 6 mA H− beam at 30 keV incident on the accelerator unit with 6 sccm
high purity O2 injected with varying accelerator potential values.

It was found that the intensity of the beam current measured with the high purity O2
was smaller than the tests recorded with the 99.5% O2. The negative beam current signals
were only measurable when accelerator potentials between 9 kV and 11 kV were applied
with O2 injected into the accelerator unit. Multiple peaks were still detected which in-
crease in detected mass spectrometer current when the accelerator potential is increased.
When comparing figure 4.17 plot with figure 4.13, it is found that the negative beam
current peak locations are not identical for similar accelerator potential values. This dis-
crepancy leads to the belief that damage to the accelerating circuit may have occurred
over the course of one or both of the tests even with periodic maintenance of the charge
exchange cell between experiments. This damage is likely from high incident beam cur-
rent tests which drove the resistors being used above their maximum power specifications.
This discrepancy could also be a product of hysteresis in the electromagnet, although this
is just a speculation and further tests would need to be performed to confirm this.

The continuation of research in the area of H− on O2 to produce negative ions was
concluded for this project as the experiments performed with limited time did not reach
a definitive answer as to what species of ion were being measured on the Faraday cup
at a resolution of 0.1 nA. However, negative beam current signals were measured under
conditions where O2 was injected into the gas cell and potential was applied to the accel-
erator unit. These signals were not measured under conditions where a gas target was not
injected and potential was not applied to the accelerator, implying that some negative ions
were created under the experimental conditions of this section. The mass spectrometer
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current range which was used to detected these negative beam current signals was well
above the maximum value for H− measurement at 30 keV which clearly distinguishes
the signals from the beam provided by the source. The limitations of the project timeline
and design of the charge exchange cell were the factors that halted any further efforts to
explore this area. This section of the project was an extension of the initial goal to create
negative helium ion beams through charge transfer, it is viewed as a good starting point
for insight into future research which could be carried out in this area of study. Of the
gases used for targets of H− beams, O2 has the highest theoretical probability of success-
ful charge transfer. The energy defect between the projectile and target for this collision
is within 1 eV, classifying it as near-resonant, and the target is known to produce multiple
negative ions through other charge exchange methods. Without knowing the species or
reasoning for the multiple peaks measured across the mass spectrometer current scans we
will report a conversion rate between H− and the O2 gas target to some negative ion beam
X−. The maximum intensity of the beam current peaks was 4 nA with a 30 keV incident
H− beam with 12 kV applied to the accelerator unit and 6 sccm of O2 injected into the gas
cell portion of the accelerator. The indecent H− beam current on the collimator was 6 mA
which translates to 351 µA of beam entering the accelerator unit. Thus, a conversion of
0.00114% from H− to X− could be reported if the ion beam species could be confirmed.
Improvements to the charge exchange cell and possible directions for continued work will
be discussed in section 5.1.
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Chapter 5

Conclusions

The goal of this thesis intended to explore the formation of negative ions from neutral
gases through the process of charge transfer by developing a new method that did not
involve the use of alkali or other metallic vapours, the commonly used hazardous charge
exchange medium. The experimental method utilized a novel idea extended from the
work of Doupé and Litherland which involved leveraging a D-Pace TRIUMF licensed
H− ion source to impinge beams onto a charge exchange cell containing a neutral gas
target. The proposed idea was that the incident H− beam would transfer an electron to the
target neutral gas (X) which would be accelerated to create beams of X−. The first target
neutral gas chosen for study was helium with the intention of producing negative helium
ions (He−) through this method. The measurements of these collisions carried out using
the novel method are a first of their kind. Although the charge transfer from H− beams to
He gas is theoretically unlikely due to the target residing in a state which is not known to
allow for electronic transition to He−, because of the industrial importance of the newly
formed He−, this was the first neutral gas target studied.

The charge exchange cell used for conducting this method was designed and con-
structed specifically for this project and included an in-vacuo electrostatic accelerator
with semi-contained region for the gas target injection which, on its own, was an impor-
tant achievement of this thesis.

The charge exchange cell was placed in the beamline of the Ion Source Test Facility
(ISTF) at D-Pace which is equipped with a TRIUMF licensed H− ion source, a mass spec-
trometer electromagnetic dipole with adjustable entrance and exit slits that were fixed at
2 mm for the duration of the experiments performed for this project, and a fixed Faraday
cup for beam current collection after mass separation. The resolution of beam current
measurement was 0.1 nA recorded using a Keithley picoammeter. Previous work in this
area of study showed that acceleration and measurement of newly created negative ion
beams from neutral gas targets was achievable. These studies stated that under certain
conditions, minimizing the energy defect of a collision can create near-resonant charge
exchange conditions resulting in larger cross-sections.

Using helium as a target was believed to have near-resonant conditions based on the
electron affinity of metastable He− (0.08 eV) in comparison to H− (0.75 eV). An esti-
mated total electron cross-section calculation produced results between 5.34 x 10−15 cm2

and 1.79 10−14 cm2 which could result in the inclusion of a charge transfer cross-section
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producing He−. Although, this approximation was coupled with rather large errors from
estimating the length of the gas target and the temperature of the collision region. Helium
was injected into the charge exchange cell at varying flow rates with incident H− beam
parameters ranging from 15-30 keV and 0-11 mA. The potential applied to the accelerator
was also varied in order to find optimal collision parameters. Through extensive exper-
imentation, no signal of He− was measured at a resolution of 0.1 nA. Further literature
research suggests that He− is only formed from an excited state of helium (1s2s)3S and it
is suspected that the majority of the gas target is in the ground state (1s2)1S which does
not allow transition to the metastable He− state.

Given the extensive development that had been put into the design and construction
of the charge exchange cell and all components associated with the experimental setup, it
was decided that the limited timeline of the project would be used to study the collision
of H− on different gas targets using the same experimental setup. H2, CO2 and O2 were
chosen as gas targets as they are non-toxic, readily available, and have to potential to cre-
ate negative ions through near-resonant charge transfer.

The purpose of impinging H− on H2 was a proof-of-concept for the charge exchange
cell and an exploration of accelerating newly formed negative ions from an H2 gas target
which has not previously been studied using this method of incident negative beams on
neutral gases. It was found that negative beam current signals were measured outside of
the expected detection regions for newly produced negative ions. It was hypothesized
that a negative beam produced with this method of charge exchange would be measured
on the Faraday cup at higher mass spectrometer currents as the accelerator potential was
increased, but what was recorded was the opposite effect. It was found that the H2 gas
would strip the incident H− beam of its electron, creating an energetic neutral. The energy
of the resulting neutral hydrogen beam was dictated by the accelerator potential, the larger
the potential the greater the deceleration of the incident beam. Some of the neutral hydro-
gen beam would regain an electron at some point before reaching the mass spectrometer
dipole, giving the ion a negative charge and allowing the slowed beam to be measured on
the Faraday cup.

The magnitude of these slowed beams was measured up to 5 nA on the picoammeter.
Although this charge transfer was not the hypothesized single step exchange, these mea-
surements are a new result which have not been previously recorded in literature.

The maximum detectable beam current was measured with a 30 keV H− beam at 6
mA incident on the charge exchange cell with 6 sccm of argon injected into the gas cell.
Argon acted as a better stripping gas likely due to its mass and inert nature. The en-
ergy defect of this collision is not well defined but the most recent studies suggest that it
would be close to 1 eV which could classify a possible charge exchange as non-resonant
creating a cross-section too small to measure negative ion beams at a resolution of 0.1 nA.

The next gas chosen for study was CO2 as there are many known negative ions which
could possibly be a product of the gas target. However, no negative ion beam currents
were detected at a resolution of 0.1 nA when varying all parameters listed in table 4.9 that
would be possible products of the CO2 target. Negative ion beams of C− and CH− were
measured but only due to the overlap with the mass spectrometer current range which was
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being analyzed for this set of experiments. The C− and CH− beams are a result of a small
amount of contamination in the source and are measured under normal operation without
the use of the charge exchange cell or a gas target. The inability to detect ion beams that
are a product of the CO2 target at a resolution of 0.1 nA is likely due to the off-resonance
of the collision which stems from an energy defect above 1 eV. The electron affinity of
CO2 is not well defined and thus it is likely further from the electron affinity value of
hydrogen which would result in a small charge transfer cross-section.

Finally, O2 was used as a gas target within the charge exchange cell. O2 has a well
defined electron affinity of 0.448 eV, resulting in an energy defect of less than 1 eV when
colliding with an H− beam which creates the possibility for near-resonant charge transfer.
With O2 used as a target, it was found that some negative beam current was measured at
a magnitude of up to 4 nA within the mass spectrometer current ranges that the product
negative ions of O2 would be expected. The maximum negative beam current production
was measured with a 30 keV H− beam at 6 mA incident on the charge exchange cell
with 6 sccm of O2 injected into the gas cell portion and 12 kV applied to the accelera-
tor unit. Unlike the tests performed with H2, these negative beam current signals were
found to shift with the accelerator potential, suggesting that the signals were products
of ions formed within the charge exchange cell. Multiple negative beam current signals
were measured for certain incident beam and charge exchange cell parameters which lead
to the hypothesis that different charge states or species might be formed in the gas cell.
Further experiments were performed including the use of high purity O2 in an attempt to
determine the species of the current being measured on the Faraday cup but no further
conclusions were drawn given the time and technical limitations of this project.

The conversion rate between the incident H− beam and the resulting X− beam pro-
duced from an oxygen target is up to 0.00114%.

The following section includes suggestions on improvements that could be made to
this experiment and ideas for future research in this area of study which may be useful to
anyone who would like to pursue this topic.

5.1 Future work
Since the 1980’s, the development of new methods for negative ion production has drasti-
cally slowed down, leaving opportunity for exploration in this field. This project showed
potential in the formation of negative ion beams through non-traditional methods which
could be researched further with improvements to the experiment.

In terms of the experimental setup, the main limitations existed within; the H− ion
source used for creating incident negative beams, the design and durability of the charge
exchange cell, and the sensitivity of the current measuring equipment.

The D-Pace TRIUMF licensed H− ion source offered a good range of beam param-
eters for an introduction to this type of work but as described by Massey, near and non-
resonant collisions are heavily dependent on the incident beam energy [26]. This could
be a limiting factor if the optimal collisional energy for these types of charge transfer
reactions is orders of magnitude different from the tens of keV range that the D-Pace H−
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source offers. Modifications to the H− source or the use of multiple different ion sources
resulting in a larger range of incident energies could produce measurable results for some
collisions which would not produce a high cross-section reaction otherwise.

The charge exchange cell was designed with electrical breakdown considered, but in
practice, arcing events were found to be a large contributor in the limitations of exper-
iments performed. A redesign of the charge exchange cell would focus on creating a
larger gap between the electrodes without compromising the focusing thin lens effect.
The shape of the insulators used for electrode isolation would also be considered and
possibly reconfigured in order to eliminate high concentrations of electric fields near the
electrode junctions [91]. These adjustments to the accelerator design would likely require
a larger vacuum box in order to increase the distance between electrodes without elimi-
nating a larger number of electrodes in order to keep a smooth and focusing acceleration
of the beams. Ultimately, a more extensive optimization of the optics of this electrostatic
accelerator should be preformed using simulation if further experiments are to be con-
ducted. The capabilities of SIMION were not fully taken advantage of and this likely
had a great effect on the ability to produced measurable beams of negative ions. More
simulations should be performed with different gas targets for future experiments in order
to understand the space charge effect of the newly formed beams and varying residual gas
pressures. Simulation should also be performed in order to confirm that the accelerator
unit has an overall focusing effect which would not result in a large beam loss between the
end of the charge exchange cell and the end of the beamline. For changes such as vary-
ing the gap between electrodes and varying the number of electrodes, simulations would
be paramount to the understanding of the ion optics. The damage to the resistors which
provided voltage division between the electrode was also found to be a drawback to the
electrostatic accelerator design. Exposure to the incident H− beam degraded these resis-
tors which led to component failure in some instances. A solution to this issue would be
to design an external, well insulated circuit that would not be in vacuum or exposed to any
particle beams. Vacuum feed-through ports would supply the potential to each electrode
from the circuit. The size of this circuit could be much larger and use higher power rated
resistors which would not be damaged when high power H− beams were incident on the
electrodes. A more in depth full thermal simulation of the entire accelerator unit could be
performed for high beam power situations which would give insight on how temperature
resistant the components used for construction must be. This thermal simulation would
also give a more accurate temperature approximation of the region in which negative ions
are produced which would reduce the error on cross-section estimations like the one per-
formed for a helium target.

The use of more sensitive beam current measuring equipment could result in the de-
tection of negative ion beams which would be measured at a smaller resolution than the
current value of 0.1 nA. The Keithley picoammeter used for this experiment claims to
have a capable resolution of 10 fA, but the noise present under the operation of the exper-
iment made such a resolution unachievable. Further efforts could be made to eliminate
all electrostatic coupling and stabilize the temperature of the charge exchange cell in or-
der to reduce an offset drift current which could contribute to the high noise floor. With
improved beam optics (as mention in sections above) and pumping capabilities of the test
setup, more beam transmission could be achieved which could allow for the present cur-
rent resolution to detect some newly formed negative ion beams. For future experiments,
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the adjustment of the mass spectrometer entrance and exit slits should be utilized to im-
prove the resolution between ion species and ions of differing momentum values.

Any future research on this topic could be carried out in multiple directions. The
original intent of producing negative helium ions through collisions with H− beams and
a helium gas target has potential for further exploration. Based on the results of the
tests performed in this project and the understanding of the theory of negative helium
ion production, an effort could be made to excite the neutral helium gas target to allow
for effective charge transfer. An electron gun or heater could be implemented onto the
injected helium gas which could possibly excite the target to the (1s2)3S state. Different
incident negative ion beams could also be tested which could result in a lower energy
defect for the collision and lead to a higher charge transfer cross-section. Seeing as He−

is a metastable ion, the length of the beamline could be shortened in order to reduce the
chance of electron auto-detachment or detachment through collision with other gas atoms
and the ion optics of the shortened beamline could be optimized using SIMION. Both the
incident H− and helium target are light species and would not require the large magnetic
field strength available from the mass spectrometer dipole used in this experiment. Thus,
a smaller magnet closer to the charge exchange cell could be leveraged in order to separate
the two species and possibly measure beams of He− if they were formed at a relatively
significant conversion rate.

With an extended project scope, the results from experiments performed with O2 could
be further investigated in order to determine the nature of the signals which were mea-
sured. The improvements to the current experimental setup which are mentioned above
would greatly increase the possibility of gathering more data for this collision. The im-
provements to electrical breakdown resistance of the accelerator unit would allow for a
larger range of potentials to be applied to the accelerator with fewer arcing events. This
would give further insight into the correlation between the mass spectrometer current at
which the negative beam current signals were measured and the accelerator potential of
the system. Improved beam optics and a more sensitive current measuring system with
a higher sampling rate could allow for higher resolution signals to be recorded, which
would be of particular importance to experiments with low intensity signals such as those
using high purity O2.

This project provided a great introduction into the world of ion production and many
important lessons were learned along the way. There is still lots of work to be done in this
area of study and many uncertainties to be explore. I hope that the research done for this
project can positively contribute to the understanding of this field.
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